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Abstract: Soil hydraulic properties, which are basically saturated and unsaturated hydraulic con-
ductivity and water retention characteristics, remarkably control the main hydrological processes in
catchments. Thus, adequate parameterization of soils is one of the most important tasks in physically
based catchment modeling. To estimate these properties, the choice of the PTFs in a hydrological
model is often made without taking the runoff characteristics of the catchment into consideration.
Therefore, this study introduces a methodology to analyze the sensitivity of a catchment water bal-
ance model to the choice of the PTE. To do so, we define 11 scenarios including different combinations
of PTFs to estimate the van Genuchten parameters and saturated hydraulic conductivity. We use
a calibrated /validated hydrological model (WaSiM-ETH) as a baseline scenario. By altering the
underlying PTFs, the effects on the hydraulic properties are quantified. Moreover, we analyze the
resulting changes in the spatial/temporal variation of the total runoff and in particular, the runoff
components at the catchment outlet. Results reveal that the water distribution in the hydrologic
system varies considerably amongst different PTFs, and the water balance components are highly
sensitive to the spatial structure of soil hydraulic properties. It is recommended that models be tested
by careful consideration of PTFs and orienting the soil parameterization more towards representing
a plausible hydrological behavior rather than focusing on matching the calibration data.

Keywords: pedotransfer functions; soil hydraulic parameterization; catchment water balance; runoff
components; hydrologic modeling; spatial pattern comparison; water retention curve

1. Introduction

The projected future changes in the land-use, climate, and water cycle lead to an
increasing demand for modeling approaches and frameworks for the simulation of hydro-
logical processes at local and regional scale of water resource management. Therefore, a
well parameterized and calibrated physically based hydrological model, which is capable of
realistically reproducing the behavior of the hydrologic system, is considered particularly
important in order to provide decision makers in water resources management with reliable
predictions [1]. Soil hydraulic properties have a major impact on the main hydrological
processes in catchment areas [2,3]. Therefore, information on these soil properties plays a
key role in water balance modeling, and an adequate parameterization of soils is one of the
most important tasks in physically based catchment modeling [4,5]. Richard’s equation [6],
which describes the water flow in unsaturated soil by combining the Darcy-Buckingham
law with the continuity equation, is the dominant concept of soil physics in hydrological
textbooks [7-9]. It can be considered as the fundamental concept underlying “physically-
based” hydrological models [10]. To solve this equation, information on soil hydraulic
properties is required [11].

Parameters of soil properties are usually measured as point observations at small
scales. However, water balance modeling in catchments requires parameter values at larger
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spatial scales such as grid cells or the entire catchment [12]. The Richard’s equation is pa-
rameterized by either observed soil properties (i.e., measured relations of soil water content
and matric potential) or constitutive equations such as the Gardner-Russo model [13], the
Brooks-Corey model [13], or the Mualem-van Genuchten model [14,15]. These empirical
models represent a basic hydro-physical characteristic of the soil: the relation between soil
water content and matric potential [16].

Among the empirical models developed to parameterize the water flow in unsatu-
rated soils, the traditional van Genuchten parameterization [15] has evolved to a de facto
standard and is widely used because of its higher degree of fit to observed soil water
retention data [17]. Nevertheless, to practically apply this model, obtaining its unknown
empirical fitting parameters based on known experimental data (namely, a measured soil
water retention curve) is essential. Moreover, at larger spatial scales, such as those of
catchment models, direct measurements are not feasible due to the area coverage and the
heterogeneity of the soil properties. Therefore, various methods have been developed
to determine the van Genuchten parameters, and subsequently, the soil water retention
curves using soil parameters that are easier to measure, such as texture, organic matter
content, and bulk density. The term pedotransfer function (PTF) has been introduced
to define these functional relationships that transfer available measurable soil properties
into missing soil properties (e.g., soil hydraulic and soil chemical characteristics) [18].
The derivation of a PTF is usually based on a two-step process. First, the selected water
retention function (e.g., van Genuchten) is fitted to measured water retention curves. In
the second step, the parameter values determined in this process are related to the selected
soil properties [17,19]. During the last three decades, soil scientists have developed a broad
set of PTFs that differ with respect to:

1.  Applied methods (e.g., statistical regression techniques, data mining and explo-
ration techniques);

2. The underlying database of measured soil moisture retention data used to fit van
Genuchten model estimates; and

3. Required input parameters or predictors (e.g., grain size distribution, bulk density,
organic matter content) to derive PTFE.

Extensive reviews on this content were given by Pachepsky and Rawls (2004) [20];
Wosten et al. (2001) [11]; Vereecken et al. (2010) [17]; and Patil and Singh (2016) [21].
Accuracy and uncertainty of PTFs were evaluated by Schaap and Leij (1998) [22]. They
showed that the performance of PTFs may depend strongly on: the data employed for
calibration and evaluation, input soil properties, and different applied methods. The
databases that have been used to derive PTFs show four remarkable differences:

1.  The measurement methods and techniques used to obtain the complete soil moisture
retention characteristic in the laboratory;

2. The sample size used at different pressure heads is not the same;

3. The soil textural composition, here the extreme examples are the databases of Schaap
and Bouten (1996) [23] which contain only sandy materials, and of Schaap and Leij,
(1998) [22] which includes a large number of coarse textured soils and practically no
silty soils;

4. Variations in the number of data points, as well as the values of pressure heads used
to determine the WRC [17].

Parameterization of soil hydraulic properties should be done in such a way that the
hydrological processes simulated using a water balance model match the locally observed
processes [24,25]. From a modeler’s perspective, the inconsistencies in the data bases
used for deriving the different PTFs complicate the evaluation of their reliability in a
specific case. For instance, Vereecken et al. (1992) [26] showed that 90% of the variation
in predicted moisture supply was attributed to estimation errors in hydraulic properties
when using the PTFs developed by Vereecken et al. (1989, 1990) [27,28]. In another study,
Chirico et al. (2010) [29] analyzed the effect of PTF prediction uncertainty on soil water
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balance components at the hillslope scale. They found that simulated evaporation is more
affected by the PTF model error than by errors due to uncertainties in model input data.
This sensitivity can result in a compensation of structural model errors by soil parameters, if
no careful evaluation of the parameterization of soil hydraulic properties or the simulation
of depth-dependent soil moisture content is made [30]. As a result, investigating the model
behavior in response to change in the method used to estimate soil hydraulic properties,
such as using different types of PTFs, is of major relevance to modelers. However, selection
of PTF is usually not guided by its effect on the runoff behavior of the catchment model.
Therefore, the aim of this paper is to evaluate the impact of PTF selection on subse-
quent changes in the hydrological model behavior. We hypothesize that the PTF-specific
soil water retention and hydraulic conductivity curves distinctly affect the water balance
and runoff characteristics of the hydrological model, and the resulting differences may
be related to the respective soil hydraulic properties of the study area as well as to the
methodology to derive the PTF. To test the hypothesis (i) we adapted the soil parameteri-
zation in a calibrated and validated hydrological model by varying the underlying PTFs
and determined the effects on the soil hydraulic properties of the catchment; and (ii) we
analyzed the resulting changes in the model behavior with respect to the catchment outlet,
as well as the spatial and temporal variation of the total flow and the flow components.

2. Materials and Methods
2.1. Study Area

The Glonn catchment area is located in the Tertiary Molasse Hills in Bavaria, Germany.
The region is characterized by a low to moderate river density and a runoff coefficient of
about 35% [31]. The Molasse basin consists of deposits from the Alps, so the study area
comprises a wide range of different grain size compositions. The investigated area of the
Glonn catchment has a size of 104 km? and an elevation difference of 95 m (Figure 1a),
resulting in an average terrain gradient of 4.7%. The soil types were derived from the
Ubersichtsbodenkarte Bayern (UBK25) and consist mainly of Cambisol (65%) and Gley
(19%), which is located near the watercourse. These grain size compositions of the soil
types are displayed in Figure 1b and cover 71% of the KA5-texture classes [32] and 85% of
the FAO texture classes.

The analysis of the land use distribution is based on a combination of the ATKIS
dataset and the INVEKOS data and reveals an extensive agricultural use of the catchment
area (Figure 1c). Cropland is the largest land use in the area with 56%, followed by forest
(23%) and grassland (12%). Sealed areas (9%) are dominant at the outlet of the catchment
area but are more or less evenly distributed over the entire catchment area.

Since the Glonn catchment embraces a high variety of soil and land use types, we
consider this catchment to be well suited to study the general effects of different PTFs on
the distribution of water in the system and on runoff generation processes.

2.2. Model Setup and Calibration

The water balance in the catchment area was investigated by applying the hydrological
model WaSiM (http:/ /www.wasim.ch, accessed on 14 May 2021). WaSiM is a distributed
and deterministic model, which includes mostly physical descriptions of the hydrological
processes involved. WaSiM is considered illustrative for distributed hydrological models
that apply the Richard equation and PTFs to parameterize the soil hydraulic properties.
The Richards approach simulates the unsaturated water flow in the soil [6]. In WaSiM,
the soil is represented as layered soil columns, in which the thickness as well as the soil
characteristics can be defined individually for every horizon. The description of the soil
horizons comprises the water retention curve, which are described using van Genuchten
parameters [15] and the saturated hydraulic conductivity (Table 1). The modeled discharge
has three components (surface flow, interflow, base flow), which represent different re-
sponse types (fast, intermediate, slow). The model thus allows analyzing the effects of
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Figure 1. Topography (a), soil characteristics (b), and land use (c) of the Glonn catchment.
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Table 1. Mandatory parameters to describe a soil horizon in the WaSiM control file.

Parameter Description
Horizon ID for each soil horizon; one value per horizon.
Layer Number of numerical layers for each horizon.
Thickness Thickness of each single num;rei:aﬁ ;ii);e;rni'n this horizon in m; one value
Ksat Saturated hydraulic conductivity in m/s; one value per soil horizon.
Osat Saturated water content (fillable porosity in 1/1); one value per soil horizon.

Residual water content (in 1/1, water content which cannot be extracted by

Ores transpiration, only by evaporation); one value per soil horizon.
o van Genuchten Parameter o; one value per soil horizon.
van Genuchten Parameter n; one value per soil horizon.
K ecession Ksat recession with depth: factor of recession per meter (only applied for the

uppermost 2 m of the soil); one value per horizon.

We set up the model on a spatial scale of 100 m and a temporal scale of 1 h. The
required topographic spatial data (e.g., slope, flow accumulation, sub-catchment structure)
were derived from TANALYS (i.e., a pre-processing tool of WaSim-ETH) [33] by performing
a complex analysis of the DEM. The land use map is equivalent to the above-mentioned
combination of ATKIS and INVEKOS data (Figure 1c). The soil map is derived and
parameterized based on the Ubersichtsbodenkarte Bayern (UBK25). The depth profiles of
the bulk density and organic matter content of the soil types were adapted according to
the overlying main land use type. For the calibration of the baseline scenario, we choose:
(1) the PTF of [19] to derive the van Genuchten parameters, and (2) the KA5 [32] which
contains a table for the derivation of saturated hydraulic conductivities from texture classes.
The considered input time series contain precipitation, temperature, relative humidity,
global radiation, and wind speed interpolated from station data.

We calibrated the model manually based on stream flow data at the gaging station
of Odelzhausen near the catchment outlet. The evaluation of the model runs was based
on a visual analysis, obtaining a plausible water balance, and statistical indices. These
indices are the NSE (Nash-Sutcliffe Efficiency), NSE log (NSE with logarithmic values),
and PBIAS (percent bias) [34]. The evaluation results show a good representation of the
runoff characteristics of the catchment, while underestimating the runoff volume during
the calibration period and slightly overestimating it during the validation period (Table 2).
The volume shares of the water balance components are in a plausible range with a runoff
coefficient of about 32% to 33%, which is close to the literature value of the region [31].
The calibrated model is regarded as a benchmark model (“baseline scenario”, see Table 3).
Therefore, the effect of PTF selection will be investigated through multiple scenarios
(Table 3) without the interference of a recalibration. This means, the exact representation of
the reality is of minor importance.
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Table 2. Goodness of fit criteria and shares of water balance components for the calibration and
validation period.

Parameter Calibration Validation

Time period 1 November 1995-31 October 2004 1 November 2004-31 October 2013
NSE 0.74 0.65

NSEjog 0.61 0.67

PBIAS 13.2 -1.9

Volume share of

Baseflow 0.16 0.14

Interflow 0.14 0.14

Surface runoff 0.04 0.05
Evapotranspiration 0.68 0.67

Table 3. Scenario definition: combinations of PTFs to determine the van Genuchten parameters (Bsat, Ores, @, 1) and the

saturated hydraulic conductivity (Ksat).

Scenario Van Genuchten Parameter Saturated Hydraulic Conductivity
Baseline Waosten et al. (1999) [19] Ad-Hoc AG Boden (2006) [32]

1 Renger et al. (2009) [35] Ad-Hoc AG Boden (2006) [32]

2 Weynants et al. (2009) [36] Ad-Hoc AG Boden (2006) [32]

3 Zacharias & Wessolek (2007) [37] Ad-Hoc AG Boden (2006) [32]

4 Teepe et al. (2003) [38] Ad-Hoc AG Boden (2006) [32]

5 Zhang & Schaap (2017): Rosetta H2w [39] Ad-Hoc AG Boden (2006) [32]

6 Zhang & Schaap (2017): Rosetta H3w [39] Ad-Hoc AG Boden (2006) [32]

7 Waosten et al. (1999) [19] Wosten et al. (1999) [19]

8 Renger et al. (2009) [35] Renger et al. (2009) [35]

9 Zhang & Schaap (2017): Rosetta H2w [39] Zhang & Schaap (2017): Rosetta H2w [39]

10 Zhang & Schaap (2017): Rosetta H3w [39] Zhang & Schaap (2017): Rosetta H3w [39]

2.3. Scenario Definition

The influence of the PTF selection on the catchment runoff behavior was investigated
through different simulation runs. These include 11 scenarios in which the PTFs used to de-
termine the van Genuchten parameters and saturated hydraulic conductivity were altered.
The respective combinations are summarized in Table 3. The so-called “baseline scenario”
is the model run for which the calibration and validation was performed (Section 2.2).
It serves as the benchmark for the other scenarios and thus as the basis for the scenario
comparison. The soil profiles that were modified because of the PTF selection were limited
to areas with cropland, grassland, and forest land use. The parameterization of sealed
surfaces and water surfaces were identical in all scenarios. The definition of the saturated
hydraulic conductivities by using the table of Ad-Hoc AG Boden (2006) [32] (Scenarios 1 to
6) or the corresponding equations of selected PTFs (Scenarios 7 to 10) allows a separate
consideration of their respective influence on the runoff behavior.

The seven PTFs adopted for scenario development (Table 3), are described in Table 4.
The selection was based on the wide distribution and extensive application of the PTFs
in European studies [38,40-43]. Their potential applicability to the study area and the
respective performance were not considered in order to obtain a wider range of possible
results. The van Genuchten parameters 6sat, 6res, &, n, which are required for the soil de-
scription in WaSiM, are specified by all selected PTFs. The PTFs of Wosten et al. (1999) [19],
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Renger et al. (2009) [35] and Zhang & Schaap (2017) [39] additionally contain a definition
of the parameter K, (saturated hydraulic conductivity). The key differences among the
PTFs, apart from the underlying databases, are the number of considered soil samples and
the selected predictors. While soil texture is included in all PTFs as a predictor, in some
other PTFs, bulk density (BD), and organic matter content (OM) are not always taken into
account.

Table 4. Overview of the selected PTFs including their main characteristics.

PTF Method Database Sample Size Predictors
Wosten et al. (1999) . . Clay, Silt, OM, BD,
[19] Regression analysis HYPRES [19] 5521 topsoil/subsoil
Renger et al. (2009) [35] Regression analysis various sources unknown Sand, Silt, Clay
Weynants et al. . . Sand, Silt, Clay,
(2009) [36] Regression analysis Vereecken et al., 1989 [27] 166 BD, OM
IGBP-DIS soil data
Zacharias and . . (Tempel et al., 1996) [44]; .
Wessolek (2007) [37] Regression analysis UNSODA (Nemes et al., 676 Sand, Silt, Clay, BD
2001) [43]
. . Lookup table: Sand,
Teepe et al. (2003) [38] Regression analysis Teepe et al. (2003) [38] 1850 Silt, Clay, BD
Zhang & Schaap (2017), Single Artificial 2134 for WRC, 1306 .
Rosetta H2w [39] Neural Network Schaap et al. (2001) [45] for Kgat Sand, Silt, Clay
Zhang & Schaap (2017), Single Artificial 2134 for WRC, 1306 .
Rosetta H3w [39] Neural Network Schaap et al. (2001) [45] for Keyt Sand, Silt, Clay, BD

Clay: percentage of clay, Silt: percentage of silt, OM: percentage of organic matter, BD: bulk density.

2.4. Evaluation Strategies

The differences among the modeling scenarios are caused by the respective soil
hydraulic properties, which are dependent on the underlying PTFs. Therefore, the basis
for the scenario evaluation was to identify features or patterns in the input and output
data, and to determine the causal relationships of these patterns. This process involves
various model parameters used to examine the influence of PTFs on the runoff behavior of
the catchment quantitatively and qualitatively. The evaluation strategy is to analyze the
changes in: (1) soil hydraulic properties; (2) runoff response at the catchment outlet; (3) the
partitioning of the water balance components in time and space, and (4) the resulting
dominant runoff processes. Through this, each scenario evaluation was carried out in
relation to the calibrated baseline scenario.

2.4.1. Soil Hydraulic Properties

The van Genuchten parameters, which are determined using the different PTFs, define
the shape of the water retention curve, i.e., the relationship between soil moisture and
suction. This relationship specifies the pore volume that is available for water retention at
a given matric potential. Accordingly, it has a distinct effect on the runoff characteristics of
a catchment. In combination with the saturated hydraulic conductivity, the water retention
curve also has an influence on the relationship between soil moisture and unsaturated
hydraulic conductivity. This dependency influences the vertical water movement in the
soil and thus the infiltration characteristics.

In order to quantitatively evaluate and compare the characteristics of the water reten-
tion curves and hydraulic conductivities of the different PTFs, we considered the variables
of plant-available water capacity (AWC), field capacity (FC), and saturated hydraulic con-
ductivity (Ksat). The FC corresponds to the pore volume which is filled with water at a
matric potential of pF = 1.8. The AWC is the respective pore volume between pF = 1.8 and
pF =4.2. Values of FC and AWC were determined for each grid cell for the uppermost
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meter of the soil profile, and Ksat was analyzed for individual soil horizons. The distribu-
tion of these values were statistically examined using box plots analysis, considering only
cropland, grassland, and forest areas. In addition, demonstration of the spatial distribution
of these three variables (AWC, FC, Kg4t) can be used to establish qualitative relationships
between soil hydraulic properties and land use distribution or topography.

2.4.2. Runoff Response

The total runoff at the catchment outlet or a gauging station is the most common model
parameter used for the calibration or evaluation of a hydrological model. Since the model
calibration was only performed for the baseline scenario, a comparison of the other scenar-
ios with the measured hydrographs is not meaningful. Therefore, the scenario hydrographs
were solely compared to the respective hydrograph simulated by the baseline scenario. The
evaluation includes both a visual inspection of the event characteristics and a quantitative
analysis of the differences between baseline and scenarios using signature indices.

The calculation of the signature indices is based on the flow duration curve (FDC).
FDC is equivalent to the flow exceedance probability curve and is commonly used to
represent and classify the catchment functioning. Accordingly, the FDC indicates the
ability of the catchment to produce runoff values of different magnitudes and is therefore
dependent on the vertical redistribution of the soil water content [46,47]. This vertical
redistribution results in ‘fast’, ‘intermediate’, and ‘slow’ runoff components within the
discharge hydrograph associated with surface runoff, interflow, and baseflow [48]. A
set of signature indices is considered to be a characteristic fingerprint of the respective
hydrological response of the catchment in terms of producing different runoff components.
Thus, signature indices can be used to evaluate runoff components and parameters that
control the runoff processes as well as the overall water balance. In this study, we derive
the following signature indices:

1.  %BiasRR: The percent bias in overall runoff ratio is a diagnostic signature index of the
total water balance. It is expected to show primary sensitivity to model parameters
that control evapotranspiration.

2. %BiasMidslope: The percent bias of the mid-segment slope of the FDC (between 20%
and 70% exceeding probability) indicates the reactivity of the catchment to the rainfall
events and quantifies the rainfall-runoff response rate.

3. %BiasFHV: The percent bias in high-segment volumes of the FDC (<2% exceeding
probability) is related to the surface runoff and compares the peak discharges for
heavy rainfall events.

4. %BiasFLV: The percent bias in low-segment volumes of the FDC (>70% exceeding
probability), that reflects the minimum discharge values and is related to the base flow.

A detailed description of the general procedure and the relevant equations is presented
in Casper et al. (2012) [49].

2.4.3. Water Balance Components

We provide a deeper insight into the catchment behavior by a quantification of the
differences amongst scenario simulations corresponding to runoff and water balance
components, which are caused by the choice of the PTE. The components were considered
and compared at different spatial and temporal resolutions or clusters.

A detailed analysis of the water balance components was performed for the outlet
gage of the catchment using annual sums. It includes runoff components (surface runoff,
interflow, and baseflow), evaporation components (evaporation, transpiration, interception
evaporation, and snow evaporation) and storage components (soil storage, interception
storage, and snow storage). In addition, we considered the amount and distribution of
infiltration components to explain the changes in the water balance and link them to
the soil hydraulic properties obtained from the different PTFs. The investigation of the
temporal and spatial differences resulting from the PTF selection was limited to the runoff
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components of surface runoff, interflow, and baseflow. We considered the frequency of
certain shares of the flow components on the total runoff.

2.4.4. Spatial Pattern Analysis

To compare spatial pattern of water balance components simulated in different sce-
narios, we use two different metrics: (i) the Pearson correlation coefficient & between the
spatial water balance components of the baseline model (A) and PTF scenarios (B); and
(ii) the percentage of histogram intersection y [50]. y reveals only the agreement on the
distribution of the variable in space [51]. The term v is calculated for a given histogram K

of the baseline maps (A) and the histogram L of the PTF scenario maps, each comprising 'n
bins, here we use 100 bins.

a=p(A,B) ¢y
Y, min(K;, L;
R SR @
j=1Kj

3. Results
3.1. Soil Hydraulic Properties

The distribution of the selected soil hydraulic properties in the Glonn catchment is
displayed in Figure 2. The data contains all cells with cropland, grassland and forest
land use, whereas sealed areas and water bodies are not included. AWC and FC were
summarized for the uppermost meter of the soil profile. In contrast, the Kg,t is presented
for the top layer (horizon 1) and for the soil horizon 3, which accounts for a depth of about
75 cm. The thickness of the horizons, and consequently the depths of them, vary among the
soil types. For AWC and FC, we included all PTFs, which have their own specific equation
to estimate Kgat, and those that consider the parametrization of Ad-hoc-AG Boden [32]
for Kgat.

The median values of the soil hydraulic properties as well as the size of the interquar-
tile ranges show a clear dependency on the respective PTFE. The range of the median values
is larger for AWC than for FC, whereas the size of the interquartile ranges or the total
variability is larger for FC. Accordingly, for each PTF, AWC is relatively similar within
one PTF for all soil types within the catchment, most notably in the PTFs of Wosten et al.
(1999) [19], Renger et al. (2009) [35], and Weynants et al. (2009) [36]. The values of AWC
for the PTF of Wosten et al. (1999) [19], which is considered in the baseline scenario, range
within the values of the other PTFs. The lowest AWC values were determined using the
PTF of Zacharias & Wessolek (2007) [37]. The PTF with the most frequent large AWC
values is the one of Zhang & Schaap (2017) [39] that does not consider bulk density as
input (Rosetta H2w). The distinction in the ranges of AWC values amongst the PTFs are
pronounced differently from those of FC. This indicates the variability of the available soil
water storage volumes depending on the preconditions.

The range of simulated Ks,¢ by the baseline scenario (defined according to Ad-Hoc
AG Boden, 2006) [32] is within the values of the other PTFs for the considered horizons.
The largest median of Kot was defined via Renger et al. (2009) [35]. This PTF is also
the only one for which the median increases from horizon 1 to horizon 3. The distinctly
smaller variability of Kg,¢ in Rosetta H2w compared to Rosetta H3w is due to the lack of
consideration of the bulk density in Rosetta H2w.

The largest spatial variation of the AWC differences (AAWC) was found for Teepe et al.
(2003) [38]. Here, the soil water storage capacities of flat areas with forest or grassland
cover are increased (compared to baseline scenario), while decreased for other land uses.
This observation is in accordance with the distribution displayed in Figure 2, which shows
a similar median as the baseline scenario, but a distinctly larger variability. The PTF of
Zacharias & Wessolek (2007) [37] results in an overall lower soil water storage with lower
values in valleys and thus a contrasting behavior compared to Teepe et al. (2003) [38].
Weynants et al. (2009) [36] and both versions of Zhang & Schaap (2017) [39] show a
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predominantly higher soil water storage with some exceptions next to the rivers. In most
cases, the areas of lower AWC in Weynants et al. (2009) [36] are not equal to those of Zhang

& Schaap (2017) [39].
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Figure 2. Distribution of the soil hydraulic properties AWC, FC, and Kg;,; for the land use types cropland, grassland and

Forest in the Glonn catchment.

The shapes of the water retention curves are influenced by the input parameters of
the PTFs as well as the databases used for their development (Table 4). Accordingly, the
dependency of the soil water storage capacity can be related to the land use types, which
affect the bulk density and organic matter content of the respective soil type. Furthermore,
the variation of the soil texture class can have different effects on soil water holding
capacities depending on the PTF that results in the observed non-linear shift of the soil
hydraulic properties between the scenarios and the baseline scenario.

The saturated hydraulic conductivities in the topmost soil horizon of Renger et al.
(2009) [35] are mostly larger than those of Ad-Hoc AG Boden (2006) [32], whereas those of
Zhang & Schaap (2017), H2w [39] are lower (Figure 3b). The largest differences compared to
the baseline scenario (AKsat) were observed in Zhang and Schaap (2017), H3w [39]. Forest
sites result in much higher values of Ks,t, while the increase is less distinct on grassland
sites. On cropland, the K, values of Zhang & Schaap (2017) [39], H3w are mostly lower
than those of Ad-Hoc AG Boden (2006) [32]. The differences in Wosten et al. (1999) [19] are
also attributed to the land use type but less distinguished. The dependency of Kg,¢ on the
land use type is driven by the inclusion of bulk density and/or organic matter content in
the PTFs.
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3.2. Runoff Response

The different soil hydraulic properties of the PTFs result in a change in runoff behavior
that is evident in both the total volume and the event characteristics. Figure 4 shows the
hydrographs of the different scenarios (model runs) for two exemplary flood events. The
quantitative evaluation of the peak and volume changes are summarized in Table 5. The
double-peaked event in June 2013 was analyzed separately for the first and second wave.
The range of runoff peaks of the different scenarios compared to the baseline scenario is
between +43% and —65% (Table 5).

— baseline scenario scenario 3 — scenario 6 — — scenario 9
— scenario 1 scenario 4 — = scenario 7 — — scenario 10
— scenario 2 — scenario 5 — — scenario 8
50 35
301
40 f
p— i 2D |
€ K
£ 307 E 20}
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Figure 4. Hydrographs of the baseline scenario and the 10 scenario runs for two exemplary events (scenario description:
Table 3).

Table 5. Peak changes (%) and volume changes (%) of the selected events in Figure 4 and the calibration and validation
periods the event in June 2013 is evaluated separately for both peaks.

) Peak Change (%) Volume Change (%)

Scenario 06/2013 (1)  06/2013 (2) 09/2000 06/2013 (1)  06/2013 (2) 09/2000 calib. valid.
1 9.4 -7.9 0.0 10.0 —4.6 1.0 —4.7 -0.5
2 -3.8 -94 —15.1 —54 —11.1 —13.0 -5.2 —4.5
3 434 37.0 28.3 441 29.2 26.8 —6.7 —4.7
4 —-29.8 -16.7 -33.6 -20.7 —8.0 —18.9 -5.7 —4.6
5 -52.9 —57.6 —58.0 -39.9 —42.6 —41.1 -0.6 -0.7
6 —50.5 —49.5 —55.1 —36.2 —34.6 —36.9 —09 —0.6
7 —2.2 -1.9 -9.5 -3.6 -2.7 —6.6 0.0 0.4
8 —45.3 —43.9 —58.8 -39.5 —21.7 -39.3 —24 0.3
9 —574 —64.6 —65.2 —49.8 —50.1 —50.4 —0.6 —0.8
10 —43.3 -39.7 —49.6 -32.3 -30.4 —34.3 -1.9 -1.6

The largest runoff response occurred in scenario 3, which is based on the PTF of
Zacharias & Wessolek (2007) [37], which resulted in the lowest AWC values, in comparison
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to other PTFs (Figure 2). The lowest runoff peaks and volumes occur in Scenarios 5 and 9,
which are based on Rosetta (H2w). This PTF resulted in the largest AWC values compared
to the different PTFs (Figure 2). The distinctly larger antecedent soil moisture conditions
during the second peak of the flood event in June 2013 results in a different change in
runoff behavior depending on the PTF. It can lead to a decrease in the percent peak change
(Scenario 4), an increase in the percent peak change (Scenario 2), or even in a reversal in
the direction of the peak change (Scenario 1) compared to the baseline scenario (Figure 2,
Table 5). The volume changes of the calibration and validation period are small compared
to those of the events. The variations indicate a different behavior in distinct discharge
ranges, whose separate analysis is therefore of special interest.

For a quantitative analysis of the change in modeled runoff behavior caused by the
choice of PTFs as well as the change in distinct discharge ranges, the flow duration curves
at the basin outlet were compared, and four signature indices were calculated (Table 6).

Table 6. Signature indices of the 10 scenarios compared to the baseline scenario; evaluation period:
1 November 1995-31 October 2013.

Scenario %BiasRR %BiasMidslope %BiasFHV %BiasFLV
1 —2.6 7.5 10.1 —16.8
2 —4.8 1.0 -39 -11.2
3 —5.7 87.5 43.5 —47.2
4 —5.1 433 —11.8 —254
5 —0.6 20.2 —24.6 -111
6 -0.7 38.1 —20.8 —25.7
7 0.2 1.0 —-25 -0.3
8 -1.0 —-0.1 —23.5 6.1
9 -0.7 —3.6 —34.7 14.1
10 -1.7 271 —18.0 —21.3

As expected, Scenario 7 shows only minor deviations in catchment behavior. How-
ever, there are obvious deviations in estimating the water balance by different scenarios
(%Bias_RR; e.g., underestimated up to —5.7% for scenario 4), revealing that the choice
of PTF has a considerable impact on the estimated evapotranspiration. Regarding the
reactivity (%Bias_Midslope), the tendency of scenarios 3, 4, and 6 is similar: showing
markedly increased values (highly overestimated compared to the baseline scenario), that
indicates a fast reaction of catchment to rainfall events and its direct transformation into
runoff. In contrast, most scenarios exhibit an underestimation of the discharge peaks, only
the scenarios 1 and 3 overestimate the peaks (positive value of %BiasFHV). Concerning the
low flows (related to base flow components), we can see a contrasting model behavior for
the scenarios: While the hydrological model tends to underestimate low flows for most of
the scenarios (distinctly pronounced in case 3, 4, and 6), a severe underestimation of low
flows results from scenario 3 (—47.2%).

3.3. Water Balance Components and Spatial Pattern Analysis

The differences in the runoff behavior amongst the scenarios can be addressed by
analyzing the respective water balance and infiltration components. As displayed in
Table 7, there are noticeable changes occurring in the runoff components as well as in the
components influenced by the soil hydraulic properties, i.e., evaporation from the soil
and change in soil water storage. The soil hydraulic properties also control the amount of
matrix infiltration, which affects the infiltration excess and consequently the surface runoff.
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Table 7. Mean annual amount of the water balance and infiltration components for the baseline scenario and the 10 scenarios.

Water Balance Components (mm/a) Infiltration Components (mm/a)
?{urface Interflow Base Transpiration Evaporation Snow. Intercept'ion Chasr:)gﬂe in Chsa:;gvevin Infiltration Ma.crop'ore 1\./Iatri3< Intercept'ion Snow.
unoff Flow Evaporation Evaporation Storage Storage Excess infiltration Infiltration Evaporation Evaporation

Baseline 39 117 121 99 302 14 163 4 0 39 19 625 163 14
1 42 121 108 98 303 14 163 10 0 42 19 622 163 14

2 41 113 110 99 316 14 163 4 0 41 19 624 163 14

3 50 117 95 99 323 14 163 0 0 50 18 615 163 14

Scenario 4 37 89 136 99 322 14 163 0 0 37 19 627 163 14
5 34 120 122 97 310 14 163 0 0 34 19 630 163 14

6 34 135 106 97 310 14 163 0 0 34 19 630 163 14

7 39 121 119 99 302 14 163 4 0 39 19 625 163 14

8 36 123 117 99 299 14 163 10 0 36 19 628 163 14

9 35 107 133 97 309 14 163 1 0 35 19 629 163 14

10 35 133 108 97 311 14 163 0 0 35 19 629 163 14
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The large runoff reactivity of scenario 3 (Figure 3) can be attributed to an increased
amount of surface runoff (Table 7) which is caused by a reduction in matrix infiltration and
a resulting decrease in baseflow. Compared to the baseline scenario, scenario 4 shows a
slightly increased matrix infiltration and correspondingly a reduced surface runoff volume.
Larger differences occur in the slower runoff components, with a significant reduction in
the interflow volume and an increase in the magnitude of the baseflow. Although there
is only little increase in total infiltration compared to the baseline scenario, the change in
soil hydraulic properties results in a more efficient transport of water to deeper soil layers.
The evaporation volumes of the scenarios 3 and 4 are the largest in comparison to other
scenarios, and are about 7% higher than the baseline scenario.

The lowest runoff response of the all scenarios occurs for the scenarios 5, 6, 9, and
10. In these scenarios, surface runoff volumes are reduced in a uniform manner by about
10-13% compared to the baseline scenario. The changes in interflow and baseflow are more
diverse. While the volumes are only slightly changed in scenario 5, a significant increase in
interflow with a simultaneous large reduction in baseflow could be observed in scenarios 6
and 10. In contrast, in scenario 9, the interflow is reduced and the baseflow is increased,
resulting in an enhanced proportion of surface runoff during the events and leading to
the earlier and lower peak discharge as observed in Figure 3 compared to scenario 5. We
can conclude that in both cases the use of Kg, estimated by the respective PTFs leads to a
reduction in interflow and an increase in baseflow (scenarios 5 and 6 compared to 9 and 10).
This behavior is more pronounced between scenarios 5 and 9 (Rosetta, H2w) than between
scenarios 6 and 10 (Rosetta, H3w).

Figure 5 shows the frequency of occurrence of different flow shares for all runoff compo-
nents. Blue colors indicate the dominance of the respective component (probability > 50%),
green colors indicate a flow share of 20-50%, whereas yellow to grey colors indicate a
probability below 20% for the respective runoff component. Scenarios 5, 6, and 10 show the
shortest time periods dominated by surface runoff. While Scenario 5 shows dominance of
baseflow in relatively longer time periods, Scenarios 6 and 10 remarkably indicate longer
periods with interflow as dominant runoff generation process. Scenarios 4 and 9 have the
shortest periods with dominant interflow but the longest with baseflow as the dominant
runoff generation process.

In order to compare the spatial patterns of the evapotranspiration and runoff com-
ponents simulated by 10 scenarios to the baseline scenario, we analyzed the Pearson
correlation coefficient « and percentage of histogram overlap vy, considering the spatial
mean of direct runoff, interflow, baseflow, and actual evapotranspiration (ETa) (Table 8).

For direct runoff, the spatial correlation of occurrence is very high but the absolute
amount is different, which is indicated by a low histogram overlap. For interflow, some
scenarios show both low spatial correlation and low histogram overlap, indicating that
the PTF has a high impact on this runoff generation process in the model. In contrast,
the baseflow pattern is similar in all scenarios. Interestingly, in all scenarios, the ETa
pattern show a high correlation, however, the absolute values seem to differ considerably
(relatively low values for histogram overlap).
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Figure 5. Frequency of occurrence of flow shares for all runoff components (scenario description: Table 3).
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Table 8. Spatial correlation (correl) and histogram overlap (histo) of the 10 scenarios compared to the
baseline scenario, for spatial mean of direct runoff, Interflow, baseflow, and ETa.

Scenario Correl Histo Correl Histo Correl Histo Correl Histo
Direct Runoff Interflow Baseflow ETa
1 0.997 0.804 0.942 0.893 0.996 0.985 0.997 0.819
2 0.999 0.697 0.975 0.892 0.998 0.976 0.998 0.727
3 0.992 0.423 0.782 0.769 0.978 0.970 0.988 0.349
4 0.997 0.786 0.500 0.381 0.976 0.987 0.997 0.744
5 0.997 0.653 0.835 0.829 0.990 0.966 0.996 0.652
6 0.995 0.473 0.916 0.874 0.995 0.965 0.998 0.653
7 0.999 0.683 0.962 0.898 0.999 0.994 1.000 0.827
8 0.997 0.758 0.913 0.910 0.997 0.988 0.997 0.846
9 0.997 0.712 0.795 0.746 0.990 0.975 0.995 0.626

—_
o

0.996 0.782 0.900 0.909 0.994 0.965 0.997 0.618

4. Discussion

The selection of the PTF to estimate the soil hydraulic properties which are included
in a hydrological model is often done without taking the runoff characteristics of the catch-
ment into consideration. Therefore, it is of particular interest to the modeling community
to have a quantitative description of the change in model behavior caused by the choice of
PTE, in order to make decisions that are more informed. We hypothesized that the water
balance and runoff behavior of a catchment are distinctly affected by the characteristics of
the PTFs that primarily represent the water retention and hydraulic conductivity curves.
Thus, we considered the soil parameterization of different PTFs in a hydrological catchment
model to quantify the changes in soil hydraulic properties of the Glonn catchment as well
as to analyze the resulting shifts in its water balance components and runoff characteristics.

As shown in Figure 1b, the Glonn catchment covers a wide range of different soil
texture classes. It is therefore well suited for studying the influence of PTFs on soil
hydraulic properties as well as the resulting runoff behavior. This high diversity allowed
holding a more profound analysis of the spatial and temporal variability of different runoff
characteristics depending on the choice of the respective PTF. The good representation of
the runoff behavior by WaSiM-ETH suggests the general suitability of this hydrological
model for the intended investigation. Moreover, the implementation of a layered soil
structure made it possible to consider the underlying soil properties in detail.

The baseline scenario and the 10 other scenarios (Table 3) were chosen in such a
way that the influence of modified van-Genuchten parameters or saturated hydraulic
conductivities could be separately explored. Since the calibration was only performed
for the baseline scenario, the differences in the runoff behavior amongst scenarios can be
directly attributed to the modified soil parameters. Nevertheless, this approach cannot
provide a definitive assessment of the suitability of the PTFs to represent the runoff behavior
in the catchment. This evaluation would require the calibration of all scenarios using the
same calibration strategy. However, due to the resulting over-imposition of the runoff
behavior by the calibration parameters, the direct analysis of the particular influence of
the changed soil properties would no longer be possible. Therefore, the calibration of
the scenarios was not performed. Nevertheless, the parameters of the calibrated baseline
scenario are within the parameter space of the other scenarios, and thus their hydrographs
scatter around the measured runoff.

The considered PTFs resulted in a wide range of different shapes for the water re-
tention and saturated hydraulic conductivity curves. The shape of the water retention
curve is mainly associated with the parameters n and « which are included in the soil
parameterization in WaSiM-ETH (Table 1). The parameters are related to the process of
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saturation and desaturation of the soil [52]. The hydraulic parameters AWC, FC, and Kgat
determined for a quantitative comparison of the curves showed significant differences in
their spatial distribution (Figure 2). These differences become particularly evident when
comparing the individual scenarios with the baseline scenario. This issue is important
because spatial variability of soil hydraulic properties is regarded as a significant factor to
water distribution in the catchment [53].

The quality and quantity of the changes in the soil hydraulic properties induced by dif-
ferent PTFs are remarkably affected by their underlying databases, predictors, and methods
used to develop the predictive equations. For example, apart from the soil texture classes,
there is a significant effect on estimates of soil hydraulic properties, when both OM and BD
variables and when only one of them are inputs to the equations (PTFs) [54]. Consequently,
the impact of land use and geographic attributes on soil BD and OM [55] leads to a different
description of the same soil in the PTFs (i.e., different input values into the equation)
and this may account for the observed variation in soil hydraulic properties [11,43]. As
a result, the spatial distribution of the differences that we observed between AWC and
Ksat simulated by the scenarios and those of the baseline scenario could be attributed to
the land use distribution as well as the proximity to watercourses (Figures 1 and 3). AWC
depends to a large extent on the bulk density and the silt content. Hence, PTFs that do not
include BD typically result in lower AWC values in soils with lower bulk densities, such
as those found in the upper soil horizons of forest soils in a study by [56,57]. They also
identified the BD and soil texture as major factors explaining spatial variance in AWC for a
study area in China.

The qualitative and quantitative analysis of the discharge hydrographs (Figure 4
and Table 5) as well as the respective signature indices analysis (Table 6) showed distinct
differences in the runoff behavior of the catchment through investigated PTFs. The variation
of the peak discharge differences between the scenarios and the baseline scenario is caused
by the respective pre-event conditions, including the initial soil moisture, and consequently
the available soil water storage volume, as well as infiltration capacity.

The differences in model behavior due to soil parameterizations through different
PTFs were already analyzed in a study by [58] using a 1D hydrological model. They
showed that even when the very same soil was considered in the entire parameterization
scheme, and simulated transpiration and soil moisture were consistent with observations,
yet the runoff processes or total water balance could be estimated incorrectly. Based on a
multi-criteria evaluation, they found that only one of 24 investigated parameterizations
resulted in a realistic behavioral model. The complexity of this evaluation is increased by
focusing on a closed hydrological catchment, as it was considered in this study. Here, in
comparison to above-mentioned 1D model (i.e., only one cell), adjusting the soil hydraulic
properties in our catchment model by various PTFs affects the neighboring cells in the
spatial domain as well.

In addition, the runoff behavior in the model is influenced by the choice of the
calibration parameters. As a result, an insufficient parameterization of the soil can be at least
partially compensated by an appropriate adjustment of the model calibration. However,
even after calibration, a model may still represent an unrealistic water distribution across
the landscape [59]. Therefore, in addition to get the right answer, for example by comparing
runoff hydrographs at the catchment outlet, it is also required to analyze whether we are
getting the “right answers for the right reasons” [60].

Ultimately, depending on the soil and topographic characteristics, we tracked the
spatial distributions of the changes in the main hydrological processes (Tables 7 and 8,
Figure 5).

Our results led to a similar conclusion where remarkable differences amongst water
balance components of the individual scenarios against the calibrated case were obtained.
Furthermore, analysis of frequency of occurrence of runoff components (Figure 5) displayed
a pronounced contrast amongst scenarios. This indicates that the dominance of surface
runoff, interflow, and baseflow within the catchment and during time periods can be
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shifted depending on how the soil hydraulic properties are parameterized. In addition to
temporal patterns of runoff components, we examined the spatial patterns of runoff and
evapotranspiration in the catchment (Table 8). The outcome was relevant to the previous
mentioned argument, where spatial patterns were also quite distinguishable amongst
different scenarios. The quantified influence of various PTFs on temporal and spatial
patterns of water budget components provided the same evidence to the fact that spatial
variability in soil hydraulic characteristics and model errors initiated from application
of different PTF cases, may introduce their own uncertainty to model simulation. This
is consistent with what has been found by [61]. They compared the performance of two
different soil hydraulic parameterization techniques in terms of outputs of catchment water
balance simulated by the model HydroGeoSphere, and underlined the potential flaws of
choosing different parameterizations in spatially distributed modeling.

Finally, it may be concluded that the information contained in streamflow data is not
sufficient to derive physically reasonable soil parameter values only via calibration. This
indicates that the resulted uncertainty most likely comes from different descriptions of soil
water characteristics (i.e., PTF cases). On this account, deriving the “spatial distribution of
variability” from different scenarios, our methodology revealed that choosing a specific
PTF may significantly influence the spatial distribution of soil hydraulic properties (e.g.,
Ksat and AWC) and also the way water is being distributed across the landscape prior to the
catchment outlet. As a result, owing to the fact that the spatial variability of Ksat and AWC
affects the temporal response of the catchment to precipitation and runoff concentration,
one can consider that selection of a particular PTF makes evident changes in the distribution
among groundwater infiltration, runoff and evapotranspiration in the catchment [53,62].

It is important to highlight the fact that most of the PTFs yet show limitations consider-
ing the effects of soil inhomogeneity due to structure or macropores, and widely available
soil datasets (e.g., FAO Harmonized World Soil Database) may fail to reflect actual field
conditions. This warrants further evaluation of PTFs using extensive observed data and
particular inclusion the effects of soil structure and macropores [39,63]. Moreover, since
soil hydrological parameters vary significantly even within a small area, most of the PTFs
are usually applicable with acceptable accuracy only in the regions where those functions
were developed [64]. This study showed that the uncertainly forced by selection of PTFs
are mainly represented in the spatial distribution of runoff components which are not
distinctly addressed by hydrological model calibration against observed discharge time
series at the catchment outlet. This recommends that emphasis should be made to soil
parameterization oriented towards a “plausible hydrological behavior in terms of spatial
patterns of runoff components” during catchment modeling.

According to our knowledge, no comprehensive work was dedicated to carefully
analyze the impact of different PTF selection on spatial distribution of internal hydrological
processes in the catchment, which underlines the novelty of this research. Indeed, at
this stage of understanding, the question of “which PTFs are performing the best?” still
remains to be addressed. Since answering this question is beyond the topic of this paper,
we therefore believe that future research is clearly required to quantify and qualify the
spatial difference in distribution of internal hydrological processes introduced by various
PTFs. In other words, application of PTFs in hydrological models without evaluating
the spatial patterns of soil moisture, evapotranspiration, and runoff processes produced
by different PTFs may ultimately lead to implausible results and possibly to incorrect
decisions in water management. This entails investigation of additional information, which
usually has to be elaborately collected, for instance, by mapping the dominant runoff
generation processes in the area, or retrieving the spatial patterns of evapotranspiration
and soil moisture using remote sensing methods, and evaluation at a scale commensurate
with hydrological model [51,65].
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5. Conclusions

The knowledge of soil hydraulic properties and land use effects on these properties
are important for efficient soil and water management. Hence, the motivation for this study
was to examine a methodology to quantify the effect of modeler’s choice of PTF on van
Genuchten parameters, and accordingly, analyze the sensitivity of simulated hydrological
processes to the spatial variability in soil hydraulic characteristics associated with different
PTFs. Our results cast a new light on the way that PTFs are routinely being opted for param-
eterization of hydrologic modeling (i.e., parameters of van Genuchten). It was revealed that
elements of the water balance are highly sensitive to the spatial structure of soil hydraulic
properties, and a wide range of different hydrological model behavior can be created just
by the option of PTFs. Despite the different proportions of various runoff components
produced by a variety of PTFs, this might still result in an acceptable representation of the
discharge hydrograph. As a result, model calibration exclusively at catchment outlet may
lead to implausible results and possibly to incorrect decisions. Since the distribution of
water in the hydrologic system differs greatly amongst PTF cases, we recommend align-
ing the soil parameterization more towards mapping a plausible hydrological behavior.
Nevertheless, to this end, additional information is required, which usually has to be
intricately clustered together, for example, by mapping the dominant runoff processes in
the hydrologic system; or deriving the soil moisture and evapotranspiration patterns by
remote sensing methods.
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