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Abstract Knowledge of the sources of surface water in riparian zones and floodplains is critical

to understanding its role in runoff generation and impact on biogeochemical and ecological processes.

In this study, we demonstrate the potential of integrated surface-subsurface hydrologic modeling
(HydroGeoSphere) in combination with a hydraulic mixing-cell approach to decipher different sources of
surface water and their mixing in space and time. We present a novel approach to processing the model
data that allowed us to compare which mechanisms ultimately transferred water to the surface (delivery
processes) and from where the surface water originated (geographical sources) for varying wetness states
and phases of wetting or drying across 36 test locations within the riparian-stream continuum of an
intensively-studied, humid-temperate, forested headwater catchment (45 ha). Consistent with current
process understanding for the study site, water exfiltrating from the subsurface was simulated as the
dominant source for riparian surface water and intermittent streamflow. The model further helped to
specify the relevance of different subsurface stores, revealing a wetness-dependent activation of upslope
source areas. Contributions of riparian overland flow and precipitation were minor during all investigated
phases of wetting and drying. Moreover, the spatial variability of surface water sources proved to be
smaller than expected for the heterogeneous patterns and frequencies of the surface saturation observed
and simulated. Based on these findings, we discuss the value of hydraulic mixing-cell modeling to
complement the planning and interpretation of field investigations and to enhance process understanding
regarding the spatio-temporal sources of surface water.

1. Introduction

Floodplains and riparian zones are critical landscape units for a wide range of hydrological, biogeochemical,
and ecological processes. A main characteristic of these ecohydrological interfaces (cf. Krause et al., 2017)
is irregular inundation in space and time. The spatial and temporal variability of water availability creates
specific microhabitats for flora and fauna (e.g., Mallik et al., 2001; Ramey & Richardson, 2017) and hot
spots and hot moments of biogeochemical activity (e.g., Frei et al., 2012; Harms & Grimm, 2008; Singer
et al., 2016), which in turn can influence water quantity and quality (e.g., Grabs et al., 2012; Williams &
Scott, 2009). Moreover, for flood risk assessment, it is important to understand where and when water ac-
cumulates at the surface of floodplains and riparian zones and how it potentially contributes to streamflow
generation via overland flow.

Several processes can induce standing and flowing water at the landscape surface (cf. e.g., Dunne &
Black, 1970; Hewlett & Hibbert, 1967; Megahan & King, 1985). Surface water can originate from the ex-
filtration of subsurface water and from precipitation ponding due to infiltration or saturation excess. The
continued delivery of water from the subsurface or from precipitation expands surface saturation via over-
land flow. In addition, an expansion of streamflow can induce surface saturation in riparian zones or flood-
plains, even though streamflow is essentially generated either by the exfiltration of subsurface water or
the infiltration excess or saturation excess of precipitation. Depending on the mechanism responsible for
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the generation of surface saturation, the origin and characteristics of surface water can vary, leading to
potentially different impacts on ecology, water quality, runoff, and flood risk. It is therefore necessary to
understand the processes that dominate the generation of surface saturation, identify the sources of water
contributing to surface water, and quantify the spatial and temporal variabilities of different sources of sur-
face water and their mixing. Yet, although one of the most prominent challenges in catchment hydrology
is to identify where stream water comes from (e.g., Hewlett & Hibbert, 1967; McDonnell, 2003), few efforts
have been made to date to investigate and differentiate between the sources of surface water in floodplains
and in the riparian-stream continuum.

An investigation into the sources of surface water may focus on three different aspects (cf. Sklash & Farvold-
en, 1979): (a) How old is the water, that is, what are the temporal sources? (b) Where does the water come
from, that is, what are the geographical sources? (c) Which mechanisms ultimately transferred the water
to the surface, that is, what are the delivery processes? A large number of studies have investigated one or
two of these three aspects for stream hydrographs based on physical measurements of water fluxes, hy-
drological tracers, and mixing analyses (cf. literature overviews given in Barthold & Woods, 2015; Cowie
et al., 2017; Klaus & McDonnell, 2013). Numerous experimental studies demonstrated that the mixing of
water from different subsurface stores and landscape units, the ratio of event and pre-event water, and the
distribution of water age in the hydrograph change within and between runoff events and for different sea-
sons and wetness conditions (e.g., Birkel et al., 2012; Cartwright & Morgenstern, 2018; Correa et al., 2017;
Martinez-Carreras et al., 2015; McGlynn & Seibert, 2003). Others analyzed how the mixture of streamflow
sources changes spatially depending on the catchment size or other landscape characteristics (e.g., Correa
et al., 2019; Cowie et al., 2017; Gordon et al., 2015; Kirchner, 2009; Laudon et al., 2007; McGlynn et al., 2004;
Zhang et al., 2018). However, we are aware of only very few studies that collected field data to investi-
gate the spatial variability of surface water sources over short distances along the stream channel (Brown
et al., 1999) or for inundated areas in the riparian zone or floodplains (Berezowski et al., 2019; Beumer
et al., 2007; Bonnet et al., 2017).

Comprehensive spatial and temporal sampling of water sources is limited by high labor and cost require-
ments (e.g., Correa et al., 2019). The sampling of surface water in the riparian zone or floodplains is further
complicated by the intermittent occurrence and commonly low depth of water. Thus, hydrologic modeling
can be a useful complement to field studies to track and analyze the sources of surface water. Various recent
studies have developed and applied models with particle tracking schemes to simulate transient travel and
residence time distributions, that is, the dynamics of the temporal sources of surface water (e.g., de Rooij
et al., 2013; Engdahl & Maxwell, 2015; Maxwell et al., 2019; Remondi et al., 2018; Wilusz et al., 2020; Yang
et al., 2018). Others have applied solute transport simulations and particle tracking to identify temporal or
geographical sources of streamflow (e.g., Chow et al., 2016; Jones et al., 2006; Liggett et al., 2014). Moreover,
methods were developed to estimate and track the mixing of different geographical and temporal water
sources on a cell-by-cell basis throughout the simulation domain (Partington et al., 2011, 2013; Sayama &
McDonnell, 2009). All these different approaches are valuable options to extract detailed information on
water sources from simulations as a complement to field observations. With regards to the spatio-temporal
variability of sources of surface water, the approaches are most valuable when applied in integrated sur-
face-subsurface hydrologic models (ISSHMs). This is because ISSHMs do not require a priori definitions
of the extent of surface water bodies and the exchange of water between the surface and subsurface, but
explicitly simulate the dynamic development of surface water according to the internal model state (cf. e.g.,
Berg & Sudicky, 2019; Kollet et al., 2017; Maxwell et al., 2014; Paniconi & Putti, 2015; Sebben et al., 2013).

Despite the range of available approaches to simulate, track, and analyze sources of surface water in space
and time, to date, only a few studies have made use of ISSHMs to investigate surface water sources across
space. Weill et al. (2013) analyzed simulated exchange fluxes between the surface and subsurface to deci-
pher the mechanisms generating surface saturation across the hillslopes and the riparian zone of a small
pre-alpine headwater catchment. Similarly, Partington et al. (2013) investigated the generation of overland
flow and stream flow in a riparian wetland during a storm event, applying and further developing a hydrau-
lic mixing-cell approach (Partington et al., 2011) that estimates the mixing of water originating from differ-
ent source areas based on the hydraulic fluxes and fluid volumes simulated with ISSHMs. Gutiérrez-Jurado
et al. (2019) applied this mixing-cell approach (Partington et al., 2011, 2013) in numerical experiments to
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identify how and where intermittent streams are initiated and sourced, depending on different characteris-
tics representative for low-gradient catchments with a Mediterranean climate. The three above-mentioned
studies demonstrated that the dominating processes for the generation of surface saturation varied locally
due to spatio-temporally varying conditions, such as soil type and antecedent wetness. However, the main
aim of all three studies was to identify the contribution of overland flow to streamflow generation rather
than to analyze the sources of surface saturation outside the stream channel, and performance of the simu-
lations was, if at all, only verified against discharge at the catchment outlet. The only study we are aware of
that used ISSHM simulations to explicitly analyze the sources of surface water outside the stream channel,
including a detailed verification of the spatial model output, is a recent study by Berezowski et al. (2019). The
authors successfully applied the hydraulic mixing-cell approach developed by Partington et al. (2011, 2013)
to analyze the complexity of the geographical sources of surface water within the 250 km? floodplain of the
Biebrza River catchment, in Poland, focusing on the spatial extent and dynamic movement of the active
perirheic zone, that is, the area where water from the stream channel and from the floodplain mix.

In this study, we apply the ISSHM HydroGeoSphere (Aquanty Inc., 2018; Brunner & Simmons, 2012) com-
bined with the hydraulic mixing-cell approach (Partington et al., 2011, 2013) to decipher the spatio-tempo-
ral variability of delivery processes and geographical sources of surface water in the riparian-stream con-
tinuum of a small intermittent stream. Our test site is the intensively studied 42 ha Weierbach catchment
(Luxembourg), where previous work has shown that HydroGeoSphere can accurately simulate the dynam-
ics, patterns, and frequencies of the surface saturation occurrence (Glaser et al., 2020) observed for several
distinct riparian-stream areas with repeated thermal infrared imagery mapping (Antonelli et al., 2020a; Gla-
ser et al., 2018). The thermal infrared imagery suggested that there were distinct locations where subsurface
water exfiltration induced and maintained surface saturation in the riparian zone, while additional surface
water may have originated either from the stream extending into the riparian zone or from precipitation. In
line with these observations, the HydroGeoSphere simulation (Glaser et al., 2020) implied that surface satu-
ration in the Weierbach catchment mainly originated from groundwater exfiltration into microtopographic
depressions (extent of tens of centimeters to a few meters). However, the contribution of additional water
sources to the spatio-temporal occurrence of surface water remained unknown from the standard model
output.

The overall objective of our study is to explore to what extent ISSHM hydraulic mixing-cell simulations can
provide insight into the spatial and temporal variability of sources of surface water in the riparian-stream
continuum and can thus complement and enhance the possibilities of field studies and standard simula-
tions for improved process understanding. In particular, we apply the hydraulic mixing-cell simulations
across the riparian zone and stream channel of an upstream, a midstream, and a downstream location in
the experimental Weierbach catchment for periods with different initial wetness conditions and phases of
wetting and drying, and seek to identify:

1. Which mechanisms ultimately induce and maintain the occurrence of water at the surface, that is, what
are the delivery processes, in space and time?

2. From which landscape units and subsurface stores does the surface water originate, that is, what are the
geographical sources of surface water, in space and time?

2. Study Site and Previous Work
2.1. Weierbach Catchment

The Weierbach catchment is a forested catchment (42 ha) in western Luxembourg. The stream network
consists of three tributaries that merge into a main stream flowing through a steep, v-shaped stream valley
(Figure 1). The stream is bordered by a narrow, flat riparian zone that widens at several sections along the
stream and around the heads of the three tributaries (Figure 1). The riparian zone comprises 1.2% of the
catchment area and is vegetated with ferns, mosses, and herbaceous plants. Hillslopes (slopes >5°, 45% of
catchment area) and the plateau (slopes <5°, 54% of catchment area) are covered by deciduous forest (main-
ly European beech, Sessile oak) with some patches of coniferous trees, and by a coniferous forest (mainly
Norway spruce and Douglas spruce) in the south-east of the catchment.
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Figure 1. Model setup of the 42 ha Weierbach catchment in western Luxembourg. The three riparian-stream areas investigated in this study are located at an
upstream section at the eastern tributary (U, 155 m?), a midstream section at the middle tributary (M, 169 m?), and a downstream section at the main stream (D,
170 m?). The nested model mesh is colored according to the delineation of the surface domain into hillslopes and plateau, riparian zone, and stream channel.
The profile at the bottom right shows the vertical discretization of the subsurface model domain and the assigned parameterization zones in and adjacent to the
riparian zone, corresponding to the fresh and fractured bedrock (slate and phyllites), the subsolum (regolithic saprock), the solum of the hillslopes and plateau
(Cambisol), and the riparian soil (Leptosol) of the catchment.

The catchment bedrock is dominated by fractured Devonian slates and phyllites. The fracture density grad-
ually decreases from the top of the bedrock at a depth of about 1.4 m to essentially non-fractured fresh bed-
rock in about 5 m (Gourdol et al., 2021). A subsolum classified as regolithic saprock (cf. Juilleret et al., 2016)
and a shallow Cambisol (average solum depth 0.5 m) overlie the fractured bedrock on the plateau and
hillslopes of the catchment. In the riparian zone, the bedrock is overlain by a shallow organic Leptosol (cf.
Glaser et al., 2016), while it outcrops in the stream channel (cf. Figure 1).

The climate is oceanic-continental with an average annual precipitation of around 950 mm and average
annual potential evapotranspiration of around 590 mm (cf. Carrer et al., 2019; Pfister et al., 2017; data based
on years 2006-2014). Precipitation is distributed rather uniformly over the year, while evapotranspiration
and runoff (annual average around 480 mm) show clear seasonal variations (cf. Pfister et al., 2017). During
dry conditions, streamflow intermittently ceases from upstream to downstream and rainfall-runoff behav-
ior is characterized by sharp, short-lasting discharge peaks. During wet conditions, additional response
shows in the form of a broad, long-lasting second discharge peak that starts to appear few hours after the
onset of precipitation and largely outweighs the volume of the first discharge peaks (e.g., Martinez-Carreras
et al., 2016; Scaini et al., 2018).

2.2. Weierbach Model

In this study, we use the integrated surface-subsurface hydrologic model HydroGeoSphere (HGS, Aquanty
Inc., 2018) as previously implemented for the Weierbach catchment (Glaser et al., 2020). The model con-
sists of a 5-m deep subsurface domain where transient subsurface flow is simulated with the 3D Richards
equation and a surface domain in which surface flow is simulated with the diffusive-wave approximation
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of the 2D Saint-Venant equation. Surface and subsurface flow are simulated simultaneously and the ex-
change between the two domains is simulated with the dual node approach, that is, as Darcy flow through a
thin coupling layer (10~* m). Actual evapotranspiration is simulated based on potential evapotranspiration,
actual water availability, and some plant and soil characteristics (e.g., rooting depth, evaporation depth)
following the conceptual approach of Kristensen and Jensen (1975).

The surface domain is spatially discretized into 42,274 triangular elements with edge lengths ranging from
>30 m on the plateau to <0.4 m in the riparian zone and stream channel (Figure 1). The triangular mesh
was generated with AlgoMesh (HydroAlgorithmics Pty Ltd, 2016) and elevation of the surface nodes was
interpolated from a 0.1 m elevation raster (cf. Glaser et al., 2016). The triangular mesh was extruded in the
third dimension to discretize the subsurface domain with fourteen layers of triangular prisms with vertical
thicknesses ranging from 0.15 m for the top layers to 0.5 m for the bottom layers (cf. Figure 1). The sides and
the bottom of the subsurface domain are no-flow boundaries. A critical depth boundary is assigned along
the sides of the surface domain to allow water to leave the model domain.

The parameterization of the model subsurface distinguishes twelve different property layers representing
the specific pedolithology of the catchment with solum, subsolum, fractured bedrock, and a different soil
type in the riparian zone (cf. 2.1, Figure 1). The subsurface is set up homogeneously across the hillslopes
and plateau, whereas the upper property layers are removed in the riparian zone and stream channel and
replaced by riparian soil and lower property layers in dependency of the topography (cf. Figure 1 and Gla-
ser et al. (2016) for details on the implementation). Evapotranspiration parameters and Manning's surface
roughness differ between the deciduous and coniferous forest, the riparian zone, and the stream channel.
All surface and subsurface parameter values are given and detailed in Glaser et al. (2020). Here, it should be
noted that the model parameters were not calibrated at catchment scale, but were transferred from an HGS
model implementation of a 6 ha headwater area of the middle tributary (Glaser et al., 2016). The parame-
terization of this 6 ha headwater catchment was largely based on field experience and measurements (e.g.,
ERT profiles, soil profiles, hydraulic conductivity measurements) and literature values. Only some evapo-
transpiration parameters, porosity values, and hydraulic conductivity were adapted in a manual calibration
procedure at headwater scale (cf. Glaser et al., 2016).

Glaser et al. (2020) simulated the hydraulic states and fluxes in the Weierbach catchment from October 2015
to January 2018, driving them with daily input data of precipitation recorded within the catchment and
potential evapotranspiration (FAO reference evapotranspiration) calculated from meteorological data from
nearby weather stations. A multi-data evaluation showed that simulated discharge, groundwater level, and
soil moisture matched observation data well. Kling Gupta efficiency was 0.74 for the simulated discharge
at the catchment outlet and ranged from 0.47 to 0.49 for the simulated discharge of the three tributaries.
The seasonal dynamic of groundwater levels was captured at all five monitoring locations distributed across
the catchment (Pearson correlation coefficients r ranging between r = 0.62 and r = 0.84) and groundwater
level was captured particularly well for locations in and close to the riparian zone. Simulated water content
showed some deficiencies during dry conditions, but captured the overall seasonal soil moisture dynamics
at different locations and in different depths (r = 0.73 + 0.15).

2.3. Surface Saturation in the Riparian-Stream Continuum of the Weierbach Catchment

Several experimental and modeling studies have suggested that riparian water and riparian overland flow
are important contributors to event runoff generation in the Weierbach catchment (Fenicia et al., 2014;
Glaser et al., 2016; Klaus et al., 2015; Martinez-Carreras et al., 2015, 2016; Rodriguez & Klaus, 2019; Schwab
et al., 2018; Wrede et al., 2015). Furthermore, a recent characterization of the seasonal dynamics of surface
saturation in seven distinct riparian-stream areas of the catchment revealed a largely synchronous devel-
opment of surface saturation across space, but some spatial variability in both the relationships between
the local extent of surface saturation and the catchment discharge and the local extent of surface saturation
and the discharge of the associated stream reach (Antonelli et al., 2020a, 2020b). The extent and dynamics
of the surface saturation analyzed in Antonelli et al. (2020a, 2020b) for the period October 2015 to January
2018 were derived from a comprehensive data set of weekly to biweekly thermal infrared images. This
employment of thermal infrared imagery implies that surface saturation was defined as water standing or
flowing at the surface, excluding “mere” saturation in the top soil layer, where water does not appear on the
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Figure 2. Patterns of observed (left) and simulated (right) frequency of surface saturation in the three investigated riparian-stream areas (cf. Figure 1). The
observed frequencies indicate how often surface water was standing or flowing within the riparian zone and stream channel over the entity of 43 (U), 48

(M), and 37 (D) thermal infrared image snapshots taken between October 2015 and January 2018 (cf. Figure 4, Glaser et al., 2020). The simulated frequencies
indicate how often water was simulated in the surface domain (water depth >10~* m) during the same moments in time (cf. Glaser et al., 2020). Locations

that were presumed locations of discrete subsurface water exfiltration based on the field observations are labeled with brown circles. Points of interest (POIs)
that were selected for detailed analyses with the hydraulic mixing-cell simulations (cf. Section 3) are colored depending on their location in the riparian zone
(yellow stars) or stream channel (blue stars) and numbered according to decreasing saturation frequency within the different areas. Figure adapted from Glaser
et al. (2020).

soil surface, but including stream water (cf. Glaser et al., 2018; Pfister et al., 2010). Glaser et al. (2020) used
the same comprehensive data set of thermal infrared images and the same definition of surface saturation
to validate the HGS model of the Weierbach catchment (cf. Section 2.2) and showed that the model could
satisfactorily reproduce the observed dynamic patterns of surface saturation for the different investigated
riparian-stream areas, including the spatial patterns of surface saturation frequency (Figure 2).

Glaser et al. (2020) concluded from the simulations that the generation of surface saturation in the Weier-
bach catchment is largely driven by groundwater exfiltration into topographic depressions, which matches
evidence from the thermal infrared field observations (Antonelli et al., 2020a, 2020b; Glaser et al., 2018).
However, field observations and simulations suggested that exfiltration from the subsurface is not the only
source for water at the surface. The thermal infrared imagery indicated that the delivery of subsurface
water to the surface is maintained at discrete exfiltration locations (Figure 2). These discrete locations of
subsurface water exfiltration were derived based on the temperatures monitored with the recurrent thermal
infrared imagery, the identified surface saturation frequencies, and the observed stability of the surface
saturation over time. Surface saturation at other locations was not related exclusively to the exfiltration of
subsurface water, but to additional delivery processes, that is, overland flow from the discrete exfiltration
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locations through the riparian zone, streamflow from upstream potentially extending into the riparian zone,
and precipitation. Glaser et al. (2020) further suggested that the spatial patterns of surface saturation fre-
quency observed and simulated within the investigated areas are related to spatially varying mixtures of
water sources and delivery processes, such as an obviously more dominant delivery of water from upstream
via streamflow in the stream channel than in the less frequently saturated riparian zone (cf. Figure 2).

3. Application of Hydraulic Mixing-Cells to Identify Surface Water Sources
3.1. Hydraulic Mixing-Cell Approach

The hydraulic mixing-cell (HMC) approach is a modified mixing-cell approach developed for integrated
surface-subsurface hydrologic models by Partington et al. (2011, 2013). It enables tracking and delineation
of the mixing of predefined initial water sources at any location and at any time based on information from
the hydraulic flow solution. The method is, in principle, applicable to any spatially-distributed surface-sub-
surface hydrological model, regardless of whether the model relies on a cell-centered or node-centered,
finite volume, finite element, or finite difference scheme (Partington et al., 2011). For node-centered models
such as HGS, mixing cells are conceptualized around the mesh nodes, comprising proportionate parts of
the adjacent model elements according to the finite element basis function (Partington et al., 2011). Each
mixing cell of the surface and subsurface domain is assigned to a source area, and water that was initially
stored within the cell is tracked as water from the respective source area throughout the simulation. Wa-
ter newly entering the model system during the simulation via precipitation is assigned as precipitation
throughout the simulation. Thus, the water keeps the initial source assignment when passing through cells
of different source areas, and the output of the HMC approach shows if and where water was stored at the
start of the simulations. However, water originating from different source areas mixes within the cells and
the mixing ratio is tracked and updated throughout the simulation. This conceptualization implies that in
the early phase of a simulation, the mixing cells are filled by a mixture of water that initially (i.e., at the
start of the simulation) was stored in sources areas in the proximity of the mixing cell and is mobilized on
fast flow paths. With progressing simulation time, this water is gradually flushed out and replaced by wa-
ter that needs more time to reach the mixing cell (i.e., water initially originating from more distant source
areas or moving along slow flow paths) and by water newly entering the system via precipitation (which
eventually will remain the only source after long simulation periods). This general change of the mixture of
water sources in the mixing cells with progressing time of a HMC simulation has to be considered for the
choice of an appropriate time span of the HMC simulation and in the analysis of the tracked mixing ratios
according to the research aim.

The mixing ratio comprises the entirety of the individual relative contributions of the different sources to
the total water volume. The fractions (i.e., relative contributions) of different water sources in a mixing cell
are calculated based on the simulated hydraulic fluxes into and out of the mixing cell, the fluid volume in
the cell, and the assumption that water mixes within the cell following the “modified mixing rule”, that
is, mixing follows a regime that ranges between perfect mixing and piston flow (cf. Campana & Simp-
son, 1984). In order to avoid numerical instability and numerical dispersion while ensuring computational
efficiency, the possibility of calculating mixing ratios for sub-time-steps of the flow solution and several
stability criteria were introduced (cf. Partington et al., 2013). These stability criteria are checked at each time
step and for each mixing cell individually, and if one criterion is not met, the affected cell is excluded from
the mixing calculation of the current time step. Instead, the fractions of water sources in the cell are reset
and the cell is assigned a so-called reset fraction of 1. This reset fraction is also tracked in the course of the
simulation and indicates an unknown origin of water.

3.2. HMC Simulation in the Weierbach Catchment

We analyzed the sources of surface water with the HMC approach for 36 distinct points of interest (POIs) in
the riparian zone and stream channel of the Weierbach catchment. The POIs were distributed within three
riparian-stream areas, comprising an upstream (U, 155 m?), a midstream (M, 169 m?), and a downstream (D,
170 m?) section of the stream (cf. Figure 2). As POIs, we selected mesh nodes of the surface domain of the
HGS model (cf. Section 2.2) that covered a large range of different saturation frequencies (cf. order number
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of the POIs, Figure 2) as well as nodes that were located in the stream channel (blue labeled POIs, Figure 2),
in the riparian zone (yellow labeled POIs, Figure 2), at locations that could not unambiguously be assigned
to the stream channel or riparian zone (green labeled POIs, Figure 2), and at locations with a presumed
distinct exfiltration of subsurface water (POIs within brown circles, Figure 2).

To identify different sources of surface water with the HMC approach, we distinguished between incoming
precipitation and seven different source areas. The source areas corresponded to the zones of the model
parameterization (cf. Section 2.2), with three source areas for the surface domain, namely hillslopes and
plateau, riparian zone, and stream channel, and four source areas for the subsurface domain, namely frac-
tured bedrock, subsolum, solum of the hillslopes and plateau, and riparian soil (cf. Figures 1 and 3). These
predefined source areas allowed us to differentiate between several delivery processes and geographical
sources of surface water with the HMC simulation (see Section 3.3). In addition, the HMC simulation pro-
vides basic information on the temporal sources of surface water, since one can separate “new” water that
entered the system during the simulation as precipitation from “old” water that was already stored at the
surface or in the subsurface at the start of the simulation (cf. Section 3.1).

We ran the HMC-enabled HGS model from October 2015 to January 2018 with hourly meteorological forc-
ing data. The simulation period corresponds to the period for which Glaser et al. (2020) proved confidence
in the model realism by a comprehensive validation of the HGS model against hydrometric measurements
(cf. Section 2.2.) and patterns and frequencies of surface saturation mapped within the riparian-stream
areas (cf. Section 2.3, Figure 2). In order to deal with the effect that the signal of initially stored water is suc-
cessively flushed out and eventually fully replaced by new incoming precipitation in a HMC simulation (cf.
Section 3.1), we split the 28-month HMC simulation into 64 consecutive but individual simulation periods
with a median length of 9 days. At the start of each of these individual sub-periods, we re-initialized the
fractions of water sources by assigning all current water in a mixing cell to the respective initial source area
(cf. Figure 3, gray lines). This allowed us to obtain consistent and comparable information on the variation
of the mixing of water sources for a total of 64 individual periods across various hydrological conditions.
In addition, the separation of the simulation into short sub-periods reduced the possible accumulation of
mass balance errors and reset fractions. We chose the sub-periods according to the times at which Glaser
et al. (2020) analyzed the simulated surface saturation (Figures 2 and 4) in comparison to the thermal infra-
red imagery observations. This allowed us to rely on previous simulation output to initialize the hydraulic
conditions of the consecutive sub-periods and thus to considerably reduce the wall-clock time of the simu-
lation by running the individual simulation periods in parallel.

3.3. Processing of the HMC Output

With the HMC simulation, we obtained time series for the amount of water originating from the seven pre-
defined source areas and from precipitation at each of the 36 selected POIs. When the mass balance error
of the simulated mixing ratio was >5% (i.e., the sum of the individual fractions of water sources of total
discharge was <0.95 or >1.05), or when a water fraction was simulated with a negative contribution >1%
of simulated discharge, we excluded the affected time step from any further investigations by artificially
introducing a gap into the time series of the affected POI (cf. Figure 3).

To identify the delivery processes, that is, the mechanisms that ultimately induce and maintain the occur-
rence of water at the surface, we analyzed the fractions of water sources after the first time step for each of
the 64 sub-period simulations (cf. Figure 3). Since water from one source area is not mixed with water from
other source areas within the first time step, the fractions of water sources after the first time step reflect the
immediate origin of water entering a mixing cell. Consequently, the HMC output after the first time step
allowed us to infer whether the immediate delivery of water to a POI took place via exfiltration from the
subsurface, overland flow, or direct precipitation. Based on the assigned source areas (cf. above, Figure 3),
we further broke down exfiltration from the subsurface into exfiltration from the fractured bedrock, sub-
solum, solum, or riparian soil. Overland flow was explicitly separated into overland flow within the stream
channel, henceforth referred to as streamflow, overland flow from the hillslopes and plateau, and overland
flow from the riparian zone.
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In order to identify the geographical sources of surface water, that is, the source areas where water was ini-
tially stored before reaching a POI, it would be the most intuitive and informative to visually investigate the
temporal evolution of the mixing ratio at a POI (cf. Figure 3). Yet it is not feasible to compare the time series
of 36 POIs for 64 simulation periods by displaying and analyzing them individually. Instead, we calculated
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a summary metric that allows a consistent and reliable comparison of the dominant geographical sources
across space and time. This metric is the volume weighted fraction of water sources over the first four days
of a simulation period (cf. Figure 3) and we assume it to represent the average mixture of geographical
sources at a POI for an inter-event, intra-seasonal time scale. In particular, we distinguished contributions
from precipitation, stream channel water, riparian surface water, surface water from the hillslopes and pla-
teau, riparian soil water, water from the solum of the hillslopes and plateau, water from the subsolum, and
water from the fractured bedrock (Figure 3). Water from the subsolum and fractured bedrock could indicate
contributions from deep subsurface stores from the hillslopes and plateau, as well as contributions from
subsurface stores directly underlying the stream channel and riparian soil (for fractured bedrock) and the
edges of the riparian zone (for subsolum), respectively (cf. Figure 1). Preliminary assessment at a stream
channel POI showed that the closest and the most distant of the predefined source areas (i.e., stream chan-
nel vs. solum of the hillslopes and plateau) could occur together in the volume weighted fractions over the
first four days of a simulation period (Figure 3 bottom right). We thus decided that-for our study-the time
span of four days is a suitable compromise between the fact that water initially stored in adjacent source
areas of a POI is displaced by precipitation or by water from more distant sources areas and that water orig-
inating from distant source areas needs some time to reach a POI after the start of the simulation.

In total, we obtained 64 different mixing ratios of the delivery processes and geographical sources repre-
senting the mixing of water during particular points in time at each of the 36 POIs. In order to assess the
spatial variability of the mixing of water sources across the riparian-stream continuum (different categories
of POIs, Figure 2) and along the stream (area U, M, D, Figure 1) independently of particular periods in time,
we computed for each of the 36 POIs the arithmetic mean of the 64 identified mixing ratios of the delivery
processes and geographical sources, respectively. Furthermore, we analyzed the overall time variability of
the mixing of water sources across space based on a subset of 8 of the 64 periods, which covered the full
range of hydrological conditions commonly occurring within the Weierbach catchment. In particular, we
distinguished four categories of initial wetness states: (a) dry, (b) intermediate, (c) wet, and (d) very wet,
based on simulated discharge Q at the catchment outlet at the start of the simulated periods: (a) Q < 0.51/s,
(1) 0.51/s < Q < 51/s,(c) Q > 51/s with not all POIs active (“active” meaning the existence of surface water
ata POI), and (d) Q > 51/s and all POIs active. Within each of the four categories, we visually selected one
simulation sub-period where the simulated catchment discharge Q increased within the first four simula-
tion days and one simulation sub-period where Q decreased within the first four simulation days (Figure 4).
Although this selection of a subset of 8 periods was based on catchment discharge Q only, the subset covers
phases of wetting and drying within four different wetness categories for all 36 POIs, since discharge dy-
namics were found to be similar at all POIs and at the catchment outlet (data not shown). Furthermore, the
discharge dynamics at the catchment outlet proved to be well correlated to the extent of surface saturation
(cf. Figure 4, Glaser et al., 2020). We thus assume that the selected periods represent phases of wetting and
drying with increasing and decreasing discharge as well as with expanding and contracting surface satura-
tion across the whole riparian-stream continuum.

4. Results
4.1. Delivery Processes
4.1.1. Time-Averaged Spatial Variability

The dominant process ultimately delivering surface water clearly differed between the stream channel (blue
POIs, Figure 5) and the riparian zone (yellow POIs, Figure 5) for all three riparian-stream areas investi-
gated, U, M, and D. Surface water in the stream channel was essentially delivered by overland flow within
the stream channel, that is, streamflow that was generated upstream of the study location, while surface
water in the riparian zone primarily exfiltrated from the riparian soil. Additional contributions of riparian
overland flow to surface saturation were found at most locations in the riparian zone, but the fractions
of riparian overland flow varied locally. In the riparian zone of area U, one location (POI 6) received sur-
face water nearly exclusively from the riparian soil, while the other POIs showed a higher (POI 9) or even
dominant (POI 7) fraction of overland flow. This finding is consistent with conclusions drawn from field
observations that distinct locations of groundwater exfiltration exist (cf. Section 2.3, Figure 2). However,
in the stream channel of area U and within the other two investigated areas, M and D, POIs positioned at
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Figure 5. Spatial variability of delivery processes. The bars visualize the mixing ratio of different sources of surface water at the 36 POIs located in the stream
channel (blue stars), in the riparian zone (yellow stars), and at unclassifiable positions (green stars) in areas U, M, and D (cf. Figure 2). The POIs enclosed in
brown boxes are at locations with assumed distinct exfiltration of subsurface water (cf. Figure 2). The fractions of water sources are the arithmetic mean of the
fractions of water sources after the first time step of each of the 64 sub-period simulations (cf. Figure 3).

locations that were assumed to be predominantly fed by groundwater exfiltration (POIs enclosed in brown
boxes in Figure 5) did not show distinctly different delivery processes for surface water than other locations
in the riparian zone and stream channel, respectively. POIs that could not be clearly assigned to the stream
channel or riparian zone based on their location and saturation frequency (Figure 5, green POIs) mostly
showed similar delivery processes as found for the locations in the riparian zone. Exceptions are POI 6 in
area D, where the dominant delivery process was exfiltration from the fractured bedrock, and POI 7 in area
D and POI 12 in area M that were the only two POIs showing a marked delivery of surface water via direct
precipitation.

4.1.2. Temporal Variability

The dominant delivery processes did not change substantially between differing initial wetness states and
phases of drying and wetting (Figure 6). The largest temporal variation at stream channel locations oc-
curred between periods with dry and intermediate initial wetness (Figures 6a-6d, blue POIs): the fraction of
water exfiltrating from the bedrock was considerably higher during periods with dry initial conditions than
with intermediate initial conditions, especially during the wetting phase (Figure 6a). At the riparian POIs
and most unclassified locations, the mixing ratio of the delivery processes remained stable once the deliv-
ery of water to the surface was activated (Figure 6, yellow and green POIs). Only during drying after very
wet initial conditions (Figure 6h), the fraction of overland flow was considerably increased relative to the
exfiltration of subsurface water, and overland flow and exfiltrating subsurface water partly originated from
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Figure 6. Temporal variability of delivery processes depending on the initial wetness state and phases of wetting or
drying. The bars visualize the mixing ratio of sources for surface water after the first time step (cf. Figure 3) for each of
the eight selected periods (a-h), Figure 4) at the 36 POIs located in the stream channel (blue stars), in the riparian zone
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the POI was inactive (no discharge simulated) within the first time step.
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more distant source areas (i.e., hillslopes/plateau and subsolum). Exceptionally high temporal variability
with substantial changes in the dominant delivery processes with increasing wetness occurred at the three
POIs at unclassified locations that showed differing dominant delivery processes in general (POI 6 and 7 in
area D, POI 12 in area M, cf. Section 4.1.1).

Precipitation occurred within the first time step and thus as an identifiable delivery process (cf. Section 3.3)
for the selected simulation periods e and h (cf. Figure 4). Nonetheless, contributions of direct precipitation
to the delivery of surface water were only found at non-stream locations (green and yellow POIs, Figure 6)
and the fractions were minor (period e) to negligible (period h) compared to the fractions of overland flow
and exfiltration from the subsurface. Exceptions are again POI 12 in area M and POI 6 in area D, where
precipitation clearly dominated the delivery of surface water at the beginning of simulation period e (Fig-
ure 6e), but also became negligible compared to other delivery processes (in this case inundation by stream-
flow) for the very wet conditions of period h (Figure 6h).

4.2. Geographical Sources
4.2.1. Time-Averaged Spatial Variability

The most apparent spatial variability in the time-averaged mixing ratio of geographical sources of surface
water (Figure 7) was that stream channel water was found exclusively at stream channel locations (includ-
ing POI 12 in area M, POI 7 in area D, cf. Section 4.1). Apart from that, the geographical sources of surface
water were similar across the riparian-stream continuum and water that was initially stored in the subsur-
face clearly dominated over water from surface source areas and newly incoming precipitation (except POI
12 in area M, POI 7 in area D). The dominance of subsurface water clearly matched the identified dominant
delivery of surface water via exfiltration in the riparian zone (cf. Section 4.1), but it initially seemed contra-
dictory to the dominant delivery via streamflow at stream channel locations. However, the minor fractions
of exfiltration from the bedrock as a delivery process at the stream channel locations do not necessarily im-
ply that the exfiltration of subsurface water ceased with increasing wetness (cf. Figure 6), but rather that its
contribution became less relevant in comparison to streamflow generated upstream of the study locations.
Thus, the apparent discrepancy between delivery processes and geographical sources at stream channel lo-
cations can be resolved by streamflow being generated by subsurface water exfiltrating all along the stream
channel and accumulating downstream. Increasing fractions of water initially stored in the stream channel
in the downstream direction (area U < M < D, Figure 7) and the appearance of exfiltration from the bed-
rock as a relevant delivery process during dry conditions all along the stream channel (Figures 6a and 6b)
substantiate this process description.

Local variations in the mixing ratio of water from different subsurface stores occurred along the stream
channel (higher fraction of subsolum water relative to riparian soil water in area U than in areas M and
D), between the stream channel and the riparian zone (tendentially smaller fractions of riparian soil water
at stream channel locations), and within the riparian zone (varying fractions of water from the fractured
bedrock and riparian soil). Moreover, the fractions of precipitation water were slightly higher at POIs in
the stream channel than at POIs in the riparian zone, especially in area M. However, the reset fraction and
thus the fraction of unknown water origin (cf. Section 3.1) at many locations was higher than the fraction
of precipitation. These proportionally high reset fractions hamper interpretations of the spatial distribution
of the contribution of precipitation water and other geographical water sources with small or non-existing
fractions (e.g., riparian surface water).

4.2.2. Temporal Variability

The mixing ratios of the geographical sources of surface water clearly differed between wetting and drying
phases regarding the contribution of precipitation water (Figure 8). The fractions of precipitation were
very minor during the selected drying phases, whereas they were still small but more marked during the
selected wetting phases. An exception was a similar relative contribution of precipitation to surface water
during both the wetting and drying period with intermediate initial wetness conditions (Figures 8c and 8d).
It should be noted that the cumulative amount of precipitation was similar for these two periods ¢ and
d, while it clearly differed between the wetting and drying phases of the other initial wetness conditions
(cf. Figure 4). Thus, it is likely that the differences identified in the fractions of precipitation between the
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Figure 7. Spatial variability of geographical sources. The bars visualize the mixing ratio of different sources for surface water at the 36 POIs located in the
stream channel (blue stars), in the riparian zone (yellow stars), and at unclassifiable positions (green stars) in areas U, M, and D (cf. Figure 2). The POIs
enclosed in brown boxes are at locations with assumed distinct exfiltration of subsurface water (cf. Figure 2). The fractions of water sources are the arithmetic
mean of the volume weighted fractions of the first four days (cf. Figure 3) of each of the 64 sub-period simulations.

investigated periods relate to the amount of precipitation in relation to discharge rather than to a simple
distinction between wetting and drying. The fractions of the other geographical water sources differed be-
tween the selected phases of wetting and drying in some areas or for some initial wetness states. However,
we did not find any indications of clearly and systematically different geographical sources of surface water
between the phases of wetting and drying, which is similar to the findings for the delivery processes (cf.
Section 4.1).

In contrast, the initial wetness state clearly influenced the mixing ratios of the geographical sources of
surface water. At stream channel locations (Figure 8, blue POIs), surface water mainly originated from the
riparian soil and fractured bedrock for dry initial conditions (Figures 8a and 8b), subsolum water appeared
as a clear contributor with intermediate initial wetness conditions (Figures 8c and 8d), and the mixing ratio
between riparian soil water and subsolum water shifted towards higher contributions of subsolum water
with increasing wetness (Figures 8c-8h). In addition, contributions of water initially stored in the stream
channel were highest for intermediate wetness, and considerable fractions of solum water appeared during
wet conditions (especially in area U, Figures 8e-8h). In the riparian zone and at unclassified locations (Fig-
ure 8, yellow and green POIs), the mixing ratio of geographical sources mainly shifted to smaller fractions
of riparian soil water in favor of higher fractions of subsolum water with increasing wetness. At the excep-
tional POIs 12 in area M and 7 in area D (cf. Section 4.1), the geographical sources changed completely from
nearly exclusive contributions of precipitation water (Figures 8a-8d) to a mixture of subsurface sources

GLASER ET AL.

15 of 24



l\“l l

Water Resources Researc :
AND SPACE SCIENCE
Phase of wetting Phase of drying
a) D b) U D
I P [ — — N — [ —
N | I 1 1 1 1 1
I 1 1 1
1 1 1 1 1 1 X
© i 1 1 | @ J | 1 ]
o 1 | 1 1 = 1 1 ]
1 1 1 1 1 1 1
o} 1 | 1 ] I | ]
2 ° (el i i | I i i i
aZ° ! : (I ! : :
»
£ 1 1 1 | | 1 '
= < _| 1 1 | < _| | | ]
s 1 1 | IS 1 | ]
o 1 X 1 1 X 1 1
) 1 1 1 1 1 3
] 1 1 1 1 1 1
N 1y | 1 | o o | 1 ]
© | 1 1 1 =] | 1 1
] 1 1 1 1 1 1
1 1 1 1 1 1 1
o | | | = 1 1 ]
| — [ — Il i | |
r—— AA AR AR TR R R IR RIE ey e —— T
c) d) U
[ ———— ) e J—— ——
< ) EEEEE | EEEE 1 ' 7 EERR !
| 1 1 | |+ '
] 1 1 1
| 1 | ]
g 1 | 1 g - ]
1 1 1 )
L 1 1 | ]
© ] 1 1 1
5 \2 o _|! 1 1 o _| ]
2 =T i vl e i
E = 1 1 1 1
s | | 1 1
= O < _| 1 1 < _| '
c s 1 | o ]
= Vv 1 | | ]
[t} | | | ]
5 1 1 1 1
2 < N | | o 1
8 = | | 1 = 1
0 ! ! ! :
7)) ] 1 1 1
n O 5 ) — e— O (=) e— —
e — = T p— TR RA IR T
] e) D
3 E— —_—
© =9 T '
g s el T |
£ |
c [ I EREEN 1
= 2 o _| B H
B || e '
] ]
2 i
@] = ]
o e ]
- = |
0 ®© '
g “— < ] 1
o (=} ]
| = 1
s :
A 1 ]
~|l° ]
q :
=
1
a o - — ———
v Tk R Rk e e e —— e
g) U h) D
- 1 - - 9 —TTT] _
Q :=--- i H = I I
Z ———— |
8|3 ) g i
1
%) 1
g 2 ! T H
1
z 0|3 I @ aEEEg
= 1
o ® 1
- 1
g byl Sl ! W -
A o 1 o
—~ !
» |
= 1
= N 1 N
o o | S}
1
1
1
o - SNEEEEEEE, o -
ravarare e ———— T30 ey Rk R IR e

]

bedrock  subsolum  solum ripariansoil  Nilslope/ iooian sone  SU€AM pradinitation reset
plate channel

Water initially stored in the subsurface Water initially stored on the surface  New water input

Figure 8. Temporal variability of geographical sources depending on the initial wetness state and phases of wetting

or drying. The bars visualize the mixing ratio of the volume weighted fractions of water sources of the first four days

(cf. Figure 3) for each of the eight selected periods (a-h), Figure 4) at the 36 POIs located in the stream channel (blue
stars), in the riparian zone (yellow stars), and at unclassifiable positions (green stars) in areas U, M, and D (cf. Figure 2).
Missing bars indicate that the POI was inactive (no discharge simulated) over all four days.
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similar to that found in the stream channel (Figures 8e-8h), reflecting the switch of the delivery of surface
water from precipitation to streamflow identified for these two POIs (cf. Figure 6).

5. Discussion

Our simulation results show that ISSHM HMC modeling can provide very detailed and differentiated infor-
mation on the spatial and temporal variability of sources of surface water in the riparian-stream continuum
of an intermittent stream. The application of the HMC modeling at an extensively studied test site further
allowed us to recognize the extent to which comprehensively validated simulations can be an asset in the
planning and interpretation of time-consuming and costly field studies (see Section 5.2). The focus of our
study was to compare the mixing ratio of various water sources between different locations, initial wetness
states, and phases of wetting and drying. We achieved this through a novel approach for processing and
displaying the HMC simulation results, which goes beyond previous studies (e.g., Berezowski et al., 2019;
Gutiérrez-Jurado et al., 2019; Partington et al., 2013). In the following paragraphs, we discuss this data
processing and the information obtained (Section 5.1) and demonstrate how the approach can enhance our
understanding of the spatio-temporal generation of riparian surface saturation and streamflow, using the
example of the Weierbach catchment (Section 5.2). It was not within the scope of this study to decipher the
water sources at event-scale, yet it should be noted here that a different way of analyzing the hourly-resolved
simulation results would allow such investigations, for example, by explicitly analyzing the sub-daily evolu-
tion of the time series of water fractions (cf. Figure 3) for distinct locations and events.

5.1. Identification of Water Sources With the Hydraulic Mixing-Cell Approach

In order to obtain a comprehensive picture of the varying sources of surface water in space and time with
the HMC approach, we (a) distinguished different initial source areas for the surface and—for the first
time—also for the subsurface domain and (b) accomplished a clear conceptual separation between delivery
processes and geographical sources. The latter was achieved by analyzing the mixing of water after the first
time step and from volume weighted fractions over the first four days, respectively. This approach requires
a simulation to be split into sub-periods when seeking the temporal change of mixing ratios and is not suit-
ed to analyzing the temporal change of water sources within the short time-scale of single rainfall-runoff
events. Moreover, applying different time interval criteria for the analysis of the delivery processes and
geographical sources would result in partly different mixing ratios. Our approach is thus not appropriate to
unambiguously quantify the contribution of single delivery paths and geographical sources. Yet our results
corroborate that our approach was highly valuable to reveal the relative importance of different delivery
paths and geographical source areas at different locations and to summarize the overall temporal variability
of this relative importance at an inter-event, intra-seasonal time scale—consistently to a visual assessment
of the full time series (cf. Figures 3 and 8). We therefore think that any uncertainty in the identified mixing
ratios due to the selection of particular time interval criteria can be considered minor for comparing the
dominant water sources between different locations, initial wetness states, and phases of wetting and dry-
ing as long as the same criteria are applied for all locations and periods of investigation. Since we defined
our periods of investigation based on the availability of thermal infrared observations and previous model
output analyses (cf. Section 3.2, Glaser et al., 2020), we cannot currently provide a systematic analysis of
the water sources as a function of precipitation amount and its ratio to discharge volume (cf. Section 4.2.2,
Figure 8). Still, the often dominant contribution of precipitation to surface water at POI 12 in area M and
POI 7 in area D (cf. Section 4.1.2 and 4.2.2) demonstrates that the small contribution of precipitation ob-
served at all other POIs is not an artefact of the characteristics of the selected periods or the selected time
interval criteria. Thus, a comparison of the water sources at different locations and times is also possible for
the contribution of precipitation and we deem our new approach highly valuable for studying water fluxes
in the river corridor and streamflow generation.

The presented approach can in principle be applied at any other study site, but it may be necessary to adapt
the here chosen time interval criteria according to the local system characteristics and the specific aims of
the study. This is especially the case for the identification of the geographical sources. We selected a time
span of four days as an appropriate value for our study site and investigations, since a preliminary assess-
ment of the HMC results showed the four days to allow water from all predefined sources to reach a POI and
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to not overrate nor completely eliminate the signal of close-by source areas, where initially stored water is
flushed out within few hours or days after each re-initialization (e.g., stream channel water, riparian water,
cf. Figure 3, Section 3.3). Longer time spans are likely needed to achieve a similar compromise for study
sites with larger and more distant source areas or slower flow paths, yet this also depends on the research
objectives. Similarly, four days would likely not be sufficient to capture all possible water sources if we
further differentiated our predefined source area “bedrock” into “bedrock below stream channel and ripar-
ian zone” and “bedrock below hillslope and plateau”. This circumstance reflects a general problem when
investigating geographical sources, namely that the results always depend on a study-specific and somehow
arbitrary definition of distinct source areas. An important aspect to consider here is that every definition of
a geographical source area must entail a reference state and time that determines whether water is consid-
ered to originate from the particular source area (since all water must have entered the source area at some
point via precipitation or from another source area), but that these criteria are commonly only considered
implicitly (e.g., based on where and when end members are sampled for end member mixing analyses).
In that regard, our approach of analyzing the volume weighted fractions over a certain time span has the
advantage that this initial state and reference time are defined explicitly and thus are easy to adapt and to
be defined identically for all analyzed geographical sources. It facilitates to target the analysis to a specific
question, helps to interpret the identified sources, and allows a consistent comparison of the importance of
various predefined source areas at different locations and moments in time. For example, a particular short
time span could be chosen in a future study to compare the dominant geographical sources in different
rainfall-runoff events, explicitly focusing on fast connecting source areas and ignoring distant source areas
with long travel times.

The main challenge for the application of the HMC approach were numerical issues resulting in reset frac-
tions, that is, the fractions of water with unknown origin (cf. Section 3.1). The reset fractions are required
to avoid mass balance errors in the mixing calculation due to numerical instability or numerical dispersion,
but they introduce uncertainties in the mixing ratios. Partington et al. (2013) suggested accepting reset
fractions <1%. They pointed out that the numerical stability of the HMC approach is particularly critical for
mixing cells whose water storage volume is relatively small compared to volumetric fluxes of water inflow
and outflow. While such situations were not reported to cause problems in other HMC studies on water
sources in floodplains and intermittent streams (Berezowski et al., 2019; Gutiérrez-Jurado et al., 2019; Par-
tington et al., 2013), they tended to occur for our simulations because of a large variability in the presence
of surface water and shallow surface water depths in the highly-resolved mesh of the riparian zone and
stream channel. We managed to limit the reset fractions and mass balance errors by using hourly input
data, splitting the total simulation period of 28 months into sub-periods with a median length of 9 days
(cf. Section 3.2), and relaxing some numerical stability criteria. However, we could not minimize the reset
fractions to values <1% for stable simulations with reasonable calculation times. At various locations with-
in the model domain, our adaptations were not sufficient to obtain reliable simulation results (data not
shown) and further adaptations of the model setup (e.g., mesh setup) and the HMC code itself (e.g., stability
criteria) might help to overcome these current limitations. A promising approach to achieve such further
improvements could be to rely on the experience with similar numerical issues occurring in the context of
modeling solute transport.

Nonetheless, for the locations and periods that we investigated in this study, mass balance errors and the ex-
tent of reset fractions were kept within reasonable limits, that is, the median removal of simulation results
at the 36 POIs due to mass balance errors (cf. gaps in Figure 3) was 1% for the analyzed 64 X 4 = 256 days
(maximum removals of 2.7% and 4.4% at POI 2 in area U, POI 12 in area M, <0.01% removals at POI 10
in area M and POI 13, 14 in area D) and the median percentage with reset fractions >10% was 2.6% of the
analyzed 256 days (maximum values of 23.5% and 28.5% at POI 3 and 2 in area U, values <0.05% at POI 2,
8,10 in area M). During the periods with reset fractions similar to or higher than fractions of other sources,
the mixing ratio of the water sources might be considerably distorted if all water that was assigned with
reset fractions originated from the same initial source, for example, precipitation. However, we did not find
signs of obvious distortion and it is unlikely that the reset fraction represents only one initial water source.
We are therefore confident that the information obtained on the mixing ratio of the water sources is robust
and allows the relevance of different water sources and their spatial and temporal variability to be inferred.
Future research may target a combined use of the HMC approach with solute transport modeling and
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particle tracking to profit from the advantages of the different approaches and thus reduce method-specific
limitations and further strengthen the robustness of the information on the water sources.

5.2. Insights From the HMC Modeling on Sources of Surface Water in Comparison to Previous
Experimental and Simulation Studies at the Study Site and Beyond

5.2.1. Spatial Variability of Water Sources

Previous studies in the Weierbach catchment suggested that surface saturation in the riparian zone is large-
ly induced and sustained by groundwater that exfiltrates at discrete locations (cf. Figure 2) and distrib-
utes across the riparian zone via overland flow (Antonelli et al., 2020a, 2020b; Glaser et al., 2018, 2020).
The HMC simulation confirmed the high relevance of subsurface water sources and specified that large
fractions of the riparian surface water were initially stored in the riparian soil and fractured bedrock (Fig-
ures 7 and 8). However, the model did not only reproduce an exfiltration of subsurface water at the locally
confined locations identified with thermal infrared imagery (cf. Section 2.3, Figure 2). It also simulated
exfiltration ubiquitously across the riparian zone (cf. Section 4.1.1) whereas overland flow from adjacent
model elements only exceeded the delivery of surface water via exfiltration at a few of the riparian POIs
(Figures 5 and 6). Moreover, the model did not simulate any relevant expansion of streamflow into the
riparian zone, not even at the riparian-stream interface (cf. green POIs Figures 5-8, except POI 12 in area
M, POI 7 in area D), which differs from previous process descriptions based on thermal infrared imagery
mapping (cf. Section 2.3, Antonelli et al., 2020a; Glaser et al., 2018)). Nonetheless, the model results do not
contradict field observations since the field-based expectations of a more heterogeneous delivery of surface
water than subsurface water exfiltration were mostly based on the heterogeneous patterns and frequencies
of surface saturation (cf. Section 2.3) that were largely reproduced with the simulations (cf. Figure 2, Glaser
et al., 2020). This clearly demonstrates the asset of HMC simulations in complementing the interpretation
of field observations when model realism is assured. In a next step, the results of the HMC analysis could
be further tested by measurements of geochemistry or isotope data to identify the water sources (cf. Bere-
zowski et al., 2019; Schilling et al., 2017) and likewise, could help to select the most interesting locations
with exceptional sources (e.g., POI 12, area M, POI 7, area D) for further detailed sampling campaigns.

The spatial differentiation between the stream channel and riparian zone became particularly obvious from
the conceptual separation between delivery processes and geographical sources. Without the information
on the delivery processes (Figures 5 and 6), no spatial difference between the stream channel (dominant de-
livery of surface water via streamflow generated upstream) and riparian zone (dominant delivery of surface
water via in-situ exfiltration of subsurface water) would have been identified. Without the information on
the geographical sources (Figures 7 and 8), the actual sources of stream water “generated upstream” would
have remained unclear. Only by combining the information on the delivery processes and geographical
sources was it possible to infer that streamflow was generated by subsurface water exfiltrating all along the
stream channel and accumulating downstream. The identified similarity of geographical sources of surface
water in the stream channel and riparian zone (Figures 7 and 8) further suggests that overland flow in the
riparian zone (cf. POIs in the riparian zone, Figure 5) is basically intermittent streamflow generated by the
exfiltration of subsurface water outside of the visually apparent stream channel. Although direct contri-
butions of overland flow from the adjacent riparian zone to stream channel water were minor compared
to streamflow generated upstream (Figures 5 and 6), it is possible that most of the riparian surface water
eventually entered the stream channel via overland flow. Further analyses with the HMC approach similar
to Partington et al. (2013) and Gutiérrez-Jurado et al. (2019) could help to quantify both the fraction of
water in the stream channel that actually passed through the riparian zone as overland flow, and the active
contribution of riparian surface saturation to streamflow in comparison with the actual extent of surface
saturation.

Overall, the sources of stream water and riparian surface water were homogeneous within and among the
riparian-stream areas investigated in the Weierbach catchment compared to the heterogeneous frequencies
of surface saturation observed and simulated (cf. Figure 2), results from other studies simulating the gener-
ation of surface saturation across space (Berezowski et al., 2019; Partington et al., 2013; Weill et al., 2013),
and the variability of stream water sources found in catchments with varying landscape characteristics (e.g.,
Cowie et al., 2017; Gordon et al., 2015; Laudon et al., 2007). Further HMC studies analyzing the sources
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of surface water in riparian-stream continua and floodplains in different, larger, and more heterogeneous
landscapes compared to the forested, humid-temperate Weierbach catchment may help to clarify what con-
trols the dominance of a certain process, for example, subsurface water exfiltration versus stream inun-
dation (e.g., Berezowski et al., 2019; Bonnet et al., 2017), and the degree of the spatial variability of water
sources. Yet, even the small spatial variabilities in the sources of riparian surface water and stream water
identified in the Weierbach catchment (cf. Section 4.1.1, 4.2.1) may be relevant. For example, the spatially
varying importance of overland flow (Figure 5) and riparian soil water relative to other subsurface sources
(Figure 7) for riparian surface water might already be sufficient to create hot spots of biogeochemical and
ecological activity as often identified in riparian zones and floodplains (Frei et al., 2012; Grabs et al., 2012;
Harms & Grimm, 2008; Krause et al., 2017; Ramey & Richardson, 2017; Singer et al., 2016). Furthermore,
the small spatial variabilities of geographical water sources may also impact the representativeness of water
samples for water quality analyses or end member mixing analyses. The spatial difference of the simulated
water sources was not related to any visually apparent criteria such as saturation frequency, saturation per-
sistence, locations of obvious groundwater exfiltration, or distance to the stream. This implies that these cri-
teria may not guarantee a selection of representative sampling locations. Instead, HMC simulations could
be a useful tool to support the selection of representative water sampling locations.

5.2.2. Temporal Variability of Water Sources

The contributions of precipitation to surface water were always minor compared to those of subsurface
water at 34 out of the 36 POIs (cf. Figure 8). Even during periods of wetting where simulated discharge
volume clearly reacted to precipitation events (cf. Figure 4), the simulated increase of discharge volume
largely related to an increased exfiltration of subsurface water, most likely triggered by increased pres-
sure gradients and an expansion of subsurface saturation induced by infiltrating precipitation. This finding
demonstrates that ISSHMs such as HGS can reproduce the often observed phenomenon of a fast release
of previously stored subsurface water to the stream as an immediate response to precipitation (e.g., Cart-
wright & Morgenstern, 2018; Correa et al., 2019; Kirchner, 2003; Laudon et al., 2007). The importance
of a precipitation-induced expansion of subsurface saturation and the subsequent exfiltration of subsur-
face water is also consistent with the variable source area concept for forested humid catchments (e.g.,
Dunne & Black, 1970; Hewlett & Hibbert, 1967; Megahan & King, 1985) and with previous tracer studies
in the Weierbach catchment that revealed old water stored in the subsurface to be the main contributor to
streamflow (Martinez-Carreras et al., 2015; Rodriguez & Klaus, 2019; Wrede et al., 2015). However, both
the variable source area concept and previous studies in the Weierbach catchment (Fenicia et al., 2014;
Glaser et al., 2016; Klaus et al., 2015; Martinez-Carreras et al., 2015, 2016; Rodriguez & Klaus, 2019; Wrede
et al., 2015) presume and emphasize relevant contributions of precipitation to event surface water. Future
work is needed to analyze the hourly HMC simulation results with an explicit focus on the intra-event-scale
(cf. Section 5.0) to quantify and evaluate the simulated contribution of precipitation during distinct rain-
fall-runoff events, including the characteristic sharp, short-lasting first discharge peaks in the Weierbach
catchment (cf. Section 2.1, Figures 3 and 4) where precipitation was found to represent up to 60% of the
hydrograph (Martinez-Carreras et al., 2015).

The sources of surface water were rather unaffected by precipitation and phases of wetting or drying, but the
geographical water sources clearly varied depending on the initial wetness state (Section 4.2.2). In particu-
lar, the consideration of several subsurface source areas revealed a gradual activation of additional upslope
source areas and upper soil layers by an increasing extent of subsurface saturation with increasing wetness.
The identified shift in stream water sources from high fractions of riparian soil water to high fractions of
water stored in the subsolum and solum (Figure 8) complements findings from previous hydrograph separa-
tions in the Weierbach catchment that revealed a less dominant contribution of riparian soil water to runoff
events during wetter conditions (Martinez-Carreras et al., 2015). It is also in line with tracer studies in other
catchments that highlighted that the activation of high streamflow was related to an initiation and connec-
tion of hillslope runoff (Correa et al., 2017; McGlynn & McDonnell, 2003) and shallow interflow from soils
or regolith (Cartwright & Morgenstern, 2018; Correa et al., 2017), whereas low flow largely consisted of
water stored in the riparian soil (Correa et al., 2017; McGlynn & McDonnell, 2003), spring water from un-
derlying bedrock (Correa et al., 2017), and groundwater (Cartwright & Morgenstern, 2018). Furthermore,
the highest contribution of water initially stored in the stream channel at intermediate wetness (Figure 8)
suggests that an increase of streamflow from dry to intermediate conditions was related to a considerable
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increase of active stream length, induced by an upstream expansion of subsurface saturation (cf. Hewlett &
Hibbert, 1967). Only once intermittent streamflow was activated all along the stream channel and discharge
volume further increased without a further increase of active stream length (cf. Antonelli et al., 2020b),
did contributions from additional, more distant subsurface stores than riparian soil and fractured bedrock
underlying the stream channel become more relevant (Figures 8e—8h).

The increase of active POIs and fractions of subsolum water with increasing wetness in the riparian zone
(Figure 8) implies that locations of exfiltration expanded with increasing wetness towards the edges of
the riparian zone (underlain by subsolum, cf. Figure 2), which subsequently leads to an increased extent
of riparian surface saturation and riparian overland flow (cf. Figures 6a and 6b). This process description
matches the perceptual model on the expansion of surface saturation in the riparian zone of the Weierbach
catchment derived from the thermal infrared imagery mapping of the spatio-temporal variability of surface
saturation (Antonelli et al., 2020a). Yet the HMC results do not support the field-derived perception that
riparian surface saturation persists during drying phases solely due to a low infiltration capacity of the
riparian soil and overland flow from neighboring areas. Instead, we identified a continued exfiltration of
subsurface water to the surface during drying phases and identified a distinct shift of the mixing ratio from
exfiltration to overland flow between wetting to drying for very wet initial conditions only (Figure 6). In
conclusion, the process understanding gained from the temporal variability of simulated water sources and
its consistency and enhancement in comparison to previous findings from various laborious field studies
within and beyond the Weierbach catchment demonstrate once more the value of using HMC simulations
to complement time and cost-intensive field sampling campaigns to obtain a comprehensive understanding
of varying flow paths and water sources.

6. Conclusions

We investigated the sources of surface water and their variability in space and time using a hydraulic mix-
ing-cell approach in a comprehensively validated HydroGeoSphere model. We introduced a novel approach
of employing the hydraulic mixing-cell simulation that allowed us to specify and quantify the mechanisms
that induce and maintain the occurrence of surface water (i.e., delivery processes) and the geographical
sources of surface water, including three different surface areas and four different subsurface stores. The
information obtained from the HMC simulation goes beyond standard model output and was very valuable
for identifying and comparing the contributions of various sources of surface water at different locations
across the riparian stream-continuum and for varying initial wetness conditions and phases of wetting and
drying. Furthermore, the HMC modeling supported, clarified, and enhanced the understanding from pre-
vious investigations in the Weierbach catchment, our exemplary study site. In particular, the HMC results
confirmed previous perceptions on the important role of subsurface water for the generation of riparian
surface saturation and intermittent streamflow. In addition, the HMC simulation revealed a varying contri-
bution of different subsurface stores, pointing to a gradual activation of upslope source areas, in addition to
the riparian soil and fractured bedrock underlying the stream channel, by increasing wetness. The spatial
variability of the delivery processes and geographical sources of surface water was found to be smaller than
expected from the heterogeneous patterns and frequencies of surface saturation observed and simulated in
the riparian-stream continuum of the Weierbach catchment. Yet we still identified some spatial variations
in the water sources that may be relevant for point-sampling, hotspots of biogeochemical activity, or mi-
crohabitats. Lastly, the sources of surface water were rather stable between phases of wetting and drying,
and contributions of riparian overland flow and precipitation were generally small. Future analyses of the
hourly-resolved simulation results may further clarify whether contributions of precipitation and riparian
overland flow to surface water were also minor throughout single rainfall-runoff events and if and how
much riparian surface saturation eventually connected to the stream. Moving beyond our exemplary study
site, we (a) encourage using HMC modeling as a complement to field data, either to help interpret and un-
derstand the field data or to plan experiments beforehand; and (b) wish to motivate similar studies on the
sources of surface water in other riparian-stream continua and floodplains to understand how the processes
and spatial and temporal variability identified for the Weierbach catchment relate to specific landscape
characteristics such as area and stream size, climatic conditions, or subsurface properties.
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