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Abstract: The aim of this study was to simulate dominant runoff generation processes (DRPs) in a
mesoscale catchment in southwestern Germany with the physically-based distributed hydrological
model WaSiM-ETH and to compare the resulting DRP patterns with a data-mining-based digital
soil map. The model was parameterized by using 11 Pedo-transfer functions (PTFs) and driven
by multiple synthetic rainfall events. For the pattern comparison, a multiple-component spatial
performance metric (SPAEF) was applied. The simulated DRPs showed a large variability in terms
of land use, applied rainfall rates, and the different PTFs, which highly influence the rapid runoff
generation under wet conditions.

Keywords: data-mining-based digital soil mapping; spatial pattern comparison; water balance
modeling; spatial efficiency metric

1. Introduction

Distributed physically-based hydrological models have been the mainstream in the
community of hydrological modelers, providing significant insights into understanding
and predicting hydrological fluxes and states [1,2]. Based on the rainfall–runoff response,
these models account for the spatio-temporal dynamics of hydrological processes at various
scales [3–6]. Modeling the interplay of hydrological processes in a spatially distinct manner
provides the required tool to tackle the issues at hand driven by global climate change and
land use intensification. The capability of a model to predict the spatial variabilities of hy-
drological processes, however, poses evident challenges to its modeling structure. Thereby,
considering the complex feedbacks between the hydrological processes that drive spatial
variability, distributed hydrological model applications are a challenge for spatial pattern-
oriented evaluations [7–9]. The spatial predictability of distributed model output can only
be thoroughly verified when evaluating the outputs against spatial observations [9,10],
whereas, in particular, discharge data at the catchment outlet does not provide sound
information about the spatial distribution of runoff processes within the catchment [11].

Changes in the underlying land surface conditions caused by land use, soil types,
geological, and topographical factors may alter the spatial patterns of runoff generation
processes in a catchment area, which might then cause extreme flood or drought events.
Such events may further influence the subsequent processes that govern the runoff response
of a region, particularly in smaller catchments. For example, for water resource manage-
ment and early flood warning, it is important to conduct quantitative measurements of the
effects of urbanization on surface runoff. A recent study approached runoff fluctuations
in an urban region using GIS and remote sensing technologies as well as the SCS-CN
model [12]. It was found that within the period of 15 years, the region experienced a
significant growth of urban impervious areas and a notable decline in vegetated land cover,
being the predominant drivers of surface runoff change. The rise in surface runoff was
found to be positively correlated to the growth in urbanization and negatively correlated
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to the decreased vegetation cover. Another study analyzed the effects of land use change
on runoff production by using the SCS-CN approach, remote sensing data, and GIS tools,
where runoff was predicted from precipitation, land use, and hydrological soil groups
using the SCS-CN model [13]. According to another study, the influence of different land
use covers on the soil hydraulic properties was investigated, and consequently, different
soil hydrological behaviors to heavy storms were found, and therefore, different runoff
productions were observed [14].

A well-performing hydrological model of a given catchment is in essence a virtual
reflection of how the runoff generation processes vary spatially and temporally and switch
between major flow mechanisms (i.e., surface runoff, subsurface flow, or base flow) [15].
While various runoff processes may occur on a site, only the dominant processes most
likely contribute to the total runoff of the catchment and are significantly dependent on the
site characteristics and the nature of the precipitation event [16,17]. For instance, relatively
flat areas adjacent to the flow channel are disposed to faster saturation (i.e., even during
slight precipitation events) and can quickly transfer water to the river network, which
generally results in a fast runoff response (e.g., saturation overland flow). In contrast,
runoff responses from hillslope zones are relatively slower, even during higher intensity
rainfall events, and may largely contribute to processes such as interflow. Therefore,
models that correctly discern the spatial variability of dominant runoff processes (DRPs)
and identify flow pathways consistent with spatial observations can serve as tools to
make predictions and test the hypotheses of the controls on hydrological responses [18–22].
The spatial information of DRPs in a catchment allow for a thorough evaluation of how
a model represents the spatial distribution of runoff generation and the contributing
areas under different rainfall characteristics and initial catchment conditions. The various
mapping approaches for DRPs differ regarding the time and data required for mapping,
and accordingly, the defined DRP classes might then be different [16,23,24].

While better process representations are required, it has always been quite a challenge
to acquire good quality observed datasets with minimal uncertainty for hydrological model
testing. Such datasets should then ideally transfer information about the changes in storage
and variations in travel time distributions as a catchment wets and dries out, so that
models can confidently be evaluated against the spatial distribution of runoff generation
processes and the internal moisture state in catchments with different properties [25–27].
This highlights the principle that the model evaluation should thus make use of all sources
of data available in a catchment area [25,28]. Antonetti et al. (2019) applied multiple DRP
maps to incorporate the knowledge on DRPs into hydrological modeling. They presented
divergent catchment reactions in terms of DRPs to precipitation events for flash flood
predictions. They implemented synthetic runoff simulations to assess the sensitivity of the
hydrograph to the mapping approach and found that simulations following the simplified
procedures resulted in the strongest deviations from the reference map. Furthermore, in
the Nahe catchment in Rhineland-Pfalz, Haag et al. (2016) [29] also integrated spatially
distributed information on DRPs based on the classification of Scherrer and Naef (2003) [30]
into LARSIM (large area runoff simulation model) for operational flood forecast [31] and
applied different soil parameterizations corresponding to DRPs in the catchment area.

Thereupon, in the present study, we attempted to utilize an available soil hydrological
map for the state of Rhineland-Palatinate (western Germany) from which the DRPs in a
landscape unit are identified [32]. This map reflects different flow processes, which are
plausible based on the site’s characteristics. In this paper, we intend to integrate this process
information into rainfall–runoff model evaluation. Therefore, a methodology was devel-
oped that translates the map content into runoff classes that are consistent with the model
structure in use. This would then enable spatial pattern-oriented evaluation on DRPs, for
which we adopted a multiple-component spatial performance metric (SPAEF) [33]. We then
defined a series of synthetic rainfall events with different intensities on a system moisture
state around field capacity to assess how different rainfall intensities affect the spatial
patterns of DRPs in the catchment. Furthermore, we applied 11 different Pedo-transfer
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functions (PTFs) to translate the information on soil properties into model parameters, since
the choice of PTFs has a distinctive effect on the water balance and runoff generation [7].
Overall, this study aimed to provide a basis to understand and evaluate the observed dif-
ferences in the spatial patterns of DRPs at the catchment scale and to use this information
as a significant constraint in the evaluation process of a hydrological model. This would
allow for the selection of behavioral model parameterizations (rather than compensating
through calibration).

2. Materials and Methods
2.1. Study Area

The Kronweiler catchment in the Nahe Valley is located in the state of Rhineland-
Palatinate in the southwest of Germany. The catchment, with an area of 64 km2, has a
distinct river network, and the elevation ranges from 298 m a.s.l. (in the southeast) to above
720 m a.s.l. (in the north and northwest), resulting in a mean slope gradient of 8.6 and a
notable altitude difference (see Figure 1a; [34]). Soil and geological information (Figure 1b)
were derived from the “Hydrologische Übersichtskarte Rheinland-Pfalz” (2006). Sandstone
mainly occurs in the northern parts, and siltstone underlies the southwest parts of the
region. Dominant soil types are Gleyic and Humic Podzols and Cambisols.

Land use information (Figure 1c) was taken from the Corine land cover dataset (CLC,
2006), which represents forested areas as the largest land use (66%) followed by grassland
(29%), cropland (3.9%), urban (0.9%), and wasteland (0.2%). While forests are patchily
scattered throughout the catchment, they large cover the northern areas and the areas
around the river network in the south. There are also grasslands distributed evenly over
the entire area, except for the highlands in the north.
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Figure 1. Topography (a), geology (b), and land use (c) of the Kronweiler catchment.

2.2. Model Setup and Parameterization

The hydrological model WaSiM (http://www.wasim.ch, accessed on 17 February 2023)
was applied to analyze the water balance and runoff generation processes in the catchment. As
a distributed and deterministic model, WaSiM provides physical descriptions of the involved
hydrological processes. It applies Richard’s equation [35] to simulate unsaturated water
fluxes in the soil and uses van Genuchten parameters [36] for the parameterization of the soil
hydraulic properties. WaSiM represents the soil as a layered column. This means, for each
soil horizon, that the layer thickness and water retention curve are separately defined. Every

http://www.wasim.ch
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horizon within a soil profile is characterized with a specific permeability. To describe the
water retention curve, estimations of the van Genuchten parameters as well as the saturated
hydraulic conductivities are required (i.e., by using PTFs). The model indicates different
runoff response types (fast, intermediate, slow) by simulating the three runoff components
surface runoff, interflow, and base flow. A detailed description of the procedure by which the
model determines the DRPs in the catchment is presented in the Section 2.4.2).

The model was set up with a spatial resolution of 50 m and a temporal resolution of
1 h. The required input time series of precipitation, temperature, relative humidity, global
radiation, and wind speed were taken from the meteorological station of Dienstweiler
(https://www.wetter.rlp.de/agrarmeteorologie, accessed on 17 February 2023). The pre-
processing tool of WaSim-ETH TANALYS was applied to derive the necessary spatial data
(e.g., slope, flow accumulation, sub-catchment structure, and stream network). The depth
of the bulk density and organic matter content for each soil type and horizon were adapted
considering the main land use types. The input time series of 6 years (2009–2014) was
used for the model stabilization. Then, the system moisture state on 31 December 2014
represents the catchment moisture condition around field capacity.

Overall, without the interference of model calibration, the model allows for the analysis
of the effects of changes in the soil hydraulic properties and rainfall event characteristics on
the dominant runoff behavior of the catchment and its spatial patterns. In other words, for
the purpose of this study, the exact description of the reality was of minor importance.

A combination of 11 PTFs were applied through different simulation runs to con-
sider the effect of the different soil parameterizations by PTFs on the spatial patterns of
runoff processes in the catchment. Defined PTF combinations (Table 1) determined the
van Genuchten parameters (i.e., θsat, θres, n) and saturated hydraulic conductivity Ksat.
Determination of the Ksat for the combinations of 1 to 7 was carried out according to
the table of the Ad-hoc-AG Boden (2005) [37], while for the combinations of 8 to 10, the
corresponding equations of selected PTFs were applied. The main differences among the
PTFs were the underlying databases, number of considered soil samples, and the selected
input predictors to the equations (i.e., soil texture is included in all PTFs as an input, but
bulk density and organic matter content are not always considered in some of the PTFs).
For detailed information on the following PTF combinations, see [7].

Table 1. PTF combinations to estimate the parameters of van Genuchten (θsat, θres, n) and saturated
hydraulic conductivity Ksat.

PTF Combination Van Genuchten Parameters Soil Hydraulic Conductivity Ksat

1 Wösten et al. (1999) [38] Ad-hoc-AG Boden (2005) KA5 [37]

2 Renger et al. (2009) [39] Ad-hoc-AG Boden (2005) KA5 [37]

3 Weynants et al. (2009) [40] Ad-hoc-AG Boden (2005) KA5 [37]

4 Zacharias and Wessolek (2007) [41] Ad-hoc-AG Boden (2005) KA5 [37]

5 Teepe et al. (2003) [42] Ad-hoc-AG Boden (2005) KA5 [37]

6 Zhang and Schaap (2017):
Rosetta H2w [43] Ad-hoc-AG Boden (2005) KA5 [37]

7 Zhang and Schaap (2017):
Rosetta H3w [43] Ad-hoc-AG Boden (2005) KA5 [37]

8 Wösten et al. (1999) [38] Wösten et al. (1999) [38]

9 Renger et al. (2009) [39] Renger et al. (2009) [39]

10 Zhang and Schaap (2017):
Rosetta H2w [43]

Zhang and Schaap (2017):
Rosetta H2w [43]

11 Zhang and Schaap (2017):
Rosetta H3w [43]

Zhang and Schaap (2017):
Rosetta H3w [43]

https://www.wetter.rlp.de/agrarmeteorologie
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2.3. Synthetic Rainfall Events

We defined a series of synthetic rainfall events with different intensities but fixed
volume to analyze their impact on the spatial patterns of DRPs in the catchment. Instead of
focusing on how well the model reproduces a measured discharge, the word “synthetic”
implies that the focus of this study was exclusively on the differences between the simulated
patterns and patterns derived from a digital soil map. The synthetic rainfall event series
had a consistent total rainfall amount of 100 mm of precipitation and accordingly, ascending
rainfall durations resulted in descending intensities (Table 2). According to the available
rainfall data on large precipitation events in the area, the amount of 100 mm rainfall in 3 to
10 h is realistic. In addition, this amount is high enough to force the model to reach the max-
imum infiltration rates and eventually produce overland flow. In other words, during the
3 up to 10 h of synthetic rainfall, the changes in the spatial distribution of surface runoff,
interflow, and deep percolation were analyzed.

Table 2. Overview of the rainfall characteristics of the synthetic rainfall events. Total rainfall amounts
up to 100 mm of precipitation for all events.

Rainfall Duration (Hours) Rainfall Intensity (mm/h)

3 33.33

4 25

5 20

6 16.66

7 14.29

8 12.5

9 11.11

10 10

The simulation period was set to 7 days to consider the contribution of delayed flow
processes. To ensure that no process other than the main runoff processes (i.e., overland flow,
interflow, and deep percolation) was triggered within the catchment, the air humidity was
set to a constant value of 100%, which prevents evaporation processes. Air temperatures
above 0 ◦C prevent any snow contribution. This ensures that the defined precipitation
amount predominantly transforms into runoff production.

2.4. Determination of Dominant Runoff Generation Process (DRP)
2.4.1. DRP by Reference Soil Hydrological Map

Information on the spatial distribution of runoff processes in a catchment can be
visualized in maps discerning different types of runoff [24]. There are different mapping
techniques for DRPs regarding the required time and data for mapping, and therefore, the
DRP classes might be differently defined [16,23,24,30]. For the Nahe River Basin located in
the state of Rhineland-Palatinate in southwest Germany, a runoff generation (reference) map
is available, which also encompasses the study area Kronweiler [32]. To create this reference
map, in a first step, four reference areas were mapped by experts using the mapping scheme
of Scherrer (2006) [44]. In a second step, a data-driven artificial intelligence method used
(i) these maps, (ii) the output from digital terrain analysis (e.g., slope, distance to stream) [45],
and (iii) spatial information about geology, soil, and land use to generate the final product,
a map of the dominant runoff generation processes, and the reaction time (Table 3) [46,47].
The resulting spatial structure of DRPs is plausible, for instance, if a location is close to
the stream channels or on steep slopes, runoff generation is faster and overland flow or
interflow, respectively, are more likely (Figure 2). If a location is dominated by permeable
soils or permeable geology, deep percolation or (on slopes) interflow are more likely as
dominant DRPs [32].
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Table 3. List of the DRP classes defined in the reference soil hydrological map [32,44].

DRP Class Description

SOF 1 Saturated overland flow Level 1

SOF 2 Saturated overland flow Level 2

SOF 3 Saturated overland flow Level 3

SSF 1 Subsurface flow Level 1

SSF 2 Subsurface flow Level 2

SSF 3 Subsurface flow Level 3

DP Deep percolation
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In Table 3:

(1) Saturated overland flow (SOF) describes the surface runoff, occurring when the
storage capacity is exceeded due to saturation of the soil profile. The levels (or
subclasses) describe the pace of the flow process from very fast (1) to delayed (2) and
strongly delayed (3). Subclass SOF1 arises when the soil is saturated very fast. The
subclasses SOF2 and SOF3 show an increasing saturation deficit, where saturation
happens with a delay.

(2) Subsurface flow (SSF) describes the flow processes within the soil profile, where precipi-
tation water infiltrates through the soil surface. There, it can either be stored or continues
to percolate until reaching the groundwater table. When a well-permeable soil horizon
lies above a less permeable horizon, lateral subsurface runoff can also occur.

(3) Deep percolation (DP) describes the percolation of water to deeper soil horizons.

2.4.2. Determining DRPs Using a Hydrological Model

The rainfall–runoff transformations simulated with WaSiM are represented by three
runoff components. Surface runoff and interflow simulations are directly produced by
the model runs, and by subtracting these runoff components from the total runoff, deep
percolation can be estimated. As a result, each grid cell of the catchment area individually
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represents a runoff process. Here, the evaporation or other intermediate storage is not
triggered. A runoff component comprising 75% of the precipitation is considered dominant.
Therefore, the DRPs can be initially defined into three classes:

1 = Deep percolation is dominant;
2 = Interflow is dominant;
3 = Surface runoff is dominant.
This classification holds true if the respective runoff process is triggered from at least

75% of the total precipitation. However, when there is no runoff process with a 75%
contribution rate and the runoff shares are very close to each other, two further classes can
be defined considering the second largest runoff shares. Accordingly, the grid cells are
assigned to the corresponding DRP classes (Table 4).

Table 4. Dominant runoff classification in WaSIM.

DRP Class Description

1 DP > 75, and/or
DP > SR and DP > IF

1.5
IF > 50 and DP > 25
DP > 50 and IF > 25
DP > 50 and SR > 25

2
IF > 75

IF > 50 and IF > DP
IF > SR and IF > DP

2.5 SR > 50 and DP > 25
IF > 50 and SR > 25

3
SR > 75

SR > 50 and IF > 25
SR > IF and SR > DP

For instance, class 1.5 is assigned whenever one or more of the following conditions apply:

(1) When interflow (IF) is greater than 50% and DP is greater than 25% at the same time, or
(2) If DP is greater than 50% and at the same time IF is greater than 25%, or
(3) When DP is greater than 50% and at the same time the surface runoff (SR) is greater

than 25%.

2.4.3. Reclassification of the Reference Map for DRPs

A common classification must be set because the classes used for the determination
of DRPs for the model simulations and those of the reference map do not match. For this
purpose, the classes of the reference map were adapted to those of the simulation model.
Table 5 shows the reclassification. To give an example, since class DP and DP = in the map
and class 1 in the model both represent deep percolation as DRP, DP and DP = classes of
the reference map were assigned to class 1.

Table 5. Reclassification of the soil hydrologic map corresponding to the hydrological model DRP classes.

DRP Classes in Reference Hydrological Map Corresponding DRP Classes in WaSiM Model

DP 1

SSF 3 1.5

SSF 1 and SSF 2 2

SOF 3 2.5

SOF 1 and SOF 2 3
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2.5. Quantitative Evaluation of Spatial Patterns of DRPs

The accordance of the spatial patterns between the model and reference map was
evaluated by using a spatial efficiency metric (SPAEF, see Equation (1)) developed by
Demirel et al. (2018) [33]. The SPAEF is a multi-component statistical metric inspired by
the Kling–Gupta efficiency [49] that quantifies the spatial similarity between the simulation
patterns and spatial observation. The three components of the SPAEF are (i) the Pearson cor-
relation coefficient (α); (ii) the coefficient of variation (β); and (iii) percentage of histogram
intersection (γ), as follows:

Equation (1). SPAEF spatial efficiency metric formula.

SPAEF = 1 −
√
(α − 1)2 + (β − 1)2 + (γ − 1)2 (1)

where

α = ρ (A, B); β =

(
σA
µA

)
/
(

σB
µB

)
; γ =

∑n
j=1 min

(
Kj, Lj

)
∑n

j=1 Kj

where α is the Pearson correlation coefficient between A (spatial observation by the reference
map) and B (simulated patterns). β is the fraction of the coefficient of variation representing
spatial variability. γ is the histogram overlap for the given histograms K of the patterns
of A and L of the patterns of B, each containing n bins. The spatial efficiency scale value
ranges from −∞ to 1. If the value is above 0, a pattern match can be seen. The better the
similarity between the patterns, the closer the efficiency metric value approaches unity.

3. Effects of Rainfall Intensities on Spatial Patterns of Simulated Runoff Processes

Different rainfall intensities together with different soil hydraulic properties (i.e.,
derived from various PTF combinations) can be applied to simulate the runoff processes
(i.e., surface runoff, interflow, and deep percolation) occurring in the catchment, and
accordingly, the changes in the spatial patterns are illustrated (Figures 3–5). The moisture
pre-condition for the catchment system is considered as the moisture content at the root
zone after an extended rainfall period, which amounts to soil water content near field
capacity. Here, we present only PTF combination 5 [37,42] because it showed the highest
similarity to the reference map.
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A clear variability could be seen in the spatial patterns (Figure 3). For all rainfall
intensities, the patterns of surface runoff with the highest values (about 80 to 100 mm)
were observed in the stream channels or in the adjacent areas, except for some spots close
to the channels (in blue colors), which resulted lower amounts of surface runoff. These
exceptions showed a remarkable decreased runoff value of about 35 mm for the rainfall
intensity of 100 mm/3 h (displayed in light blue) and continued to show lower runoff
values with increasing precipitation duration until it no longer generated surface runoff
for a 6 h precipitation duration and longer (displayed in darker blue colors). In general,
with an increase in the precipitation duration (i.e., decreasing rainfall intensity), spatial
patterns showed a significant decline in the amount of surface runoff, distinctly in the
distant locations from the river courses. These patterns were particularly recognizable
in the high elevations of the catchment in the north and northwest as well as in the low
elevations in the south and southeast, and a sub-area in the center of the catchment.

Obviously, with an increasing rainfall duration, and therefore a decreasing rainfall
intensity, the interflow amount rose (Figure 4). It can be stated that the interflow largely
developed near the river courses (i.e., not in them). It is also remarkable that the interflow
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patterns in the catchment did not change from a precipitation duration of 6 h up to 10 h. If
the total catchment is considered, the interflow usually amounted to 15–20 mm. However,
interflow occasionally reached 35–50 mm in simulations with higher rainfall intensities
(e.g., 100 mm in 3 and 4 h) and only in a small area close to the channels.

Total deep percolation increased mostly within the catchment, as the rainfall duration
became longer (Figure 5). This overall change was markedly pronounced up to the rainfall
event of 100 mm/7 h, while a further reduction in rainfall intensity did not show a clear
increase in deep percolation. Under the highest rainfall intensity (i.e., 100 mm/3 h), the
simulations still showed development of the spatial patterns of deep percolation in the
catchment. These patterns reached amounts between 30 mm and 45 mm in deep percolation
over large areas in the north, northwest, and central areas between the river courses and
eastern parts of the catchment. For the lowest precipitation intensity of 100 mm/10 h, the
upland areas with higher permeability transformed almost all the precipitation water into
deep percolation and produced patterns with amounts of 65–90 mm. Overall, the areas
developing the highest deep percolation shares corresponded to forest land use.

4. Spatial Evaluation of Simulated DRP Patterns

Simulated spatial patterns of DRPs by applying synthetic rainfall events and 11 PTF
combinations were evaluated using a regional reference runoff process map as the perceived
reality. Here, we only present the pattern of simulated DRPs for the rainfall event of
100 mm/7 h due to its pronounced visual similarity to the reference map (Figure 6).
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Figure 6. Spatial patterns of the simulated DRP classes for 11 PTFs and synthetic rainfall event of
100 mm/7 h, and the corresponding reclassified reference map.

Looking at the DRPs all over the reference map, distinct spatial patterns were visible
(Figure 6, bottom right corner). DRP-class 3, which stands for fast surface runoff processes,
was distributed exclusively in the stream channels and riverbanks. Spatial patterns of
DRP-class 2.5, representing a combination of surface and fast sub-surface runoff, covered
a larger area and were mostly located on the steep slopes near the streamflow, forming a
broad strip from the west to the northeast of the catchment. This class was discerned only
occasionally and on a very small scale in the high altitudes of the north and northwest.
Patterns of DRP-class 2 indicating interflow formed a fringe alongside the river courses.
Class 1.5, which represents a shared dominance of rapid and delayed sub-surface runoff,
covered larger parts of the catchment, particularly, in the high elevations in the north and
northwest of the catchment. Patterns of DRP class 1 referring to delayed sub-surface runoff
(deep percolation) were sporadically distributed within the area such as small spots in
the north and northwest boundaries of the catchment, and a more extensive pattern was
distinct in the central part.
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By performing visual inspection, it was observed that PTF combination 5 (Table 1)
showed noticeable spatial similarities with the reference map while also encompassing
differences (Figure 7). These similarities were evident between the simulated and observed
spatial patterns of DRP class 1.5 derived from the digital soil reference map (i.e., delayed
subsurface runoff processes with dominance of deep percolation), in terms of spatial
distribution and area shares, particularly in the north, northwest, and some spots in the
east and mid-catchment area. Moreover, the spatial distribution as well as the area share
of the simulated DRP class 2.5 (i.e., which is more for faster runoff processes such as fast
interflow and surface runoff) clearly corresponded to the reference map (i.e., 28% area share
for simulations and 28.35% in reference map). Patterns of DRP class 1 (i.e., dominance of
deep percolation processes) in the simulations and reference map were evidently consistent
in terms of area share (i.e., 6.45% in the simulations and 7% in the reference map), although
the spatial distributions indicated only slight commonality. The area share of simulated
DRP class 3 (i.e., showing the dominance of fast runoff reactions such as saturated overland
flows) was clearly overestimated, while the spatial distribution of this class was consistent
with the reference map. Nevertheless, simulations with PTF combination 5 represented
only negligible amounts of interflow as the dominant runoff process (class 2) in the entire
catchment, which did not correspond to the reference map.
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Figure 7. Percentage share of DRP classes for the entire catchment in the reclassified reference map
and corresponding simulations for all PTFs and a precipitation intensity of 100 mm/7 h.

In addition to the visual inspection, the spatial patterns of simulated DRPs were evaluated
using the spatial efficiency metric (SPAEF), and the spatial similarities were quantified. Table 6
accordingly reports the results of the spatial evaluation after applying all PTF combinations
and rainfall events, while the green fields indicate positive SPAEF values.

There was an evident variation in the measure of spatial similarity amongst the
simulated DRP patterns. By using different PTFs, the SPAEF values clearly changed.
The highest SPAEF values were found for PTF combination 5, while it increased from
0.06 for 100 mm/5 h rainfall intensity to 0.32 for 7 h and dropped again to 0.17 until 10 h
rainfall. It is also remarkable that in the case of PTF combination 9 and 100 mm/7 h rainfall
intensity, SPAEF reached a maximum value of 0.20, and decreased again for the lower
rainfall intensities to the value of 0.02.
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Table 6. Spatial similarities (SPAEF values) between the simulated patterns of DPR (i.e., for all PTF
combinations and synthetic rainfall intensities) and the reclassified reference runoff process map.
Positive values are in green.

PTFs
Rainfall Intensity 1 2 3 4 5 6 7 8 9 10 11

100 mm/3 h −0.36 −0.64 −0.60 0.05 −0.34 −0.35 −0.39 −0.66 −0.62 −0.10 −0.49

100 mm/4 h −1.13 −0.52 −0.37 −0.01 −0.28 −0.02 −0.23 −0.36 −0.49 0.00 −0.37

100 mm/5 h −5.01 −0.19 −0.34 0.11 0.06 −0.04 0.17 −0.35 −0.48 −0.41 −0.39

100 mm/6 h −6.19 −0.36 −0.33 0.11 0.15 −0.36 −0.01 −0.43 −0.18 −0.89 −0.22

100 mm/7 h −7.22 −0.07 0.15 0.12 0.32 −0.49 −0.05 0.00 0.20 −0.98 0.02

100 mm/8 h −7.26 −0.21 0.20 0.07 0.27 −0.69 −0.04 −0.03 −0.12 −1.07 0.01

100 mm/9 h −7.38 0.15 0.22 0.07 0.23 −0.81 −0.25 0.06 −0.03 −1.18 0.02

100 mm/10 h −7.44 0.13 0.09 0.13 0.17 −0.90 −0.30 0.01 −0.18 −1.28 0.08

Furthermore, PTFs 1, 6, and 10 did not produce positive values. PTF 3 showed
comparatively high values from a duration of 7 h, which increased up to 9 h (0.15 to 0.20 to
0.22), and in turn decreased significantly at 10 h to 0.09. PTF 4 showed consistently positive
values (except for the 4 h duration), even if these only reached a maximum SPAEF of 0.13.
PTFs 2, 7, 8, and 11 only showed negligible positive values.

5. Discussion

A spatial pattern-oriented evaluation on dominant runoff processes was performed by
integrating the process information of the reference soil hydrological map of the region. The
map contents were translated and reclassified into the DRP classes that were consistent with
the corresponding modeling approach. Model reactions to the precipitation intensities in
terms of producing spatial patterns of DRPs were analyzed regarding the spatial structure
of the catchment. To translate the information on soil properties into the model parameters,
11 PTF combinations were incorporated into the model parameterization scheme as the
test cases exploring how the hydrological system functions. As a result, information on
soil water retention and hydraulic conductivity, together with the given precipitation data,
were considered to determine the runoff processes across the catchment.

The results described here reveal the wide range of model reactions to precipitation
events. Runoff patterns varying from tiny percentages to more than 90% of the applied
rainfall rates were observed within the catchment area. Moreover, different PTF combi-
nations also caused a large variability in the spatial distribution and magnitude of the
simulated DRPs. PTFs impact the soil water capacity and hydraulic conductivity. This may
then control the types of catchment reaction to the rainfall event (i.e., fast, or slow) in terms
of percolation or water redistribution, leading to different runoff generation processes in
hillslopes and alluvial plain [50].

The above results show that simulations of surface runoff, interflow, and deep percola-
tion (Figures 3–5) exhibited discernable variations in developing the spatial patterns within
the catchment under different rainfall events. In general, this can be mainly explained by
the spatial structure of the catchment under study, and thus attributed to the drivers such
as precipitation intensity and duration, varying physiographic features of the catchment
(i.e., the soils, topography, land slope and aspect, and local climate), infiltration capacity,
and antecedent conditions [15]. Areas with steeper slopes and fine-grained soils (e.g., in
the mid-catchment, east and western parts) were more responsive to rainfalls with higher
intensity and shorter duration in promoting the generation of faster runoff processes. High-
est surface runoff patterns were largely found in the river courses and riparian zones in
the alluvial plain. Moreover, in the model, there was continuous connectivity between the
groundwater module and the stream network, where interactions of shallow groundwater
and surface water system further increased the soil moisture in the unsaturated zone due
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to capillary rise. In fact, in alluvial plains, a shallow groundwater table plays a key role in
controlling the hydrological processes within the soil [51–53]. As a result, we saw the re-
markable development of surface runoff patterns in the valley floor and in a strip bordering
the stream network with a constant and gentle slope gradient. This is also consistent with
the results of Wang et al. (2022) [54] and Nanda and Sen (2021) [55], showing that nearly all
precipitation contributed to surface runoff as the soil reached a saturated moisture content.
Detty and McGuire (2010) [56] suggested that in such runoff production processes, when
the groundwater level rises to a near-surface soil, surface runoff is generated because of
the increased effective saturated hydraulic conductivity, which involves the transmission
feedback mechanism. In contrast, soil water stored in steep hillslope zones (i.e., particularly
in the parts between the north and northwest and the alluvial plain, and those on the
south and southwest) contributed largely to interflow generation, while it might only be
released and produce surface runoff only during higher intensity rainfall events [15]. This
might be due to the difference in the topographic relief and geomorphologic characteristics
between the uplands and the low-lying areas in the alluvial plain. The direction of the slope
is from the northwest to the southeast, and evidently, the patterns of interflow occurred
greatly on the steep slopes, and they continued developing until the longest rainfall event.
The far stream uplands of the north and northwest with very gentle slopes is where the
geology contributes to the development of sandy soils, and thereupon, lower surface runoff
and higher deep percolation (and maybe partly interflow) have occurred. Sandy soils are
characterized by intense macropores and a good matrix permeability. Therefore, geological
substratum and terrain slope trigger larger interflow and deep percolation processes, par-
ticularly during longer and less intense rainfall events [57]. This may also be attributed to
greater depths to the saturated zone in the upland areas of the north and northwest, which
equals more available storage in the unsaturated zone and a longer percolation path [50,58].
In addition, extending the rainfall duration leads to greater infiltration of precipitation
water into the deeper soils, and therefore, while surface runoff generation tends to lessen
in longer rainfall events, the interflow and deep percolation processes showed growing
patterns. As a result, an overall tendency of the runoff generation patterns simulated by
the model could be discerned, which was the increase in surface runoff generation while
deep percolation and interflow declined.

To reflect the antecedent soil moisture, we considered the condition after a persistent
period of rainfall through December 2014 that corresponded to some moisture storage
availability for the event water (i.e., soil water deficit), allowing for the infiltration of the
rainfall into soil [50]. For example, even for the highest rainfall intensities, there may still
be about 30–35% of deep percolation generated in areas on the alluvial plains in the vicinity
of the river network, which still showed a slight infiltration capacity, and even 60% of deep
percolation generated in some parts of the uplands during intensive rainfalls. Production
of these patterns may be due to the high permeability of the soil, which still exists in these
spots of the catchment.

By reclassifying the regionalized data-mining-based digital DRP map (reference map),
the corresponding DRPs could be translated into numerical classes that were commensurate
to the model’s definition of DRPs. This allowed for a spatial comparison of the simulated
DRPs and the reference map (i.e., as a benchmark for our perceived reality) for which a
measure of spatial similarity was applied. The spatial efficiency metric (SPAEF) quantified
the overall similarities (i.e., that encompasses both the amount and distribution of the
processes in the spatial domain) between the simulated patterns and discerned the DRP
patterns by the reference map. Regarding a defined system moisture precondition, a runoff
process was identified to be dominant for a given rainfall event type and specific soil and
topographic characteristics at a certain location, and subsequently by using different PTFs
into modeling. Accordingly, the results showed that only the simulations for the rainfall
event of 100 mm/7 h embraced the most pronounced visual similarity to the reference
map. In contrast, shorter rainfall events with higher intensities (e.g., 3 and 4 h rainfall
events) produced the lowest spatial contrast and the smallest similarities to the reference
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map. Surface runoff was the dominant runoff process in the catchment. The application of
synthetic precipitation events to modeling makes the spatial evaluation of the DRPs more
feasible as it excludes certain influencing factors such as evapotranspiration.

Using this methodology, we could, in general, examine the effects of different PTFs
showing a decisive role on dominant runoff production on a specific location and under the
given rainfall characteristics. Paschalis et al. (2022) explained that the complex topography
(e.g., in small catchments) particularly amplifies the importance of PTF uncertainties, where
the choice of PTF indicates a significant effect on the hydrological fluxes within the drainage
basin [59]. Furthermore, through a sensitivity analysis, Weihermüller et al. (2021) [60]
also emphasized that choosing different PTFs in hydrological models causes a substantial
variability in the simulated fluxes and soil water capacity distribution across the land. In
our results, as far as the overall similarity is concerned, PTF combination 5 (Table 1) most
closely corresponded to the pattern of DRPs in the existing reference map (i.e., in terms
of producing the reasonable patterns for all three processes of surface runoff, interflow as
well as deep percolation across the catchment area). However, when looking at individual
DRPs separately, we could see, for instance, no similarity between PTF combination 5 and
the reference map regarding the patterns of interflow whereas PTFs of 10 and 11 could
represent the spatial patterns of interflow with higher similarities to the reference map. A
possible explanation for why PTF combination 5 showed the greatest overall similarity
might be that the soil database used to develop the PTF was extracted from the forest and
agricultural soil in Germany [42]. This is perhaps one of the reasons why the soil samples
used in Teepe et al. (2003) [42] corresponded more closely to the soil types in our study
area, with 66% forests and about 33% agricultural land, whereas the rest of the PTFs used
soil samples from around the world, and not just from Germany.

This study demonstrates that a local reference map of DRPs provides a useful tool for
model evaluation. The availability of good quality datasets would ultimately allow for the
examination of fitness-for-purpose models across a wide range of conditions [25,61–63].
For example, performing the spatial pattern-oriented evaluation, Gaur et al. (2022) [10]
estimated the uncertainty associated with the spatial pattern-based evaluation of the MIKE
SHE model for the Subarnarekha Basin. In another study, Dembélé et al. (2020) introduced a
new bias-insensitive metric based on pixel-by-pixel locational matching that could be used
to improve the calibration of a hydrological model on the spatial patterns of hydrological
processes derived from a data-mining-based digital soil map [64]. While our study was in
essence a sensitivity analysis, it did not include model verification using measured fluxes
and it only employed one model.

6. Conclusions

The overall goal of the current work was to focus on improving the spatial representa-
tion of dominant runoff processes in a hydrological model using spatial pattern information
from a regional soil hydrological map. Evaluating the plausibility of reproduced dynamics
of the hydrological system, a bias-insensitive and multicomponent metric was applied
for spatial pattern matching. 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. Considering the spatial structure of the catchment, we
analyzed the model’s reaction to various synthetic rainfall events in terms of reproducing
the spatial patterns of DRPs. Moreover, multiple PTFs were incorporated in the model
parameterization scheme as the test cases translating the information on soil properties into
model parameters. In general, the information on the soil hydraulic properties, together
with the given rainfall data, were considered to determine the runoff process dynamics.
As a result, the different models’ reactions to reproduce the patterns of DRPs could be
distinguished. This spatial information would ultimately reflect the distribution of hetero-
geneities that are important in rapid runoff generation under wet conditions or retention
under dry conditions. Such improvements will be an asset for spatial hydrology and large-
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domain water management applications (e.g., flood forecast, drought monitoring, and
water accounting). This, in fact, will contribute to solving some of the issues (e.g., spatial
variability and modeling methods) identified as the 23 unsolved problems in hydrology
in the 21st century [65]. However, to the best of our knowledge, only a few studies have
applied the spatial observation of DRP by regional soil maps into the spatial evaluation
of models. The present study, nevertheless, will progress toward a comprehensive model
calibration procedure considering multiple data sources simultaneously, with the specificity
of incorporating the spatial patterns of satellite remote sensing data as well as reference
DRP maps in the parameter estimation method to reproduce the plausible dynamics of the
various hydrological processes (e.g., evapotranspiration, soil water storage, and runoff).
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