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Abstract In recent decades, integrated hydrologic models (IHMs) have advanced our understanding of
hydrologic processes across catchment to continental scales. These models couple surface and variably
saturated subsurface flow, incorporating land surface models to represent interactions within the critical zone.
However, high computational costs hinder calibration and sensitivity analysis. Prior studies show that outputs
such as runoff, soil moisture, and energy fluxes are highly sensitive to subsurface parametrization, particularly
to the hydraulic conductivity (K) in both saturated and unsaturated zones. Despite its relevance in soil-
vegetation interactions, sensitivity to unsaturated parameters has been less explored, often limited to synthetic
domains. To address this, we designed a deterministic approach consisting of 55 simulations, to explore K and
other parameters sensitivities. We employed the parallel, fully integrated model Parflow-CLM to simulate water
and energy fluxes in a headwater catchment in the Odenwald, Germany. Simulations were evaluated against
streamflow and soil moisture observations to ensure realistic results. Multiple combinations of K-values,
anisotropies, and van Genuchten parameters were tested, examining the impact of soil hydraulic properties on
plant water uptake. Results show that increasing K enhances baseflow and attenuates peak flows, while
anisotropy in shallow horizons significantly affects runoff and groundwater dynamics. The shape of the soil
water retention curve, represented by the van Genuchten parameters, as well as saturation at field capacity and
wilting point, strongly influence simulated soil moisture during dry periods. Overall, our analysis provides
insights into subsurface parameter sensitivities to hydrologic responses, supporting the design of calibration
schemes for IHM applications.

1. Introduction

Interactions between surface water and groundwater are fundamental processes of the hydrologic cycle (Kollet &
Maxwell, 2006). Over the last decades, the exploration of this interaction has driven the development of integrated
hydrologic models (IHMs), which directly link surface and subsurface flow equations. IHMs are often further
coupled with land surface models (Kuffour et al., 2020) to provide a comprehensive understanding of the hy-
drological processes in the critical zone, extending from bedrock to atmosphere (Brooks et al., 2015). Therefore,
IHMs typically cover depths of tens to hundreds of meters, highlighting the importance of both the shallow and
deep subsurface in catchment hydrology (Condon et al., 2020). However, this also introduces significant
complexity due to the inherent challenges associated with the conceptualization and calibration of hydro-
geological models (Rojas et al., 2008; Seifert et al., 2012), including the representation of geometry, system
boundaries, physical properties, usually under data scarcity (Enemark et al., 2019).

With regard to the physical properties of the subsurface, one of the main factors controlling flow in the vadose
zone and groundwater is the hydraulic conductivity (K), which is usually characterized by high degrees of
heterogeneity (Sanchez-Vila et al., 2006). K is particularly important for IHMs, because it contributes to the
determination of subsurface water flow and its interaction with land surface processes (Lu et al., 2024). Despite its
importance, limited research has investigated model sensitivity to K parametrization in real domains (Fos-
ter, 2018; Herzog et al., 2021). Theoretical studies, however, have demonstrated that model results in terms of
streamflow, groundwater table dynamics (Engdahl, 2024; Rapp et al., 2020), soil moisture distribution (Atchley
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& Maxwell, 2011; Leonarduzzi et al., 2021) and energy fluxes (Kollet, 2009) are highly sensitive to K
conceptualization. Moreover, K is scale dependent by definition (Sanchez-Vila et al., 2006), and various ap-
proaches have been proposed for IHMs to address this issue (Fang et al., 2016; Foster, 2018; Niedda, 2004),
including considerations for the loss of topographic information with decreasing numerical grid resolution.

Another critical aspect of K is its anisotropic behavior due to mostly layered heterogeneities that are present in
scales from micrometers to kilometers particularly in sedimentary strata (Shepley, 2024). Consequently, full K
tensors are required to parametrize natural porous media (Chiogna et al., 2015; Schulz et al., 2017). However,
anisotropy has received little attention in the context of IHMs. Rapp et al. (2020), evaluated different scenarios of
an idealized headwater catchment, including one anisotropic case with lower vertical K than horizontal K in all the
conceptualized hydrogeological units, which resulted in reduced flow path depths and river discharges controlled
by storage but with little effects on governing surface runoff. Conversely, Fang et al. (2015) incorporated a higher
horizontal K with respect to the vertical K for the soil layer that overlies an impermeable bedrock in a forested
catchment to represent interflow processes and could observe important effects on surface runoff and soil
moisture dynamics. Although both studies indicate that IHMs are sensitive to K anisotropy, the contrasting results
show that further investigations are required to understand the implications of anisotropic K fields for IHMs.

The parametrization of K in IHMs also accounts for its behavior under unsaturated conditions to solve adapted
versions of the Richards' equation for variably saturated flow (Maxwell et al., 2014). One of the most applied
models to describe the K under unsaturated conditions and the soil water saturation (S) as a function of the matric
potential is the van Genuchten model (van Genuchten, 1980). Although some of the parameters of this model have
a certain physical meaning, such as @ [L_l] , which is approximately the inverse of the air-entry value, andn [ — ],
which is related to the pore size distribution (Vereecken et al., 2010), it is still an empirical model, hindering the
direct determination of these parameters. Therefore, they are usually derived from inverse modeling based on, for
example, soil moisture observations. This presents a challenge for IHMs, as automated calibration is uncommon
for such models due to high computational costs (Engdahl, 2024). Consequently, the determination of « and n in
the context of IHMs usually relies on literature values or on the use of surrogate models (Bogena et al., 2013;
Koch et al., 2016).

An additional aspect, often overlooked in IHMs coupled to land surface models, are parameters that characterize
the interaction between soil and vegetation under unsaturated conditions, such as field capacity (S ﬂ‘) and the
wilting point (S,,,,) . In agricultural sciences, these parameters are typically defined as volumetric water content at
a specific matric potential, where the field capacity corresponds to the water content at a suction of 3.3 m and the
wilting point at 150 m (Assi et al., 2019), although these definitions actually depend on soil texture and plant
physiology (Ibrahimi & Alghamdi, 2022). Both parameters are strongly linked to the soil water retention curve
(SWRC) defined by the van Genuchten parameters. This fact is frequently neglected in IHMs, which may have
significant implications for the determination of soil moisture, an important variable that can also be used as
reference figure during model calibration (Vereecken et al., 2014). As presented in Srivastava et al. (2014) and
Jefferson et al. (2015) for IHM applications, Sy, S,,, and van Genuchten parameters are expected to have a
significant influence on streamflow generation and evapotranspiration, especially under water limited conditions,
because they determine the vegetation water stress function, which uses the aggregated moisture availability over
the root zone and controls transpiration fluxes (Ferguson et al., 2016).

To identify interactions and the most influential parameters among the above mentioned and others, modelers
need to perform sensitivity analyses. Global sensitivity analyses (GSAs) are particularly useful before calibration
because they capture nonlinearities and parameter interactions across the entire parameter space. However,
formal GSAs require hundreds to thousands of model evaluations, which makes them very challenging for IHM:s.
A few studies (e.g., Srivastava et al. (2014); Jaros et al. (2019); Maples et al. (2020)) have nevertheless applied
GSAs for real hydrological settings and provided valuable insights. Based on 340 simulations of an assumed
isotropic subsurface, Srivastava et al. (2014) showed that sensitivities vary spatially within a basin: elevated
regions were controlled by the K of confining units while lower lying regions by the K of regional aquifers.
Furthermore, peak flows were sensitive to Manning's coefficients of the streams in the upper catchment area, and
unsaturated flow parameters became more influential under water-limited conditions. In another study, Jaros
et al. (2019) identified K and anisotropy ratios as the predominant controlling parameters on the basis of 1,180
steady-state simulations of a boreal Esker-Aapa mire system, while also highlighting variable contributions from
other parameters, including those defining SWRCs. Together, these studies demonstrate the value of GSAs for
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Figure 1. Study area and instrumentation.

identifying key parameters and their interactions in real systems, but also emphasize their high computational
demand and thus the need of using simplified schemes.

Therefore, we adopted an approach based on a parametric sensitivity analysis designed to capture the key aspects
of saturated and unsaturated flow parameters while relying on a reduced number of simulations. Thus, this study
aims to deepen our understanding of the influence of K under both saturated and unsaturated conditions within the
context of an IHM. To achieve this, we used a variably saturated numerical hydrological model coupled with a
land surface model (Parflow-CLM) to simulate the water cycle in the critical zone of a 4.0 km? large headwater
catchment in the Odenwald, Germany. We first defined 15 different isotropic K parametrizations for two different
porosities of the shallow geological horizons, with a simplified subsurface conceptualization. These were eval-
uated according to observations of stream discharge to analyze the model performance at different temporal
resolutions. Subsequently, anisotropy was introduced in the near-surface geological horizons for selected sce-
narios to understand its effect on streamflow generation and groundwater level distribution. For a plausible
scenario according to streamflow, we analyzed the model sensitivity regarding soil moisture distribution with
respect to the SWRC and considering different definitions of field capacity and wilting point. Finally, our
simulations were compared to observations of soil moisture in the first meter of specific locations in forests and
grasslands over time to investigate the effect of the selected parameters (Sy, S, @, n) over different seasons.
Based on our results, we provide insights into parameter sensitivities with respect to different output variables and
offer recommendations for parameter optimization and parameter ranges, especially for Unconsolidated Deposits
(U.D.), within the framework of I[HMs.

2. Methods
2.1. Study Area

The model domain comprises the headwater catchment of the Stettbach river (Figure 1), which is located in the
low mountain range of the Odenwald in Germany. It has an area of 4.0 km? and the elevation ranges between 195
and 440 m a.s.l. The site was selected because of its low human intervention on the hydrological system, with
forests and grasslands being the main land uses of the area. In the catchment we installed a discharge station in one
of the tributaries of the Stettbach river, the Bach von Wallhausen, hereinafter referred to as Wallhausen stream,
and four SoilNet wireless sensor systems (Bogena et al., 2010, 2022) to measure the volumetric soil water content
(SWC) at six depths of the first meter of soil (at 5; 10; 20; 40; 60, and 80 cm b.g.1.) for each system (Figure 1).
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Figure 2. Data used for model geometry (a, b) and land use parameter distribution (c) for the Parflow-CLM models.

According to the Koppen-Geiger classification, the climate in this region is categorized as temperate oceanic
(Peel et al., 2007), generally characterized by mild winters and summers. The warmest months are June, July and
August and the coldest months are January, February and December. For the years 2021, 2022, and 2023, which
are the focus of this work, the annual mean temperatures were 9.9, 11.6, and 11.7°C, respectively. Annual sums of
precipitation were 872, 785, and 1,092 mm for the same years. Monthly weather variables for these years are
presented in Figure S1 in Supporting Information S1. Geologically, the catchment belongs to the northeastern part
of the Flasergranitoid zone in the Odenwald Crystalline Complex (Dérr & Stein, 2019), which consists mainly of
plutonic rocks (granites) and to a lesser degree of metamorphic rocks (amphibolites), both with high degrees of
weathering in its upper parts (Stein, 2001). These rock units are overlaid by unconsolidated deposits in which
brown earths, colluvial soils and gley soils, consisting mainly of silty and sandy loam soils have been developed.
In slope depressions, that is, morphologically lower-lying zones, there are mainly gravelly-sandy sediments of
alluvial deposits, with the total thickness of the unconsolidated deposits ranging from a few decimeters to 10—
20 m (HLNUG, 2017).

2.2. Numerical Tools and Model Geometry

The IHM used in this study is the Parflow-Common Land Model (PF-CLM) version 3.12.0. Briefly, PF solves the
Richard's equation in a three-dimensional subsurface domain, incorporating a two-dimensional kinematic wave
equation as approximation of overland water flow (Kollet & Maxwell, 2006). The coupling with land surface
processes is realized with a modified version of the original CLM that is called as a subroutine within PF to
compute energy and water fluxes, such as evaporation and transpiration (Kuffour et al., 2020). A detailed
description of the equations that define PF-CLM can be found in Jefferson et al. (2015).

A digital elevation model with a resolution of 1 m was obtained from the Hessian Agency for Land Management
and Geoinformation (HVBG, 2024b) and resampled to a 50 m grid, same as for the land use (HVBG (2024a);
Figures 2a and 2c). The meteorological information required as input for the model was obtained from nearby
stations of the German Weather Service (DWD, 2024), located in the city of Michelstadt, 25 km from the study
area.

Due to the absence of boreholes in the study area, we had to develop a simplified geological model based on own
field investigations and analogies to comparable areas. Based on shallow manual drilling and two geoelectrical
profiles, we have estimated a thickness of alluvial and colluvial deposits of 1 m in the upslope areas and 10 m in
the depressions, which was regionalized based on topographic features such as slope, curvature and upslope
contribution in analogy to Schulz et al. (2013) (Figure 2b). The sediments were grouped to one hydrogeological
unit, which we termed Unconsolidated Deposits (U.D.). Moreover, we assumed a unit of weathered rock (W.R.)
with a thickness of 5 m underlying the U.D., representing both saprolite and fissured rock layers commonly found
in hard rock formations (Lachassagne et al., 2021). This simplification arises from the lack of site-specific data on
the weathering zone, which in the Odenwald generally ranges from 5 to 10 m but can locally reach up to 20 m

MUNOZ-VEGA ET AL.

4 of 20

858017 SUoWILIOD 8AIERID 3|l jdde ay} Aq peuenob afe seoie O ‘88N JO S9N Joj Akeiq 18Ul UO /8|1 UO (SUOHIPUOD-PUR-SUIBYWI0D A8 1M Atelq1[eul[UO//SA1Y) SUORIPUOD PUe SWLB | 38U} 88S *[G202/TT/80] U0 A%iqiauliuo A8 (1M *BILeD Loeessy HAWS yo1ine wnnuezsbunyosiod Aq 5820704MG202Z/620T 0T/I0p/uod*A8|im Axeiq putjuosqndnBe//sdny woly papeojumoq ‘TT ‘5202 ‘EL6.776T



AN |

M\I Water Resources Research 10.1029/2025WR040785

AND SPACE SCIENCES
Table 1
Hydrogeological Units and Vertical Discretization of PF-CLM Models
Hydrogeological unit Unconsolidated deposits (U.D.) Weathered rock (W.R.) Bedrock (bed)
Description Soil, colluvial and alluvial deposits  Saprolite and fissured rock layer ~ Low permeability rock
Thickness [m] From 1 to 10 5 From 110 to 119
Vertical grid size [m]  From 0.03 to 0.5 0.5 From 0.5 to 60

(HLNUG, 2017). Below the W.R., we defined a unit of Bedrock with a variable thickness that the total thickness
of the model is 125 m. A summary of the assumed hydrogeological units is presented in Table 1. Finally, we used
this geological conceptual subsurface model domain to build the vertical numerical grid of the PF-CLM models.

The numerical domain of the PF-CLM models have a dimension of 2,750 X 3,000 m, with a constant horizontal
grid resolution of 50 m, resulting in 60 rows and 55 columns. We selected this resolution as a trade-off between
preserving slope representation and limiting the number of cells. Areas that do not drain into the Stettbach
catchment were excluded from the active domain. The subsurface domain was discretized in 40 layers with an
increasing thickness from the surface of the model to the bottom, starting with 0.03 m at the top of the U.D. unit
until 60 m for the lowest Bedrock layer (Table 1). To decrease the number of active cells in the vertical direction, a
terrain following grid was used (Maxwell, 2013). The three-dimensional geometry (Figure 3), numerical grid and
an initial PF-CLM run file were established using the open-source software PFGIS-Tool v1.0.0 (Carlotto
et al., 2023). We assumed a no-flow boundary condition at the lateral catchment boundaries and the bottom of the
domain. For the top of the model, we set an overland flow condition. Furthermore, we defined the coupling of PF
and CLM over the first seven layers of the domain, equivalent to 1 m, allowing for temperature exchange and root
water uptake.

For spin-up, we first determined the spin-up time by running preliminary models with the meteorological forcing

of the year 2020 in a loop. Eight to 10 years were required to stabilize the surface and subsurface storage, which is

in accordance with former studies analyzing spin-up of PF-CLM models (Seck et al., 2015). To avoid being

biased by the specific hydrologic conditions of the year 2020, we subsequently initialized all models with a water

table at 2 m b.g.l. and ran them for 15 years with the meteorological forcing of the years 2006-2020 as spin-up
period. We then focused on the simulated results for the years 2021-2023 for
model evaluation.

2.3. Modeling Approach

A very crucial part of setting up IHMs is the parametrization of the K-values.
The fact that K-fields are commonly scaled in IHMs because of grid reso-
lution and the associated loss of topographic information (Fang et al., 2016;
Foster, 2018; Schalge et al., 2019; Soltani et al., 2022), does not allow the
direct use of typical a priori estimates from hydraulic tests or literature.
Moreover, K-fields are also impacted by aspects such as anisotropy and un-
saturated parametrization. To assess the impact of K in conjunction with the
other influencing factors mentioned above, we developed a modeling
approach using a limited number of simulations, necessitated by the high
computational costs of this type of model. We present an overview of our
approach in Figure 4, with further details provided later in this section. A
summary of all performed numerical experiments with a total of 55 simula-
tions is presented in Table 2. All models were run on a workstation with a 64-
cores AMD EPYC 7713 processor (2.0 GHz base clock) and 256 GB DDR4

. & ‘ Saturation [-]
. 0.70 0.75 0.80 0.85 0.90 095 1.0

‘ ‘ L —

Figure 3. Three-dimensional terrain following grid used for Parflow-CLM
models depicting simulated drainage network during a day in winter (7
January 2022). Vertical scale is amplified by a factor of 3 for better
visualization.

RAM. Depending on the parameter configuration, running times using all
cores varied between 3 and 10 days for the 18 years simulation period, which
included 15 years of spin-up plus 3 years of simulation for each experiment.

We started with 15 isotropic exploratory simulations spanning several orders
of magnitude for the K-values (Stage I in Figure 4 and Table 2), mainly for the
U. D and W.R. units, including scenarios where we assumed a homogeneous
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* Conceptualization of model geometry, hydrogeological units and land uses

Stage 0

IHM implementation  Collection of meteorological forcing

e Numerical implementation: grid discretization, boundary conditions, parameters
initialization and spin-up period definition

v

« Initial simulations assuming isotropic hydraulic conductivities (K) for all units

Stage 1 « Different K combinations spanning the range 1E-8 to 1E-4 m/s
Control of isotropic K
and shallow porosity ° All combinations tested for two different porosities of unconsolidated deposits

» Defining time aggregation for performance evaluation based on comparison to
streamflow observations

Stage II * For selected cases of Stage I, including anisotropy in unconsolidated deposits,
Control of shallow K =~ WithK=Kx =Ky =10Kz

anisotropy ¢ Selecting best performing model in terms of streamflow as Base case I
¢ Variation of the van Genuchten parameters n and a of unconsolidated depo-
sits, following two approches:
Stage III a) Keeping saturation at field capacity (Sfc) and at wilting point (Swp) same as
Control of soil water for Base case [
retention curve b) Defining Sfc and Swp accordingly to the new defined SWRC and for suction
values of 3.3 m and 150 m, respectively
 Selecting best performing model in terms of streamflow as Base case II
» Testing different combinations of Sfc and Sywp for n and o of Base case II, inde-
Stage IV pendently of predefined suction values, selecting extreme values of Sfc and Swp
Control of soil water generated in Stage III
availability
 Selecting best performing model in terms of streamflow and soil water content
observations as Final model
. Stage V ., * Scaling Manning's coefficients depending on vegetation and drainage network,
Scaling Of. Mannlng S as suggested by Foster & Maxwell (2018), and evaluating relevance according
coefficients to selected time scale

Figure 4. Modeling approach.

K-value of the whole domain (Figure S2 in Supporting Information S1). Besides these homogeneous cases, the K-
value of the Bedrock was set to 107% m/s, beyond which groundwater flow is assumed negligible (Rapp
et al., 2020). In addition to analyzing the impact of K, we used this first series of simulations to explore a
reasonable temporal resolution for the performance evaluation, that is, comparing simulated with observed
variables. To avoid the need for additional model runs for this purpose, we carried out all simulations with one-
hour time steps and subsequently performed a temporal aggregation by calculating moving averages of the time
series using different kernel sizes with daily, weekly and monthly windows.

As one of our objectives is to understand the influence of unsaturated parameters, we tested two different values
for the porosity, that is, saturated water content (¢)), of the U.D. for the 15 isotropic models. We defined a ¢U"? of
0.50 and 0.42, which relates to sediments with fine and medium particle sizes, respectively (Stage I in Figure 4
and Table 2). For both cases we kept the same van Genuchten parameters, that is n = 1.4 and @ = 1.5 [1/m],
which were calculated as geometric and arithmetic mean, respectively, for sandy loam and silt loam defined by the
USDA soil texture using Rosseta3 (Zhang & Schaap, 2017). The porosities of the W.R. and Bedrock were kept
constant for all experiments, with ¢"*® = 0.25 and ¢®** = 0.05, respectively.

Based on the comparison of the results from these 30 simulations with the observed discharges for the period
between 2021 and 2023, we selected four scenarios per porosity (Stage II in Figure 4 and Table 2). For these eight
simulations, we applied an anisotropy factor (the ratio between horizontal and vertical K) of 10, which is a
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Table 2
Summary of Numerical Experiments and Related Hydraulic Parameter Values

KU-D- KW-R KBed kél-D- ¢U.D. aU-D- nU-D- S e Swp
Experiment  [m/s] [m/s] [m/s] [-] [-] [1/m] [-] [-] [-] Description
EO1 1E-7 1E-7 1E-7 1.0 0.50 1.5 1.40 053 0.15
E02 1E—6 1E—6 1E—6 10 0.50 15 140 053 015 Stage I.Isotropi? cases of homogeneous K in the

entire domain
EO03 1E-5 1E-5 1E-5 1.0 0.50 1.5 1.40 053 0.15
E04 1E—7 1E-8 1E-8 1.0 0.50 1.5 1.40 053 0.15
EO05 1E-6 1E-8 1E-8 1.0 0.50 1.5 140 0.53 0.15 Stage I Isotropic cases with K"'* = KB = 1E—8 m/s
E06 1E-5 1E-8 1E-8 1.0 0.50 1.5 1.40 053 0.15
EO07 1E-7 1E-8 1E—-8 1.0 0.50 1.5 140 053 0.15
EO08 1E-6 1E-7 1E-8 1.0 050 1.5 140 0.53 0.15 Stage I Isotropic cases with K"-® = 0.1kY">-
E09 1E-5 1E-6 1E-8 1.0 0.50 1.5 1.40 053 0.15
E10 1E-7 1E-7 1E-8 1.0 0.50 1.5 1.40 053 0.15
Ell 1E-6 1E-6 1E-8 1.0 050 1.5 140 0.53 0.15 Stage I Isotropic cases with KW-® = KU-D-
El2 1E-5 1E-5 1E-8 1.0 0.50 1.5 1.40 053 0.15
El3 1E-7 1E—6 1E-8 1.0 0.50 1.5 1.40 053 0.15
El4 1E-6 1E-5 1E-8 1.0 050 1.5 140 0.53 0.15 Stage I Isotropic cases with K"* = 10KY->-
El5 IE-5 1E-4 1E-8 10 050 L5 140 053 0.15
El6 1E-7 1E-7 1E-7 1.0 0.42 1.5 1.40 053 0.15
E17 1E-6 1E—6 1E-6 1.0 0.42 1.5 1.40 053 0.15
El18 1E-5 1E-5 1E-5 1.0 0.42 1.5 140 053 0.15
E19 1E-7 1E-8 1E-8 1.0 0.42 1.5 1.40 053 0.15
E20 1E—6 1E—8 1E—8 1.0 0.42 1.5 1.40 053 0.15
E21 1E-5 1E-8 1E-8 1.0 0.42 1.5 140 053 0.15
E22 1E-7 1E-8 1E-8 1.0 0.42 1.5 1.40 053 0.15 Stase 1S otroni .
age I Same isotropic experiments as
E23 IE=6IE=71E-8 10 042 1.3 140053 0.15 gEOl to E15 but 5vith ;U‘D‘ = 0.42 instead of pUP = 0.50
E24 1E-5 1E—-6 1E—-8 1.0 0.42 1.5 140 053 0.15
E25 1E-7 1E-7 1E-8 1.0 0.42 1.5 140 053 0.15
E26 1E-6 1E-6 1E-8 1.0 0.42 1.5 1.40 053 0.15
E27 1E-5 1E-5 1E-8 1.0 0.42 1.5 1.40 053 0.15
E28 1E-7 1E-6 1E—-8 1.0 0.42 1.5 140 053 0.15
E29 1E—6 1E-5 1E-8 1.0 0.42 1.5 1.40 053 0.15
E30 1E-5 1E—4 1E-8 1.0 0.42 1.5 1.40 053 0.15
E31 1E-6 1E—6 1E—-8 0.1 0.50 1.5 1.40 053 0.15
E32 1E—6 1E-5 1E-8 0.1 0.50 1.5 1.40 053 0.15
E33 1E—-5 1E-8 1E-8 0.1 050 L5 140 053 0I5 Stage II Anisotropic variations for selected isotropic cases.
E34 1E-5 1E-6 1E-8 0.1 0.50 1.5 140 053 0.15 Anisotropic experiments consider a decrease of K only
E35 IE<6 1E—6 1E-8 0.1 042 15 140 053 0.5 inthe vertical direction, that is, K" = kK"
and KU-D- = RUD. — gUD.

E36 1E—6 1E-5 1E-8 0.1 0.42 1.5 1.40 053 0.15 x ¥
E37 1E-5 1E-8 1E-8 0.1 0.42 1.5 1.40 053 0.15
E38 1E-5 1E—6 1E—8 0.1 0.42 1.5 1.40 053 0.15
E39 1E-5 1E—6 1E-8 0.1 0.42 0.9 1.40 053 0.15
E40 1E-5 1E-6 1E-8 0.1 0.42 2.6 1.40 053 0.15
E41 1E-5 1E—6 1E-8 0.1 0.42 1.5 1.35 053 0.15 Stage III Experiments varying a’> and nU> keeping
E42 1IE-5  1E-6 1E-8 0.1 042 L5 160 053 0.5 defined Sy and S, as in previous experiments
E43 1E-5 1E—6 1E-8 0.1 0.42 2.6 1.60 053 0.15
E44 1E-5 1E—6 1E—8 0.1 0.42 0.9 1.35 053 0.15
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Table 2
Continued
KU-D- KW-R KBed kf]'D' ¢U.D. aU-D- nU-D- Sfe Swp
Experiment  [m/s] [m/s] [m/s] [-] [-] [1/m] [-] [-] [-] Description
E45 1E-5 1E-6 1E-8 0.1 0.42 0.9 1.40 063 0.18
E46 1E-5 1E-6 1E-8 0.1 0.42 2.6 140 044 0.13
E47 1E-5 1E-6 IE-8 0.1 042 L5 135 0.57 0.18 Stage III Experiments varying a’> and n"" updating S .
E48 1E-5 1E-6 1E-8 0.1 0.42 1.5 1.60 0.40 0.08 and S,,, as saturations at defined suction values
E49 1E-5 1E-6 1E-8 0.1 0.42 2.6 1.60 030 0.07
E50 1E-5 1E-6 1E-8 0.1 0.42 0.9 1.35 066 021
Es1 1E-5 1E-6 1E-8 0.1 0.42 0.9 1.35 1.00 0.10
E52 ESS 1E—6 IE-8 0.1 042 0.9 1.35 030 021 Stage IV Experiments with different combinations of Sy,
E53 1E-5 1E-6 IE-8 0.1 042 0.9 135 0.66 0.07 and S, for a defined set of ¥ and nU->-
E54 1E-5 1E-6 1E-8 0.1 0.42 0.9 1.35 030 0.07
E55 1E-5 1E-6 1E-8 0.1 0.42 0.9 1.35 030 0.07 Stage V Experiment E54 with scaled Manning's coefficients

according to Foster, 2018

Note. Note that experiments EQ7 and E22 correspond to E04 and E19, respectively. Experiments in bold constitute benchmark cases.

commonly used a priori estimate for layered aquifers (Bakker & Bot, 2024). The anisotropic model, performing
best in terms of Nash-Sutcliffe efficiency (NSE) and Kling-Gupta efficiency (KGE) for observed discharges, is
defined as “Base case I’ (experiment E38 in Table 2) and constitutes the starting point for variations in unsat-
urated flow parameters.

For changing unsaturated parameters of the U.D. unit, we followed two approaches (Stage III in Figure 4 and
Table 2). First, we ran six simulations, in which we varied n and « (hereinafter referred to as van Genuchten
parameters), keeping the same S and S,,, as defined for the Base case I scenario, that is, with soil saturations
at suctions of 3.3 and 150 m, respectively. For n = 1.4 and @ = 1.5 [1/m], this resulted in Sz, = 0.53 and
Syp
and §,,, according to the soil water retention curves established with each new combination of 7 and a. With

= 0.15. Second, using the same van Genuchten parameters as in the first approach, we also changed S,

this, we aimed to understand the effects of the van Genuchten parameters n and a, as well as Sy, and S,,,
separately. Afterward, we selected the best performing scenario in terms of discharge, yielding “Base case II”

(experiment E44 in Table 2). To additionally test the impact of the definitions of Sy. and S,,,, we performed

wp»
four further simulations (Stage IV in Figure 4 and Table 2) in which we only varied Sy, and S,,, for a defined

set of n and a (n = 1.35 and @ = 0.9 [1/m]), relaxing their previous definitions, that is, Ste and S,,, as soil

wp
saturations at a matric potential of 3.3 and 150 m, respectively. Afterward, we compared the simulated soil
water contents to our observations. We selected the model that best reproduced the observations of the
weighted average of saturations in the first meter of soil as our “Final model” (Experiment 54 in Table 2).
Finally, as an additional exploration for improving the model performance regarding streamflow, we performed
a scaling of the Manning's coefficients of the “Final model” according to Foster, 2018 (Stage V in Figure 4 and

Table 2).

3. Results and Discussion
3.1. Performance of Isotropic Conceptual Models

The performance of the 15 isotropic models at different time scales, in terms of NSE and KGE, are shown in
Figure 5 for the case ¢V"” = 0.42 and in Figure S3 in Supporting Information S1 for ¢U? = 0.50, without
considerable differences among both porosities. It is evident that the choice of the time scale has an important
effect on the performance evaluation of simulations and consequently on the selection of plausible scenarios. The
evaluation at an hourly time scale does not show simulations with satisfying results. This difficulty of modeling
streamflow for IHMs at an hourly time scale has already been pointed out in previous studies (Foster, 2018). At
both monthly and weekly scales, several models still show acceptable performance, making it difficult to
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Figure 5. Performance evaluation at different time scales of isotropic models with ¢U> = 0.42 for discharges of the
Wallhausen stream during the years 2021-2023. For description of the numerical experiments the reader is referred to
Table 2.

constrain the space of possible solutions. Therefore, we selected a daily scale to evaluate our simulations.
Additionally, there are important differences between the selected criteria (e.g., E26 at daily scale, Figure 5),
which can be explained by the fact that the NSE only considers deviations from a mean, whereas the KGE also
includes correlation information (Gupta et al., 2009). This emphasizes the value of evaluating hydrological
models using more than one performance criterion. Figures S4 and S5 in Supporting Information S1 present the
specific components of the KGE at daily resolution. The results indicate that the relative variability error (a)
generally exhibits the poorest performance.

To better discriminate between the simulations with the 15 different isotropic K parametrizations of the three
hydrogeological units as well as the two assumptions for porosity of the U.D., the distribution of observed and
simulated flows at daily resolution, sorted by median discharge, is presented in Figure 6. Interestingly, almost all
models exhibited similar mean flow rates close to the observed one, with the exception of scenarios with a very
high K in the whole domain (E03/E18, E02/E17) or in the U.D. and W.R. units (E15/E30), which can be explained
by quick vertical drainage into deeper layers under these conditions and the resulting lower water table, causing
groundwater drainage downstream of the discharge station (Figures S6 to S9 in Supporting Information S1).
Models with relatively low K in the U.D. and W.R. (EO4/E19, E10/E25, E13/E28, E01/E16, EO5/E20, and E08/
E23) present a broader distribution of streamflow due to more extensive saturated areas in winter resulting in
saturation excess overland flow (Figures S7 and S9 in Supporting Information S1), which in turn implies less
subsurface storage and consequently lower discharges in warm and dry periods, that is, lower or inexistent base
flow in summer (time series of simulated discharge are presented in Figures S4 and S5 in Supporting Informa-
tion S1). Conversely, scenarios with high K-values in the two upper hydrogeological units (E02/E17, E11/E26,
E15/E30, E14/E29, E06/E21, EO9/E24, and E12/E27) show lower maximum streamflow, but consistently base
flow, a characteristic that is also present in the observed discharge. These findings are consistent with previous
studies (Foster, 2018; Rapp et al., 2020), which have also shown that a relatively high K, particularly in shallow
horizons, increases base flows while decreasing peak flows.

The isotropic models show an influence of the K of the W.R. on discharges for all studied parametrizations of the
U.D. This is inferred by comparing models with same KYP and KB¢o%* = 1078 m/s, but with different K-,
such as models E04/E19, E10/E25 and E13/E28 with KY? = 1077 m/s, models E05/E20, E08/E23, E11/E26,
E14/E29 with KU"P = 1070 m/s, as well as models E06/E21, E09/E24, E12/E27 and E15/E30 with KV'P- = 1073
m/s (Figure 6 and S2 in Supporting Information S1 and Table 2). In most cases, higher K"-® values result in a
narrower distribution of streamflow, with a more consistent presence of base flow (Figure 6; Figures S4 and S5 in
Supporting Information S1), which is also shown by the more extensive drainage network during summer
(Figures S6 and S8 in Supporting Information S1). This can be explained by a higher subsurface lateral transfer in
the W.R. in winter, which feeds the downstream saturated areas and promotes faster drainage, resulting in less
saturation-excess overland flow (Figures S7 and S9 in Supporting Information S1).

Simulated streamflow in the Wallhausen stream did not present considerable variations at different ¢U->

(Figure 6). There is a tendency for lower ¢U? to result in slightly higher discharge maximums and slightly lower
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Data Experiment ¢V-0- =0.50 || Experiment V-0 = 0.42 minimums, especially for cases with high KYD- indicating that a lower
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No simulated discharge

storage in the U.D. unit leads to higher runoff during strong precipitation
events, and to a lower base flow during the dry season, albeit both to a small
1 extent. The low sensitivity of streamflow to the porosity of shallow layers was

also observed by Fang et al. (2015) in a smaller catchment of 0.4 km?. It is
expected that the effects of porosity could be more relevant for bigger basins,

where relative differences in porosity correspond to larger total amounts of
i water that could be stored in shallow soil horizons.

1 Based on the performance criteria KGE and NSE and the ability to depict the
base flow, we selected the models E11/E26, E14/E29, E06/E21, and EO9/E24
to explore the role of anisotropy.

g; ‘15 1(-6:-6;-8) Q*_I 3.2. Influence of Shallow Anisotropy
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+ Data median

@——7 The effects of including vertical anisotropy in the U.D. unit for the selected
> | . scenarios with ¢U? = 0.42 and ¢U? = 0.50 are shown in Figure 7 and
b Figures S10 in Supporting Information S1, respectively. A substantial change
@—__i is observed for the models with Kf'D' = K;f'D' = 10% m/s (E11/E26 and
,.QF'——, E14/E29) and to a lesser degree for the models with Kf(]'D' = K;/'D' =107
/r i m/s (EO6/E21 and EQ9/E24). For E26 and E29, which just differ in the K of

Experiment median X Data mean | Experiment mean

the W.R. unit, the incorporation of anisotropy, with K" = 1077 m/s, makes

LI e |
1071 100

10!
Discharge Wallhausen [m3/h]

" "'1'62 o '1'63 both cases resulting in a very similar distribution of simulated streamflow
(Figure 7). These distributions are almost identical to the isotropic cases with

KYP = 1077 m/s (E16, E20, E25, and E28; Figure 6). Interestingly, for E21

Figure 6. Probability density functions of observed and simulated and E24, which also just differ in the K of the W.R. unit, incorporating
streamflow distributions at daily resolution for the 15 isotropic conceptual vertical anisotropy, that is, KYD: = 107% my/s, again leads for both scenarios

models with both U.D. porosities. Values in parenthesis show the log K [m/s]
of the units U.D., weathered rock and Bedrock for each experiment,

to the same discharge distribution. However, in this case not to the same

. . . . . . U_D_ _6
respectively. Discharges are in logarithmic scale for better visualization of its behavior as in the isotropic cases with the same vertical K= of 107 m/s
distribution. For description of the numerical experiments the reader is referred ~ (E17, E20, E23, E24 and E29). Taken together, these observations suggest

to Table 2.

that in cases with a low K-value, the vertical component of K UL controls the

discharge, which, however, is no longer the case at higher K-values. Similar
conclusions were reached by Herzog et al. (2021) using a different conceptual model for a hard rock aquifer in
West Africa, which did not account for anisotropy in the shallow horizons. These findings underscore the
importance of performing sensitivity analyses for K in shallow geological formations. Moreover, understanding
the effects of considering anisotropy of K, especially of the upper soil layers for simulations with IHMs, seems to
be important. This is confirmed by findings of Jaros et al. (2019), where in a GSA of a steady state IHM of an
Esker-Aapa mire system in Finland, anisotropy ratios of sandy soils were among the most sensitive parameters.

To further explore the effect of anisotropy in U.D., we analyzed the simulated groundwater table depths for the
day of highest (07/January/2022) and lowest (05/August/2022) observed discharge, hereinafter referred to as
“winter” and “summer,” respectively (Figures 8 and 9). For both seasons, the spatial distribution of the
groundwater table is practically the same for anisotropic cases with equal KS'D . For the corresponding isotropic
cases, however, they are always different, which is in line with the conclusions derived from the statistical
streamflow distributions. For all cases and in both seasons, the incorporation of anisotropy, that is, decreasing the
vertical K of the U.D. unit, resulted in a shallower groundwater table, same as concluded in Rapp et al. (2020).
This strong influence of anisotropy on the various model results suggests that the parametrization of anisotropy
should be calibrated rather than taken as a fixed value (Bakker & Bot, 2024; Shepley, 2024), which poses a
challenge for IHMs due to the large computing times. The sensitivity of the groundwater levels with respect to
anisotropy also suggests using them as a reference figure during calibration, as demonstrated in Engdahl (2024).

Similar to the isotropic scenarios, the main difference between the two assumed porosities is that for
$UP = 0.42, the simulated discharge exhibits a lower minimum and a higher maximum than in cases with
¢ = 0.50 (Figure 7 and Figures S10 in Supporting Information S1), which is due to less water storage in that
unit. Until this point, the scenarios that statistically perform best in simulating the discharge are the anisotropic
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_— KGE of 0.65, due to their exact same behavior despite a different K"W-% value.
E35 Based on this, we arbitrarily selected the experiment E38, hereinafter referred
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Figure 7. Probability density functions of observed and simulated
streamflow distributions at daily resolution for selected isotropic and

anisotropic experiments with U2 = 0.42. Values in parenthesis show the
log K, [m/s] of the units U.D., weathered rock (W.R.) and Bedrock for each

case. For anisotropic cases, the units W.R. and Bedrock are isotropic
(K, =K, =K,)andin U.D. K, = K, = 10K_. For description of the numerical
experiments the reader is referred to Table 2.

y [cell]

y [cell]

to as “Base case I” (Figure 4), as starting point to investigate the influence of
unsaturated parameters in our model.

3.3. Influence of Unsaturated Flow Parameters

Simulated volumetric soil water contents integrated over the uppermost 1 m
for the Base case I model exhibit strong seasonal variations throughout the
catchment (Figure 10). During winter, upslope areas with low topographic
gradients, which are conceptualized with a thin U.D. unit (see Figures 2a and
2b), show conditions close to total saturation. In contrast, lower slopes with a
thicker U.D. have a comparatively lower but still high water content, except in
the cells where the subsurface system is drained. During summer, the
behavior is completely different. Generally, the upper part of soil is much
drier and the distribution of the SWC follows the pattern of land use, with
significantly lower values in forest areas compared to grasslands (Figure 2c).
Accordingly, a smaller drainage network develops in the catchment during
summer. The presence of this drainage network even in summer also shows
the existence of permanent base flow in the streamflow simulation, which is
consistent with the observations.

For the analysis of unsaturated parameters, we focused on the upper model
layers, that is, the U.D. unit. For this purpose, we derived a variation for the
van Genuchten parameters a and n, based on the mean and standard deviation
estimates of Rosseta3 (Zhang & Schaap, 2017) for a sandy loam texture,
yielding ny;, = 1.35, nyax = 1.60, @iy = 0.9 [1/m] and ap,, = 2.6 [1/m].
At the same time, we conducted a literature review of van Genuchten

parameter values used in the context of PF-CLM applications for near-surface geological units (see Figure S11
and Table S1 in Supporting Information S1). This shows that our selected range encompasses a spectrum of
comparatively low values, corresponding to a finer soil texture. Figure 11 presents selected SWRC, derived from
the range of @ and 7. This controlled variation of van Genuchten parameters intended to keep physically realistic

SWRCs, an aspect also highlighted by Jaros et al. (2019), when sampling randomly a and 7 in a defined parameter

7 E26 (-6,-6,-8) E29 (-6,-5,-8)

4{b1)

Isotropic U.D. Isotropic U.D.
T T T T

7| E24 (-5,-6,-8)
Isotropic U.D.
T T
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Figure 8. Simulated groundwater table distributions in winter for selected isotropic and anisotropic cases with Y = 0.42. Values in parenthesis show the log K, [m/s]
of the units U.D., weathered rock (W.R.) and Bedrock for each case. The units W.R. and Bedrock are isotropic for all models. For anisosotropic simulations, anisotropy
is only included in U. D, with K, = K, = 10K_. For description of the numerical experiments the reader is referred to Table 2.
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Figure 9. Simulated groundwater table distributions in summer for selected isotropic and anisotropic cases with "> = 0.42. Values in parenthesis show the log K, [m/s]
of the units U.D., weathered rock (W.R.) and Bedrock for each case. The units W.R. and Bedrock are isotropic for all models. For anisosotropic simulations, anisotropy
is only included in U. D, with K, = K, = 10K_. For description of the numerical experiments the reader is referred to Table 2.

space. For each set of tested van Genuchten parameters, we adopted two different approaches to relate the water
content and the suction for Sy. and S,,,,. First, we only varied a and n, keeping the same values of S, and S,,,, as for
Base Case I, with ;. = 0.53 and S,,,, = 0.15. Second, we also varied the values of ;. and S,,, based on suctions
of 3.3 and 150 m, respectively, according to the derived set of SWRCs (Figure 11).

Simulated soil water contents of the 12 models with different parameter combinations of a, n, Sy and S,,, (Stage
[l in Table 2) are compared regarding the weighted average saturation of the uppermost 1 m relative to Base case
I in winter and summer (Figures 12 and 13). A lower a (Figure 13al) leads to higher soil water saturations,
especially in areas where the U.D. are thinner, whereas a lower n (Figure 13c1) shows only mildly changes within
the defined range. A simultaneous reduction of both parameters exhibits a combination of both effects
(Figure 13e1). During winter and summer, lower values for both @ and n generally result in higher soil moisture
contents compared to the Base case I. In winter, these differences are very low due to the high saturation
throughout the entire catchment, while they are considerably more significant in summer. At higher values of a
and n (Figures 13bl, 13d1 and 13f1), a decrease in soil saturation is simulated, which is more pronounced in
grassland areas. The observed impact of lower a and n yielding higher saturations, whereas higher values having
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experiment Base case I (E38, Table 2.).
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Figure 11. Different cases of van Genuchten parameters, field capacities and wilting points. Note that suction (matric
potential) refers to a negative pressure head.
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(left) and the ones varying those parameters according to the redefined soil water retention curves (right).
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Figure 13. Comparison of average saturation in the first meter of soil in summer. The dashed line divides the cases considering the same Sy, and S,,,, of the Base case I
(left) and the ones varying those parameters according to the redefined soil water retention curves (right).

the opposite effect, agrees with what is suggested by the SWRCs presented in Figure 11, where the darker curves
corresponding to lower a and n values determine higher saturations than the lighter curves at a given suction.

With regard to a change in S;. and S, at constant @ and n, virtually no differences can be detected during the
winter (left vs. right panel in Figure 12), suggesting that these parameters are insensitive during wet conditions,
which can be explained by evapotranspiration being typically energy-limited during winter in the region (Koster
et al., 2024). In summer, however, when evapotranspiration is limited by the availability of water due to a lower
SWC as well as the larger influence of root water uptake and the related stress response functions, changes in S,
and S,,, have a significant impact on the simulations results in all cases (left vs. right panel in Figure 13). Overall,
our results indicate a relevant influence of the unsaturated parameters a, n, S¢. and S,,, for [HMs, especially for
simulations under water-limited conditions. This aligns with the limited previous studies that have indicated the
importance of van Genuchten parameters (Rihani et al., 2010), and particularly S,,, (Srivastava et al., 2014) in the
context of PF-CLM models.

To further explore the role of the S e and S,,,, we selected the model with the best statistical performance
regarding river discharge (E44; with anisotropic KU, ¢UP = 0.42,n = 1.35, ¢ = 0.9 [I/m], S e = 0.53 and
Syp = 0.15; NSE = 0.59 and KGE = 0.72). This model constitutes our Base case II. Since models with lower &
and n showed better discharge performance, we ran additional experiments with smaller 7 and a values, outside of
our previously defined parameter range. Interestingly, for n < 1.35 the simulations became numerically unstable.
We attribute this to higher soil moisture that caused saturation excess conditions and thus increased overland
flow, which forced very small time steps and led to prohibitively long computational times. We therefore retained
the originally selected parameter range.

The two analyzed cases of Sy, and S,,,, (E44 and E50 in Figure 13) for n = 1.35 and a = 0.9 [1/m] behaved
similarly with respect to river discharge despite different simulated soil saturations, highlighting the advantage to
include SWC observations to constrain the space of possible solutions for [IHMs. Therefore, with @ and n fixed, we
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Figure 14. Effect of field capacity and wilting point during summer for models with fixed van Genuchten parameters. Default case (E51) uses Sy = 1.0 and S,,, = 0.1.
For description of the numerical experiments the reader is referred to Table 2.

run four further simulations with different combinations of S, and S,,,. One of these parameter combinations was
Sfe = 1.0and S, = 0.1, which are the default values defined in PF-CLM (experiment E51 in Table 2). Although
these are not very realistic values, this case was defined as the new reference scenario for comparison (Default
case, Figure 14), since the vast majority of PF-CLM studies (see Table S1 in Supporting Information S1) do not
explicitly mention Sy, or S,,,, as modified parameters, nor do they state that these parameters are linked to SWRCs,
indicating that the default values were used. This lack of attention is also the reason why we have relaxed the

assumption of linking S and S,,, to the defined SWRCs.

Similar to the model variants with variable van Genuchten parameters (Figures 12 and 13), changes in Sy and S,,,,
for a fixed set of a and n values have a negligible effect in shallow soil saturation during winter (Figure S12 in
Supporting Information S1), but a significant impact during summer (Figure 14). Furthermore, all tested cases
exhibited lower soil saturations compared to the Default case, that is, AS <0, which was more pronounced in the

case with lower S, and S,,,, (Figure 14e), particularly in forest areas (cf. Figure 2c). This is due to the fact that

wp
under water-limited conditions, lower S and S,,,, increase the root water uptake at a given saturation by reducing
stomatal resistance (driven by a water-stress response function) and thereby increasing evapotranspiration
(Ferguson et al., 2016). This also becomes apparent when comparing the temporal evolution of simulated soil
saturations to our water content observations (Figure 15). This model parametrization (E54 in Table 2), giving the
lowest soil moisture, was able to reproduce the time series of soil saturation in winter for both land uses, but not in
summer, particularly for SWC sensors installed in grasslands, where the simulated saturation is higher than the
observed one. Since all cases simulated with different Sz, and S,,,, perform statistically the same as Base case II
regarding stream discharge, we therefore consider this driest model in terms of shallow soil saturations as our
Final model.

3.4. Streamflow Time Series and Manning's Roughness Scaling

The time series of observed and simulated discharge of the Final model are presented in Figure 16a. To explore
how to further improve the model's statistical performance, we additionally applied a scaling of the Manning's
roughness coefficient following the methodology of Foster (2018). For this purpose, we increased the Manning's
coefficient by a factor of 50 for grassland cells and by a factor of 150 for forest cells that were not associated with
stream segments. The latter were defined as cells in the top model layer with positive pressure on the day of lowest
simulated discharge. Interestingly, in our case this scaling improved the NSE, but not the KGE (Figure 16a). This
can be explained by an improved correlation component (r in Figure 16) and a deterioration in the relative
variability component (a in Figure 16), which is part of the KGE. The bias error (b in Figure 16a) remained
negligible for both model variants. These results again highlight the importance of evaluating IHMs using
multiple statistical metrics and suggest that scaling approaches do not always improve statistical performance.
Furthermore, Figure 16b shows that the impact of scaling Manning's coefficient does not necessarily correspond
to events of high precipitation, but rather to sequences of events. This indicates that Manning's roughness could

have a greater influence under sustained wet conditions, in contrast, for example, to Sy. and S,,,,, which were

wp»
found to be more relevant during dry periods, underscoring the inherent complexity of IHMs. In this context, it has
to be noted that the scaling of Manning's coefficients is expected to have a more pronounced effect for higher

temporal resolutions than analyzed in this work (1 hour), as discussed by Foster (2018).
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4. Concluding Remarks

In this work, we analyzed the effects of hydraulic conductivity conceptualization and parametrization, such as the
layering of hydrogeological units and their anisotropy, the van Genuchten parameters o and n, as well as
properties related to soil-vegetation interactions, namely field capacity and wilting point, in the context of in-
tegrated hydrologic modeling. To this end, we conducted a comprehensive sensitivity analysis intending to
complement classical global or local approaches. One of our aims was to help modelers to identify and assess
principal effects of subsurface conceptualization and parametrization in realistic domains characterized by
physical heterogeneity, seasonality, and uncertainty in boundary conditions and geometry. For this purpose, we
used hydrological observations to assess the plausibility of our numerical experiments, rather than a classical
model calibration. In doing so, we had to make some assumptions and simplifications, for instance in the
conceptualization of the hydrogeological units or the use of a meteorological forcing based on measurements
outside of our study area. Nevertheless, based on the results of this work, we can draw the following conclusions:

¢ Selecting an appropriate temporal scale is one of the first considerations when evaluating an [IHM. Here, both
the distinguishability with regard to the objective function and the representation of nonlinear processes must
be taken into account.

¢ Given their strong influence within the critical zone, the hydraulic properties of shallow geologic horizons
should be routinely included in sensitivity analyses of IHMs.

¢ Simulations from isotropic K fields differ from those obtained with anisotropy, suggesting that anisotropy
ratios should be incorporated into parameter optimization schemes.

e When anisotropy was incorporated, we could not isolate the hydraulic influence of the W.R. unit, which
indicates non-uniqueness of the parameter combinations. Thus, constraining the space of possible solutions for
an IHM requires complementary observations, such as streamflow, soil moisture, and groundwater levels. In
this regard, statistical performance should be assessed with multiple metrics rather than a single one.

¢ Parameters that define the SWRC appears to be highly sensitive for IHMs.

o Transient simulations reveal seasonal differences in parameter sensitivity under water-limited versus energy-
limited conditions.

o Field capacity (S fL,) and wilting point (S,,,), often not adjusted in IHM applications, can strongly influence
simulated processes and should be tied to SWRCs or physically based definitions.

¢ Scaling of Manning's coefficients did not yield better results in our case and appears to be relevant only for
larger catchments or higher temporal resolution.

Furthermore, as demonstrated throughout this work, the hydraulic properties of shallow soils and unconsolidated
deposits exert a strong control on the hydrologic response of systems such as the one studied here, which are
characterized by relatively thin sedimentary layers overlying rock formations in a temperate oceanic climate
dominated by grasslands and forests. In the context of integrated hydrologic modeling, we therefore provide the
following recommendations for parameter ranges representative of unconsolidated deposits with sandy loam to
silty loam textures, which can serve as initial bounds for sensitivity analyses or inverse modeling frameworks
aimed at constraining hydrologic simulations of similar systems:

K typically ranges between 1076 to 107 m/s.

¢ The effects of anisotropy of K should be tested, and a horizontal to vertical ratio of about 10 is recommended
for exploratory simulations.

o Porosity commonly ranges between 0.40 and 0.50.

o [Initial estimates of van Genuchten parameters may be derived from pedotransfer functions based on soil
texture. In this study, a varied from 0.9 to 2.6 [1/m], and » from 1.3 to 1.6.

o After defining the SWRC, the Sy and S, should be assigned based on physically meaningful suctions,
typically 3.3 and 150 m, respectively.

We expect that the findings from our efficient sensitivity analysis approach will help modelers to understand the
controls of hydraulic conductivity and unsaturated parameters in the critical zone, while addressing calibration
challenges associated with high computational demands and model complexity. Nevertheless, achieving better
model performance would likely require adjustment of additional vegetation-related parameters, such as leaf area
index or aerodynamic roughness length. In this regard, even the formulation of the root water uptake, which was
defined here in terms of water saturation instead of pressure, as in most studies using PF-CLM, could affect the
simulated soil water contents. Beyond the analysis of the model parameters, our results show that considering
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only one observed variable as a reference does not guarantee a unique solution. Thus, other observations in
addition to streamflow, such as soil moisture and groundwater level distributions, are paramount for the evalu-
ation of integrated hydrologic simulations and for a better understanding of the hydrological processes within the
critical zone. Accurately representing the interactions between surface water and groundwater is crucial, as these
exchanges sustain ecosystems, regulate water quality, and determine the availability of water resources. This
study contributes toward that end by improving the representation of subsurface processes in IHMs through a
sensitivity analysis that identifies realistic parameter ranges and highlights their influence on model performance.
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