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Kurzfassung

Die vorliegende Dissertation beschéftigt sich mit der Anwendung und Weiterentwicklung phy-
sikalisch basierter, raumlich verteilter Niederschlag-Abfluss-Modelle. Diese Modelle simulie-
ren die hydrologischen Prozesse detailliert und beriicksichtigen dabei die rdumlichen und zeit-
lichen Dynamiken hydrologischer Variablen. Die konventionelle Modellbewertung basiert
iiberwiegend auf Abflussdaten, was zu einer eingeschriankten Darstellung der Einzugsgebiets-
dynamik fiihren kann. Die Arbeit unterstreicht daher die Notwendigkeit, eine umfassendere
Bewertung der Modelle zu implementieren, die sowohl interne hydrologische Prozesse als
auch andere Wasserbilanzkomponenten einbezieht.

Ein wesentliches Element der Dissertation ist die kritische Analyse der Auswahl und An-
wendung von Pedo-Transfer-Funktionen (PTFs). Diese Funktionen sind entscheidend fiir die
Parametrisierung von Bodenwasserretentions- und Hydraulikeigenschaften. Es wird gezeigt,
dass die Wahl der PTFs erheblichen Einfluss auf die Modellsensitivitét in Bezug auf die rdum-
liche Verteilung dieser Eigenschaften und auf die Simulation der hydrologischen Prozesse hat.

Durch den Einsatz verschiedener PTFs in einem kalibrierten und validierten Modell konnte
die Variabilitdt der Simulationsergebnisse beziiglich der Bodenfeuchte, der Evapotranspiration

und der Abflusskomponenten deutlich dargestellt werden.

1. Manuskript: Evaluation des hydrologischen Modellverhaltens unter Nutzung
eines Multi-Kriterien-Bewertungsschemas, das sowohl quantitative als auch qualitative
Daten integriert. Hierdurch konnten optimale Parameterkonfigurationen fiir Boden und
Vegetation identifiziert werden, die zu konsistenten Simulationsresultaten fiir Transpi-

ration und Bodenwasser im Vergleich zu gemessenen Daten fiihrten.




2. Manuskript: Es behandelt die Sensitivitit des Wasserhaushaltsmodells beziig-
lich der Auswahl von PTFs in einem kleinen Einzugsgebiet in Bayern. Durch Variation
der PTFs in einem kalibrierten Modell wurden deren Auswirkungen auf die rdumliche
Verteilung der Bodenhydraulikeigenschaften sowie auf die Wasserbilanz und die rdum-

lich-zeitliche Variation der Abflusskomponenten aufgezeigt

3. Manuskript: Fokussiert auf die Verbesserung der rdumlichen Darstellung do-
minanter Abflussprozesse in einem mesoskaligen Einzugsgebiet in Stidwestdeutsch-
land. Die Anwendung einer rdumlichen Leistungsmetrik (SPAEF) ermoglichte den Ver-
gleich der simulierten Muster mit den Mustern, die aus digitalen Bodenkarten abgeleitet
wurden, und zeigte eine hohe Variabilitit in Bezug auf Landnutzung, Topographie und

angewandte Niederschlagsraten.

Die Ergebnisse der Dissertation tragen zur Losung der in der hydrologischen Forschung
identifizierten Probleme bei, insbesondere in Bezug auf die rdumliche Variabilitdt und die Me-
thoden der Modellierung. Sie bieten neue Perspektiven fiir die Kalibrierungsverfahren, die da-
rauf abzielen, plausible Dynamiken (sowohl rdumlich als auch zeitlich) der hydrologischen
Prozesse innerhalb des Wassereinzugsgebiets zu reproduzieren. Die weiterfithrenden Untersu-
chungen, die in dieser Arbeit gefordert werden, sind von groer Bedeutung fiir die Entwick-
lung umfassender Modellkalibrierungsstrategien, die multiple Datenquellen simultan beriick-

sichtigen und somit zu nachhaltigeren Wasserwirtschaftsentscheidungen beitragen kénnen.
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Summary

Physically-based distributed rainfall-runoff models as the standard analysis tools for hydrolog-
ical processes have been used to simulate the water system in detail, which includes spatial
patterns and temporal dynamics of hydrological variables and processes (Davison et al., 2015;
Ek and Holtslag, 2004). In general, catchment models are parameterized with spatial infor-
mation on soil, vegetation and topography. However, traditional approaches for evaluation of
the hydrological model performance are usually motivated with respect to discharge data alone.
This may thus cloud model realism and hamper understanding of the catchment behavior. It is
necessary to evaluate the model performance with respect to internal hydrological processes
within the catchment area as well as other components of water balance rather than runoff
discharge at the catchment outlet only. In particular, a considerable amount of dynamics in a
catchment occurs in the processes related to interactions of the water, soil and vegetation.
Evapotranspiration process, for instance, is one of those key interactive elements, and the pa-
rameterization of soil and vegetation in water balance modeling strongly influences the simu-
lation of evapotranspiration. Specifically, to parameterize the water flow in unsaturated soil
zone, the functional relationships that describe the soil water retention and hydraulic conduc-
tivity characteristics are important. To define these functional relationships, Pedo-Transfer
Functions (PTFs) are common to use in hydrological modeling. Opting the appropriate PTFs
for the region under investigation is a crucial task in estimating the soil hydraulic parameters,
but this choice in a hydrological model is often made arbitrary and without evaluating the
spatial and temporal patterns of evapotranspiration, soil moisture, and distribution and inten-
sity of runoff processes. This may ultimately lead to implausible modeling results and possibly
to incorrect decisions in regional water management. Therefore, the use of reliable evaluation
approaches is continually required to analyze the dynamics of the current interactive hydro-
logical processes and predict the future changes in the water cycle, which eventually contrib-

utes to sustainable environmental planning and decisions in water management.
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Remarkable endeavors have been made in development of modelling tools that provide in-
sights into the current and future of hydrological patterns in different scales and their impacts
on the water resources and climate changes (Doell et al., 2014; Wood et al., 2011). Although,
there is a need to consider a proper balance between parameter identifiability and the model's
ability to realistically represent the response of the natural system. Nevertheless, tackling this
issue entails investigation of additional information, which usually has to be elaborately as-
sembled, for instance, by mapping the dominant runoff generation processes in the intended
area, or retrieving the spatial patterns of soil moisture and evapotranspiration by using remote
sensing methods, and evaluation at a scale commensurate with hydrological model (Koch et
al., 2022; Zink et al., 2018). The present work therefore aims to give insights into the modeling
approaches to simulate water balance and to improve the soil and vegetation parameterization
scheme in the hydrological model subject to producing more reliable spatial and temporal pat-
terns of evapotranspiration and runoff processes in the catchment.

An important contribution to the overall body of work is a book chapter included among
publications. The book chapter provides a comprehensive overview of the topic and valuable
insights into the understanding the water balance and its estimation methods.

Moreover, the first paper aimed to evaluate the hydrological model behavior with respect
to contribution of various sources of information. To do so, a multi-criteria evaluation metric
including soft and hard data was used to define constraints on outputs of the 1-D hydrological
model WaSiM-ETH. Applying this evaluation metric, we could identify the optimal soil and
vegetation parameter sets that resulted in a “behavioral” forest stand water balance model. It
was found out that even if simulations of transpiration and soil water content are consistent
with measured data, but still the dominant runoff generation processes or total water balance
might be wrongly calculated. Therefore, only using an evaluation scheme which looks over
different sources of data and embraces an understanding of the local controls of water loss
through soil and plant, allowed us to exclude the unrealistic modeling outputs. The results
suggested that we may need to question the generally accepted soil parameterization proce-
dures that apply default parameter sets.

The second paper attempts to tackle the pointed model evaluation hindrance by getting
down to the small-scale catchment (in Bavaria). Here, a methodology was introduced to ana-

lyze the sensitivity of the catchment water balance model to the choice of the Pedo-Transfer
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Functions (PTF). By varying the underlying PTFs in a calibrated and validated model, we
could determine the resulting effects on the spatial distribution of soil hydraulic properties,
total water balance in catchment outlet, and the spatial and temporal variation of the runoff
components. Results revealed that the water distribution in the hydrologic system significantly
differs amongst various PTFs. Moreover, the simulations of water balance components showed
high sensitivity to the spatial distribution of soil hydraulic properties. Therefore, it was sug-
gested that opting the PTFs in hydrological modeling should be carefully tested by looking
over the spatio-temporal distribution of simulated evapotranspiration and runoff generation
processes, whether they are reasonably represented.

To fulfill the previous studies’ suggestions, the third paper then aims to focus on evaluating
the hydrological model through improving the spatial representation of dominant runoff pro-
cesses. It was implemented in a mesoscale catchment in southwestern Germany using the hy-
drological model WaSiM-ETH. Dealing with the issues of inadequate spatial observations for
rigorous spatial model evaluation, we made use of a reference soil hydrologic map available
for the study area to discern the expected dominant runoff processes across a wide range of
hydrological conditions. The model was parameterized by applying 11 PTFs and run by mul-
tiple synthetic rainfall events. To compare the simulated spatial patterns to the patterns derived
by digital soil map, a multiple-component spatial performance metric (SPAEF) was applied.
The simulated DRPs showed a large variability with regard to land use, topography, applied
rainfall rates, and the different PTFs, which highly influence the rapid runoff generation under
wet conditions.

The three published manuscripts proceeded towards the model evaluation viewpoints that
ultimately attain the behavioral model outputs. It was performed through obtaining infor-
mation about internal hydrological processes that lead to certain model behaviors, and also
about the function and sensitivity of some of the soil and vegetation parameters that may pri-
marily influence those internal processes in a catchment. Accordingly, using this understand-
ing on model reactions, and by setting multiple evaluation criteria, it was possible to identify
which parameterization could lead to behavioral model realization. This work, in fact, will
contribute to solving some of the issues (e.g., spatial variability and modeling methods) iden-

tified as the 23 unsolved problems in hydrology in the 21st century (Bloschl et al., 2019). The




results obtained in the present work encourage the further investigations toward a comprehen-
sive model calibration procedure considering multiple data sources simultaneously. This will
enable developing the new perspectives to the current parameter estimation methods, which in
essence, focus on reproducing the plausible dynamics (spatio-temporal) of the other hydrolog-

ical processes within the watershed.
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1 Introduction and Objectives

The current global climate change and land use intensification are causing significant alterations
in the terrestrial water cycle. These changes in the process of transforming rainfall into runoff
may result in heightened risks of drought and flooding events, which can negatively affect fresh-
water resources, ecosystem functioning, biodiversity, and various water-dependent socio-eco-
nomic sectors such as agriculture, forestry, energy, and transportation. The terrestrial water cy-
cle involves intricate interactions among subsurface, surface, and atmospheric processes that
have significant impacts on the energy and carbon cycles. Due to the worldwide impact of these
issues, extensive efforts have been made to develop modeling tools that can provide a forecast
of the future large-scale hydrological patterns and their impacts (Wood et al., 2011; Doell et al.,
2014). Predicted changes in the water cycle at subnational, regional, and local levels aren't di-
rectly applicable to findings from global assessments. As a result, regional and local assessments
of water cycles require either downscaling global climatic and hydrological models or develop-
ing models that are able to accurately represent spatial and temporal dynamics of the specific
region. Rainfall-runoff models can provide a suitable approach for such analyses (Huang et al.,
2013; Surfleet et al., 2012). In the realm of hydrology, rainfall-runoff models have established
themselves as the conventional tools for analyzing hydrological processes, due to their versatil-
ity and suitability for a wide variety of modelling approaches that can be adapted to fit diverse
applications.

In contrast to conceptual models, “physically-based” hydrological models (i.e., models in-
cluding equations based on principles of physics that incorporates information about the physi-
cal properties of the land surface, such as topography, soil properties, vegetation, and meteoro-
logical data) offer a more detailed representation of the terrestrial water system, including the
spatial patterns and temporal dynamics of state and process variables. This more detailed repre-
sentation allows for a deeper understanding of the coupling fluxes between land and atmosphere,
which are highly sensitive to both the temporal dynamics of atmospheric conditions and the

spatial heterogeneity of land surface states. As such, the use of physically-based hydrological




models can facilitate a deeper understanding of land-atmosphere interactions, offering valuable
insights into the functioning of the terrestrial water system (Davison et al., 2015; Ek and
Holtslag, 2004).

As we face anticipated changes in the terrestrial water cycle, there is a pressing need for
modelling frameworks and approaches that are capable of capturing the complex variability in
hydrologic processes at scales that are most relevant for local and regional water resource man-
agement. Moreover, these modeling frameworks should accurately simulate the interactions be-
tween various components of the water cycle at appropriate spatial and temporal scales, taking
into account the local variability in environmental conditions. By utilizing such frameworks, it
will thus be possible to enhance our understanding of the terrestrial water system and to develop
effective strategies for managing water resources at various scales in the face of changing cli-
matic conditions.

When applied at the catchment scale, physically-based hydrological models must account for
the local topography and landscape characteristics which regulate the type of runoff generation
processes (e.g., infiltration- or saturation excess flow) and the hydrological connectivity in both
surface and subsurface flow paths. This is because these factors have a direct impact on the
hydrological processes occurring within the catchment, and therefore must be accurately repre-
sented in the model to ensure reliable predictions. In other words, the physical features of a
landscape, such as the shape of the land and the soil properties, can significantly impact how
water flows through it, and this must be accounted for in any hydrological model aimed at pre-
dicting runoff patterns at catchment scale (Gupta et al., 2006; Ogden et al., 2013). Within
mesoscale catchments (10 - 1000 km?), a set of specific questions arise due to future changes in
climate and land use. For instance, questions related to water retention capacity and drought
stress tolerance of the landscape resulting from water storage in soil and ground-water. These
questions can be best addressed by using “distributed physically-based” hydrological models
that accurately map the local water cycles (Fatichi et al., 2016).

A calibrated model that accurately mimics the behaviour of a hydrologic system, also known
as a "behavioural" model, is essential for predicting runoff patterns in ungagged catchments or
when there are significant changes in land use or climate over time. According to Gupta et al.
(2006), the fundamental characteristics of a behavioural hydrologic model are: (i) it produces
input-state-output behaviour that matches with observed measurements; (ii) it generates accu-

rate predictions that are essentially unbiased; and (ii1) its structure and behaviour align with our




current understanding of hydrological processes in the real world. Therefore, it is necessary for
"Physically-based" models to exhibit coherence with observational evidence of process dynam-
ics that portray the performance of a natural hydrological system (Beven, 2002). In catchment
modeling, spatial data on soil, vegetation, and topography are typically used to parameterize the
models. These models simulate all aspects of the hydrological cycle but are often only calibrated
using streamflow measurements at the catchment outlet. Available spatially distributed infor-
mation is often not considered adequately in model calibration and validation procedures. Spa-
tial knowledge on runoff generation processes (with relevant feedbacks on the other hydrologi-
cal variables) is not usually included in the model parameterization process and not used to
define constraints in the parameter space. Furthermore, spatially-distributed land surface param-
eters, such as soil hydraulic properties, vegetation cover, and land use/cover, are often defined
as static parameters without sufficient attention to their spatial and temporal fluctuations, as well
as the techniques employed to obtain them. For example, when using Pedo-Transfer functions
(PTFs) to estimate soil hydraulic properties and parameterize the soil, the effect of choosing
different parameterization methods on runoff components and evapotranspiration is usually dis-
regarded. This approach may result in inadequate simulations of other hydrological components
(rather than discharge) that are spatially distributed, while contradicting the notion of a behav-
ioural model. The resulting uncertainty in the representation of the variability of the hydrologi-
cal variable within a catchment then hampers the utility of the model predictions. There is thus
a need to move away from the traditional calibration and evaluation framework including only
aggregated observations to a more integrated framework that instead embraces spatially distrib-
uted observations, hydrological components others than discharge, and knowledge of runoff
generation and soil hydraulic properties in the model evaluation process (Herman et al., 2018;
Koch et al., 2017, 2016; Refsgaard, 2001; Stisen et al., 2008).

Consequently, the objective of the present PhD thesis is to address the challenges involved
in assessment approaches within the context of mesoscale hydrological modeling, and to de-
velop an evaluation framework that carefully considers information on distribution of internal
process variables (also including their temporal and spatial patterns) in a hydrological boundary.
The thesis aims to establish a multi-criteria evaluation approach for physically-based hydrolog-
ical modeling leveraging spatially detailed information on dominant runoff generation pro-
cesses, soil hydraulic properties, land cover, topography, as well as streamflow at the catchment

outlet. Our approach involves utilizing the flexible framework of the WaSiM-ETH model to




create a representative mesoscale rainfall-runoff model that accurately captures the spatio-tem-
poral dynamics of the terrestrial water cycle at an hourly resolution. In order to effectively in-
corporate our current knowledge of the dominant runoff generation processes, which involve
the interplay between topography, physical soil properties, groundwater levels, and land cover,
into a behavioural model, we will account for the spatial heterogeneity of the catchment at a
resolution of 50-100 meters. In the case of a mesoscale catchment, a resolution of 50 to 100
meters is suitable for evaluating the impact of important land surface features, such as topogra-
phy and soil properties. As a "behavioural" model aims to replicate not just the catchment's
overall runoff but also its spatial distribution, we intend to introduce novel spatial metrics into
our evaluation process to analyze the dynamic temporal and spatial patterns of both runoff gen-
eration and water balance components within the catchment. The evaluation process thus incor-
porates discharge data at the catchment outlet, spatial data related to the dominant runoff gen-
eration and soil hydraulic properties, and also field observations of soil water content and plant

transpiration. Through this multi-criteria evaluation approach, we will focus on addressing
both global sources of uncertainty such as bias, as well as local uncertainties, such as the runoff
generation processes and soil hydraulic properties. By ensuring proper evaluation, a behavioural
physically-based model that is can effectively capture the impact of climate and land use varia-
tions. This, in turn, can enable us to understand how the hydrological cycle will respond to
anticipated global environmental changes in the future. The PhD thesis at hand focuses on eval-
uating hydrological modeling with regard to different hydrological variables in three domains:
(1) soil moisture content and transpiration in a plot scale in Luxembourg region; (i) spatial dis-
tribution of soil hydraulic properties, and the spatio-temporal variation of the runoff components
in a small catchment in Bavaria, Germany, and (iii) spatial patterns of dominant runoff genera-
tion processes in a mesoscale catchment in Rhineland-Palatinate, Germany. The proposed ap-
proach provides a novel tool for interpreting the model parameters with regard to their physical
meaning related to the simulated hydrological processes and identifying parameter sets that sim-
ultaneously meet multiple objectives and lead to a behavioural model.

The following chapter will provide a brief background to the topic. First, we start with the
section 2.1 which is devoted to a book chapter as one of the publications included in this thesis,
and it provides a significant contribution to the overall body of work by offering a comprehen-
sive overview of the topic and valuable insights into understanding the water balance and its

estimation methods. Thereafter, section 2.2 explores the state of the art of modeling water fluxes




in the unsaturated zone and the interactions between soil, water, plants, and the atmosphere,
followed by section 2.3 that discusses the model evaluation perspectives and their limitations.
Finally, chapter 3 concludes the study by summarizing the key findings and presenting conclu-
sive remarks. Three papers published based on the thesis outcomes can be found in the Appen-

dix.







2 Scientific background

Within this chapter, it is aimed to provide a concise background on the topic. The focal point of
section 2.1 lies in a book chapter, which is among the publications encompassed in this thesis.
This particular section holds immense significance within the overall body of work, as it imparts
valuable insights into the overall topic, by introducing the estimation methods used to compre-
hend the water balance and its various components. Moving forward, section 2.2 delves into
the state-of-the-art in modeling water fluxes within the unsaturated zone, exploring the intricate
interactions that occur among soil, water, plants, and the atmosphere. Subsequently, section 2.3

discusses the perspectives and limitations associated with evaluating the model.




2.1 Understanding the water balance and its estimation methods
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2.2 Modeling water fluxes in the unsaturated zone

The river basin or catchment is a typical geographical scale employed in the management of
water resources. Within a catchment, all precipitation within the watershed merges at a singular
discharge point. At this point, water can be perceived either as a potential threat or harm in
relation to flooding, or as a means to fulfill human requirements such as irrigation or potable
water.

During the first century of hydrological modeling, models relied on manual calculations
(such as Sherman, 1932; Mulvany, 1850, and Nash, 1959). These models were empirical and
were developed through analyzing input and output data without considering hydrological pro-
cesses. With the advent of computer technology, many conceptual model codes were introduced,
beginning with the Stanford Watershed IV in 1966, followed by various model codes still in use
today, such as NAM (Nielsen & Hansen, 1973); Sacramento (Burnash & Ferral, 1973), and
HBV (Bergstrom & Forsman, 1973). Although these conceptual models were based on sound
hydrological process knowledge, they couldn't directly exploit point-scale process equations and
data, as the entire catchment served as the computational unit. The next phase towards develop-
ing model types that could encompass more hydrological field data and process knowledge was
spurred by a blueprint by Freeze and Harlan (1969) and the development of the first spatially
distributed process-based (physics-based) model codes such as SHE (Abbott et al., 1986a,
1986b), IHDM (Beven et al., 1987), and THALES (Grayson et al., 1992).

Computing power has undergone an exponential increase over the past 40 years, resulting in
the ability to provide numerical solutions to highly non-linear equations for a wide range of
initial and boundary conditions. Prior to this advancement, hydrologists were limited to analyt-
ical solutions for specific cases, such as the Burgers solution and Dirac delta solution for line-
arizing soil hydraulic properties to provide analytic solutions to Richards’ equation (Smith et
al., 2002). While these solutions continue to provide insights for verifying numerical models,
numerical modeling has emerged as the preferred approach in hydrological studies. Another

crucial development that has shaped the direction of hydrological modeling is the increasing




availability and resolution of digital elevation models, coinciding with the emergence of varia-
ble source area hydrology that departs from earlier Hortonian concepts of runoff dominated
solely by the infiltration-excess process. The advent of geographical information systems has
further accelerated the development and application of spatially distributed deterministic hydro-
logic models by enabling the storage, retrieval, and rapid manipulation of spatial data. Variable
source area hydrology is a concept that describes how the spatial patterns of water movement
and storage in a watershed can vary significantly depending on the properties of the soil, vege-
tation, and topography. It recognizes that in some areas, surface runoff and subsurface flow may
be limited to specific locations, while in other areas, water movement may be more diffuse and
widespread. In other words, variable source area hydrology emerged as an alternative to earlier
concepts, such as the Hortonian overland flow model, which assumed that runoff was primarily
generated by a uniform infiltration-excess mechanism over the entire watershed. This empha-
sizes the role of topography, soil properties, and vegetation cover in generating and storing wa-
ter, and it has been widely applied in hydrological modeling studies to simulate the dynamics of
water movement and storage in different types of landscapes (Litwin et al., 2023; Su et al., 2023;
Guo et al., 2022; Collick et al., 2015; Pachepsky et al., 2004, and Troch et al., 2003).

Richards equation (Richards, 1931) is a mathematical model which describes the movement
of water in unsaturated soils by combining the Darcy—Buckingham law with the continuity equa-
tion. This equation is widely recognized as the primary concept in soil physics and is discussed
in hydrological textbooks (Ebel & Loague, 2006; Qu & Dufty, 2007; Ivanov et al., 2008). It is
regarded as the fundamental principle underlying physically-based hydrological models (Mo-
hajerani et al., 2021; Yi et al., 2023; Ebel et al., 2023). It describes how water moves through
the soil matrix under the influence of gravity, capillary forces, and pressure gradients. This
equation can be used to simulate soil water movement and the effects of plant and atmospheric
interactions in hydrological modeling. In order to solve Richards equation, knowledge of the
soil hydraulic properties is necessary. The hydraulic properties of the soil play a significant role
in the primary hydrological processes that occur in catchment areas (Wosten et al., 2001;
Elsenbeer, 2001; Porporato et al., 2004; Montzka et al., 2017; Vereecken et al., 2022). Hence,
having information about these soil properties is essential for modeling water balance, and ap-
propriately parameterizing soils is among the top-priority tasks in physically based catchment
modeling (Arnold et al., 2000; Rieger & Disse, 2013; Novick et al., 2022). Typically, soil prop-

erty parameters are assessed through point observations at a small scale. Nonetheless, when it




comes to water balance modeling in catchments, parameter values need to be determined for
larger spatial scales, like grid cells or the entire catchment (Bogena et al., 2010). One can pa-
rameterize the Richards equation by utilizing either observed soil properties, which involves
measured relationships between soil water content and matric potential, or constitutive equa-
tions like the Gardner-Russo model, the Brooks-Corey model (Brooks & Corey, 1966), or the
Mualem-van Genuchten model (Mualem, 1976; Van Genuchten, 1980). These empirical models
capture a fundamental hydro-physical characteristic of the soil, namely the relationship between
soil water content and matric potential (Aubertin & Patric, 1974).

Hence, the solution for Richards equation relies on two soil water constitutive relationships
that are highly nonlinear and empirical in nature. These relationships are (1) the unsaturated
hydraulic conductivity function, which can be either constant or close to zero for capillary heads
that are non-positive, and (2) the capillary head function, which can take on extremely small
values when relative saturations are near 100%, regardless of their actual value (Farthing &
Ogden, 2017). Challenges arise when solving the equation due to the extremes in the behavior
of soil water, as described by the unsaturated hydraulic conductivity and the pressure head,
which can cause degeneracy in the solution of Richards equation. These functions may not have
smooth differentiability at these extremes, and may exhibit high slopes, hysteresis, and even
discontinuity at low relative saturations. Additionally, when dry soils are infiltrated, the result-
ing sharp wetting fronts can produce very large spatial gradients of soil hydraulic properties
(Zha et al., 2017). The presence of nonlinearities poses several challenges. For instance, in the
widely used van Genuchten and Mualem constitutive relations (Van Genuchten, 1980), the pres-
sure head function (or the suction) and specific moisture capacity (i.e., change in water content
with respect to change in pressure head in a porous medium) approach zero as the moisture
content nears saturation, whereas the soil-water diffusivity can increase without bound. In gen-
eral, this behavior can lead to degeneracy, a condition in which the coefficients in Richards
equation approach values of zero or infinity, hindering the solution. Thus, the inherent nonline-
arity and degeneracy present in the behavior of soil water make it very challenging to design
and analyze numerical schemes for solving Richards equation (Miller et al., 2013; Zhou et al.,
2022; Maranzoni & Tomirotti, 2023; Soomere, 2023). The numerical approach developed by
Celia et al. (1990) for obtaining one-dimensional solutions of Richards equation, which employs
modified Picard iterations to enhance mass conservation, has become the commonly used stand-

ard method. Therefore, the method remains the basis of many production codes, including the




USDA Hydrus-1D Richards equation solver (Simunek, 2005). Infiltration is commonly consid-
ered a one-dimensional process occurring in the vertical direction (Or et al., 2015). Because of
the one-dimensional vertical assumption, it is then possible for large-scale models to use multi-
ple, separate one-dimensional computations instead of a fully coupled three-dimensional solu-
tion.

The dynamics of soil water content, simulated by Richards equation, have an impact on the
availability of water to plants in hydrological modeling. Therefore, incorporating the interac-
tions between soil, water, plants, and the atmosphere into the equation through boundary con-
ditions is crucial. Boundary conditions that can here be taken into account are, for example, the
infiltration of water into the soil, evaporation from the soil surface, and water uptake by plant
roots, followed by transpiration by the crop. To include root water uptake, a boundary condition
can be specified at the root surface, modeled using a sink term in the equation that represents
water extraction by the roots. Likewise, evapotranspiration can be incorporated by defining a
boundary condition at the soil surface that accounts for evaporation and transpiration fluxes.
The root water uptake term, which is a function of depth, is determined by the potential transpi-
ration and the root density.

Under non-stress conditions, plants can achieve their maximum potential for root water up-
take. However, if the soil is either too dry or too wet, plants become stressed and their roots are
unable to take up water effectively, resulting in reduced transpiration. To model the decrease in
root water uptake caused by stress, a stress factor is utilized, which is dependent on soil hydrau-
lic properties and plant characteristics (Feddes et al., 1978, Kowalik and Zaradny 1978;
Pachepsky et al., 2004). In other words, the transpiration rates are influenced by soil hydraulic
properties through the stress factor, and stress factor is influenced by changes in the soil's ability
to conduct water. This is because the hydraulic conductivity of the soil surface decreases as
water evaporates from the upper layer, which in turn affects the matric potential at the soil sur-
face. To ensure that water can still move upwards to the drying surface, the matric potential
must decrease. However, it is important to note that there is a critical threshold value below
which the potential cannot drop. Once this threshold is reached, the potential at the surface re-
mains constant, resulting in a decrease in the rate of evaporation over time. Thus, the extent to
which the soil's hydraulic properties impact the evaporation rate can be predicted by using Rich-

ards' equation.




The potential evapotranspiration (ETp) is dependent on several factors such as the type of
plant, the stage of plant-cover development, and the climatic region. It is further divided into
potential evaporation from the soil surface and transpiration from the crop. The potential tran-
spiration can then be determined by subtracting the potential evaporation from the potential
evapotranspiration. To calculate the potential evapotranspiration of a cropped or bare soil sur-
face, the reference evapotranspiration (ETo) is used (Doorenbos & Pruitt, 1977). ETo represents
the amount of evapotranspiration that would occur from a well-watered grass surface. ETo is
usually estimated using empirical equations that incorporate meteorological variables such as
temperature, humidity, solar radiation, and wind speed. The most widely used method for cal-
culating ETo is the Penman-Monteith equation (Monteith, 1975; Allen et al., 1998), which is
recommended by the Food and Agriculture Organization (FAO). The Penman-Monteith equa-
tion is a complex and comprehensive method that takes into account the energy balance and
aerodynamic resistance of the crop, as well as the evaporative demand of the atmosphere. It
requires a variety of meteorological data, including air temperature, relative humidity, wind
speed, solar radiation, and atmospheric pressure. Other empirical equations that are simpler to
use but less accurate than the Penman-Monteith equation are the Hargreaves equation (Har-
greaves & Samani, 1985), the Priestley-Taylor equation (Priestley & Taylor, 1972), and the
Blaney-Criddleequation (Blaney, 1952). These equations are widely used in situations where
meteorological data are limited or not available. It is important to note that the accuracy of ETo
estimation depends on the quality and availability of meteorological data, as well as the suita-
bility of the selected method for the specific climatic and environmental conditions.

As soils dry, the matric potential ¥ becomes more negative, resulting in a reduction of the
effective radius of water-filled pores in the soil. This process shapes the water-retention curve,
which is also known as the "moisture characteristic" or "water release" curve, as it illustrates the
relationship between matric potential and volumetric soil moisture content 0. It is worth noting
that differences in soil physical properties can cause ¥ to vary significantly across soil types,
even if 0 remains constant (Campbell, 1974; van Genuchten, 1980). In order to link water-bal-
ance equations with potential-driven flows in soil (i.e., infiltration, plant uptake, drainage, ca-
pillary rise, and evaporation), it is crucial to develop methods that establish a relationship be-
tween soil water content (8) and matric potential (V) in models. Due to its widespread use and
reliance on soil properties, the van Genuchten model is commonly employed by hydrological

models to calculate the water retention curve when estimating this relationship (Van Looy et al.,




2017). However, in order to put this model into practice, it is crucial to obtain its unknown
empirical fitting parameters through the use of known experimental data, such as a measured
soil water retention curve. As the spatial scales increase, such as in catchment models, obtaining
direct measurements becomes impractical due to the soil properties' heterogeneity and area cov-
erage. Therefore, several methods have been devised to determine the van Genuchten parame-
ters and subsequently the soil water retention curves by using easily measurable soil parameters
such as texture, organic matter content, and bulk density. These functional relationships, which
convert available measurable soil properties into missing soil properties such as soil hydraulic
and soil chemical characteristics, are referred to as pedotransfer functions (PTFs) (Clapp &
Hornberger, 1978; Bouma, 1989; Zhang & Schaap, 2017). Typically, the development of a PTF
involves a two-step process. The first step involves fitting a selected water retention function,
such as the van Genuchten function, to measured water retention curves. In the second step, the
parameter values obtained in the fitting process are linked to the chosen soil properties (Wosten
et al., 1999; Vereecken et al., 2010). Over the past three decades, soil scientists have created a
vast array of PTFs that differ in terms of: (i) the techniques utilized (e.g., statistical regression
methods, data exploration and mining techniques); (ii) the database of measured soil moisture
retention data used to estimate the van Genuchten model; and (ii1) the input parameters or pre-
dictors required (e.g., grain size distribution, bulk density, organic matter content) to develop
the PTF. It has been demonstrated that the effectiveness of PTFs can be significantly influenced
by several factors, such as the data utilized for calibration and assessment, the input soil prop-
erties, and the various methods employed. Notably, the databases used to generate PTFs exhibit
four significant distinctions: (1) the laboratory techniques utilized to obtain a complete soil
moisture retention characteristic; (2) the soil texture composition, where the extreme examples
are presented in the databases of Schaap and Bouten (1996), which exclusively contain sandy
materials, and Schaap and Leij (1998), which primarily feature coarse-textured soils and almost
no silty soils; (4) discrepancies in the number of data points and pressure head values utilized
to establish the WRC , and (5) to effectively parameterize soil hydraulic properties, it is neces-
sary to consider hydrological processes.

The uncertainty associated with PTFs can have significant implications for water balance
models (Gutmann & Small, 2005; Weihermiiller et al., 2021). It is shown that van Genuchten
model parameters, which are often estimated using PTFs, are the primary source of uncertainty

in coupled 3D land-surface and hydrological models (Shi et al., 2014) To address this issue, it




is essential to estimate the water-retention-curve parameters locally and optimize them through
data assimilation, as confirmed by observations (Shi et al., 2015). Moreover, it is crucial to select
PTFs carefully when parametrizing hydrological models and only use PTFs that can result in
plausible model predictions (Casper et al., 2019; Mohajerani et al., 2021; Mohajerani et al.,
2023). By doing so, the uncertainty linked to PTFs can be minimized, leading to more accurate
and reliable predictions in water balance models.

The WaSiM model (Version 10.06.00, 2021) utilizes Richards equation to simulate the water
fluxes in unsaturated soils In a one-dimensional vertical direction. The equation is solved using
a vertical finite difference (FD) scheme. The soil is represented as a series of layered columns,
where each column is characterized by its distinct properties and thickness for each (Schulla &
Jasper, 2012). These characteristics include the water retention curve, which is described using
van Genuchten parameters, as well as the saturated hydraulic conductivity. The discharge mod-
eled by the WaSiM-ETH is composed of three components, representing different response
types: surface flow, interflow, and base flow, with varying speeds. This allows for an analysis
of the runoff behavior of the catchment, with the ability to observe the effects of changes in soil
hydraulic properties resulting from different soil parametrizations (utilizing various PTFs). The
model incorporates the spatial variability of soil properties and land use, and as a result, it cap-
tures the spatial structure and heterogeneity of flow processes occurring at the interface between
the soil and the atmosphere. In addition, the model accounts for the dynamic changes in water
flow within the soil in response to the dynamic changes in boundary conditions. The infiltration
is considered the upper boundary condition, which is estimated using the extended approach
after Peschke (1977, 1987) following the Green and Ampt (1911) method. The lower boundary
condition is the depth of the groundwater layer, which remains constant for a particular time
step but varies over time due to groundwater flow, recharge, or capillary rise. The discretized

Richards equation can be expressed as:

A® Aq
A_q=E=Qin_qout

Where,Qin is inflow into the actual soil layer [m/s], and Qou: is outflow from the actual soil layer

(including interflow and artificial drainage) [m/s].




The model considers the hydraulic properties' dependencies on soil water content discretely.
As a result, the flux q between the upper and lower layers (indexed as u and 1, respectively) is

expressed as:

hp(0y) — hy (©))
ef70.5.(dy + dy)

q==k

Where, q is flux between two discrete layers [m/s], ketris effective hydraulic conductivity [m/s],
and hy is hydraulic head (dependent on the water content and given as sum of suction), y(®)
describes suction at different soil water contents, hgeo is geodetic altitude [m], and d is thickness

of the layers under consideration [m].




2.3 Model evaluation and its limitation

The purpose of hydrological models is to comprehend processes, evaluate hypotheses, and aid
in decision-making. These models utilize diverse levels of complexity to solve empirical and
governing equations, depending on how the governing equations are approached across various
spatial configurations, such as lumped (Bergstrom, 1976), semi-distributed (Ajami et al., 2004),
or fully distributed areas (Bitew & Gebremichael, 2011), and the degree of interrelation between
variables and processes. Despite advancements in modeling to account for various complexities
and processes, the modelling process still necessitates the empirical idealization and simplifica-
tion of catchments. As a result, the simplified representations of real hydrological processes in
catchment used in the models are subject to uncertainties in the resulting predictions. Uncertain-
ties in hydrological models might come from parameters, model structure, observation, and in-
put data (Jajarmizadeh et al., 2012; Pandi et al., 2021; Moges et al., 2021). Moreover, the process
of simplification and separation of precipitation can introduce inaccuracies arising from insuf-
ficient understanding of the interrelationships among all the components in a catchment (Nash
& Sutcliffe, 1970). In another word, every hydrological model is subject to certain limitations,
leading to disparities between observed (natural system) and simulated data. Hence, the primary
objective in hydrological modelling is to devise an assessment plan that yields simulations of
the rainfall-runoff relationship that closely approximates reality (Krause et al., 2005).

As stated by the US EPA (2002), models must exhibit scientific soundness, robustness, and
justifiability to produce satisfactory outcomes. To achieve this, the models usually need to un-
dergo sensitivity analysis, calibration, and validation. Sensitivity analysis involves assessing the
model output's responsiveness to its input and identifying the critical model parameters in the
process. Calibration involves determining the identified parameters by comparing observed and
predicted discharges. Finally, validation verifies that the parameters and the model, in general,
yield adequately accurate predictions. The assessment of the disparities between observations

and simulations serves as the foundation for evaluating the model's performance.




Mathematical criteria are frequently employed as measures of model efficiency, and they typi-
cally calculate the disparity between simulated and measured stream flow values over a speci-
fied time interval. The various efficiency measures can be broadly classified into three major
types: standard regression criteria (e.g., slope and y-intercept, coefficient of determination and
Pearson correlation coefficient); dimensionless criteria (e.g., Index of Agreement, Nash-Sut-
cliffe efficiency-NSE, NSE with logarithmic, Kling-Gupta efficiency-KGE), and error index
criteria (Percent Bias-PBIAS, RMSE-observations and Standard deviation ratio) (Nash & Sut-
cliffe, 1970; Legates & McCabe, 1999; Krause et al., 2005; Moriasi et al., 2007; Gupta et al,
2009; Crochemore, 2011). The objective of performance criteria is not solely to measure the
degree of conformity but also to utilize the insights gained to enhance the models (Krause et al.,
2005). The process of evaluating a model is still quite intricate and closely tied to the specific
goals of the modeling task.

The way a hydrologist views a particular hydrological system has a significant impact on the
extent of conceptualization that needs to be converted into the model's structure. The signifi-
cance of various system response modes that need to be simulated by the model, on the other
hand, is dependent on the modeling objective. Therefore, determining the appropriate level of
model complexity necessitates a thoughtful evaluation of the crucial processes integrated into
the model structure and the necessary level of predictive precision (Waseem et al., 2017). Be-
sides reducing model complexity, an alternative strategy for mitigating parameter uncertainty is
to enhance the quantity of data accessible to identify the model parameters. This can be accom-
plished by incorporating supplementary output variables and measurements to restrict the pa-
rameter range. Nevertheless, the effectiveness of the additional data may rely on the suitability
of the examined model structure. Another strategy can involve maximizing the utilization 