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Abstract: In the case of ungauged catchments, different procedures can be used to derive the design
hydrograph and design peak discharge, which are crucial input data for the design of different
hydrotechnical engineering structures, or the production of flood hazard maps. One of the possible
approaches involves using a hydrological model where one can calculate the design hydrograph
through the design of a rainfall event. This study investigates the impact of the design rainfall on the
combined one-dimensional/two-dimensional (1D/2D) hydraulic modelling results. The Glins¢ica
Stream catchment located in Slovenia (central Europe) is used as a case study. Ten different design
rainfall events were compared for 10 and 100-year return periods, where we used Huff curves for
the design rainfall event definition. The results indicate that the selection of the design rainfall event
should be regarded as an important step, since the hydraulic modelling results for different scenarios
differ significantly. In the presented experimental case study, the maximum flooded area extent was
twice as large as the minimum one, and the maximum water velocity over flooded areas was more
than 10 times larger than the minimum one. This can lead to the production of very different flood
hazard maps, and consequently planning very different flood protection schemes.

Keywords: design storm; hydraulic modelling; flood hazards; Glins¢ica catchment; hydrological
modelling; Huff curves; HEC-RAS

1. Introduction

Floods are one of the natural disasters that cause a large amount of economic damage and
endanger human lives all over the world [1]. Moreover, a warming climate may cause more frequent
and more extreme river flooding in the future, although a consistent trend over the past 50 years in
Europe has not been detected [2]. However, Bloschl et al. [2] showed substantial changes in flood
timing of rivers in Europe. Similar conclusions can also be made for Slovenia [3]. Altogether, floods
are still one of the natural disasters that cause large amounts of economic damage and have significant
direct and indirect consequences for the environment and society; by properly designing different
flood protection schemes, one can manage flood risk, and consequently reduce the casualties due to
flooding [4].

In order to design either green or grey infrastructure measures to reduce flood risk, the information
about the design discharge or design hydrograph is needed. If discharge data is available, one can
perform either univariate [5] or multivariate [6] flood frequency analysis in order to define design
variables. When no discharge data is available, other approaches can be used to define the design
variables. Bloschl et al. [7] made a comprehensive overview of methods that can be used for predictions
of different hydrological variables in cases of the so-called ungauged catchments. One of the methods
that can be used to estimate design variables in such cases is also the application of a hydrological model
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to define the design peak discharge or the complete design hydrograph [8,9]. Besides hydrological
model parameters that have to be estimated during the calibration of the selected model, a design
hyetograph definition has a significant impact on the model results [10-16]. In order to construct
a design rainfall event for flood risk assessment, several methods can be applied (e.g., constant
intensity method, triangular hyetograph, Natural Resources Conservation Service (NRCS) design
storm, frequency-based or alternating block method, and Huff method), most of which are based on
intensity—duration—frequency (IDF) relationships, namely on a single point or the entire IDF curve.
Using the IDF relationship, we can estimate the frequency or return period of specific rainfall intensity
or rainfall amount that can be expected for certain rainfall duration.

However, the same discharge value can be derived from different combinations of storm duration
and its return period [13]. In addition to the amount of rainfall with the selected magnitude, the two
most important factors related to the design hyetograph selection are the design rainfall duration,
and rainfall distribution within the rainfall event (which is also called internal storm structure or
temporal rainfall distribution) [15,16]. éraj et al. [14] have shown that a combination of rainfall
duration that is significantly longer than the catchment time of concentration, and constant rainfall
intensity within the design rainfall event can yield significantly different (more than 50% smaller)
design peak discharges than design hyetographs with a rainfall duration that is approximately equal
to the catchment time of concentration and the application of non-uniform (i.e., actual/real) rainfall
intensity distribution. The essential differences in the time-to-peak of the resulted hydrographs of the
hydrological model and differences in peak discharge can also be the consequence of the maximum
rainfall intensity position within the design hyetograph [10,13,14,17].

However, to obtain a typical rainfall distribution within the rainfall event for a region, Huff curves [18]
can be used that connect the dimensionless rainfall depth with the dimensionless rainfall duration of
an individual rainfall station or region, based upon locally gauged historical data. As such, Huff curves
represent typical rainfall characteristics of a region [19,20]. These curves were recently derived for
several Slovenian rainfall stations [21]. DolSak et al. [21] demonstrated that the variability in the
Huff curves using different probability levels generally decreases with increasing rainfall duration.
The median Huff curve (50%) can be regarded as the most representative, and ought to be used for
constructing the design hyetographs [22]. Thus, it appears that a definition of a design hyetograph
is one of the most important parts of the hydrograph definition, in cases when hydrological models
are used.

In practical engineering applications, design hydrographs are often used as inputs to the
hydraulic models in order to determine flooded areas, the impact of the proposed flood protection
measures on the flood risk, and similar practical applications. Input hydrographs are one of the
most important parameters that can have a significant impact on the hydraulic flood modelling
results [23]. Savage et al. [23] have shown that input hydrographs have a significant influence on
modelling results, especially during rising limb of the hydrograph. During peak discharge, the channel
friction parameter has the largest impact, whereas during the recession part of the hydrograph,
the floodplain friction parameter plays an important role. For the predictions of the flood extent,
it has been observed that the dominant hydraulic model input factors shift during the flood event.
Hall et al. [24], who performed a global sensitivity analysis using flood inundation models, also made
similar conclusions. It was found that the Manning roughness coefficient has the dominant impact
on uncertainty in the hydraulic model calibration and prediction [24]. The same finding was also
reported by Pestotnik et al. [25], who analysed the possibility of using the two-dimensional (2D)
model Flo-2D for hydrological modelling for the case of the Glins¢ica River catchment in Slovenia.
Additionally, boundary conditions are also one of the factors that can have a significant impact on
hydraulic modelling results [26].
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However, the relationship between the design hyetograph selection and hydraulic modelling
results remains unclear. Examples of modelling results include the flood extent or flow velocities
over floodplains, which can have a significant impact on the stability of a human body or a vehicle
in floodwaters [27-30]. Even though some researchers doubt the usefulness of the flood water flow
velocities as the appropriate parameter to model flood damages [31], the implementation of the 2007
European Union (EU) Flood Directive governs the determination and zonation of hazards areas using
a combination of flood water depths and flow velocities. Different flood hazard zones are then used
for the planning of preventive measures, such as the restriction of construction in areas with high flood
hazards [32]. Knowing the uncertainty in the assessment of flood hazard and flood risk areas is an
important task in flood risk reduction, as the uncertainty in the decision-making process for natural
hazards in mountains has been recognised [33,34].

Therefore, the main aim of this study is to explore the relationship between the design hyetograph
definition, and hydraulic modelling results. For this purpose, the Glins¢ica Stream catchment in central
Slovenia was selected as the case study. The specific aims are as follows:

(i) to quantify the effect of rainfall duration on hydraulic modelling results (e.g., flood extent,
floodwater velocities);

(i) to quantify the impact of temporal rainfall distribution within a rainfall event on hydraulic
modelling results, and

(iii) to compare the differences between flood modelling results (floodplain extents, velocities,
volumes, and water depths) for the events with 10 and 100-year return periods.

2. Data and Methods

2.1. Catchment Description

The Glins¢ica Stream catchment was selected as the case study in order to investigate the impact
of the design rainfall on the hydraulic modelling results. The Glins¢ica Stream catchment is part of
the Gradas¢ica River catchment that drains into the Ljubljanica River. This river is part of the Sava
River catchment; the Glins¢ica Stream catchment is situated in the central part of Slovenia, and reaches
into the eastern part of the urban area of the capital city of Ljubljana (Figure 1). The stream has its
source under the southeastern slopes of the hills of Polhograjsko hribovje, and at the village of Podutik,
it passes into the flat area of the Ljubljana plain. The topography of the catchment is comprised
of hilly areas to the east and west, and a flat plain area in the south. The relief of the Glins¢ica
Stream catchment is diverse, comprising hilly headwater areas, as well as flat plains. The Glins¢ica
Stream catchment is one of the hydrologic experimental catchments in Slovenia [35,36]. Table 1 shows
some basic properties of the Glins¢ica Stream catchment. It has already been studied in some of the
previous studies, and a more detailed description of the catchment is provided by Bezak et al., Sraj et al.
and Brilly et al. [8,14,37]. The lowland areas of the Gradas¢ica River, once natural floodplain areas,
were partly urbanised in the last couple of decades, which resulted in an elevated flood risk for the
area. The last major flood occurred in October 2014, when extensive urbanised areas and more than
1000 houses were flooded.

Table 1. Basic characteristics of the Glin¢ica Stream catchment.

Soil Characteristics

Catchment Elevation (According to Soil Mear} {\nn.ual Time Of.
2 Land-Cover . . Precipitation Concentration
Area (km?®) (m a.s.l.) Conservation Service (mm) )
(SCS) Classification)
49% forest, 23% Cand D types with
16.85 from 209 to 590 agriculture land, generally low about 1400 about 6

19% urbanised areas infiltration rates
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Figure 1. Location of the Glins¢ica Stream catchment on a map of Slovenia, and the Glins¢ica River
catchment divided into three sub-catchments. The hydraulic modelling was performed in the 149123
sub-catchment from the beginning (confluence of sub-catchments 149121 and 149122) to the end
(confluence of the Glins¢ica Stream and the Gradas¢ica River) of the river network in this sub-catchment.

The official water level and discharge measurements in Slovenia are performed by the Slovenian
Environment Agency (ARSO). However, in the Glins¢ica Stream catchment, there is currently no
discharge gauging station (there is about 15 years of data available before 1970, but catchment has
significantly changed during the past 50 years [38]; therefore, this data was omitted in this study).
For the purpose of the research projects and investigation of hydrological processes in the experimental
catchment, the water station, which was equipped with an ultrasonic Doppler instrument (Starflow
Unidata 6526 model), was placed in the channel of the Glins¢ica Stream. However, it was only placed
there for the limited period of time [14,37]. This means that design discharges cannot be determined
using the frequency analysis approach [5], the use of a different approach is required in order to derive
the design values for this catchment.

2.2. Hydrological Model

The hydrological model HEC-HMS [39], with a combination of the design hyetographs [21],
was used in the study in order to compute design hydrographs that were further used as inputs
to the hydraulic model. Three different methods were applied in order to construct the design
hyetograph: namely, the Huff method, the constant intensity method, and the frequency storm method.
Descriptions of the applied methods can be found, for example, in Ball, Alfieri et al., Azli and Rao,
Dolsak et al. [11,17,20,21]. Calibration and validation of the hydrological model of the Glins¢ica Stream
catchment was performed by Sraj et al. [14] using measured discharge data obtained as part of the
work that has been done in order to investigate the impact of changed land use (urbanisation) on
the hydrological and biogeochemical processes in the experimental catchment [14,37]. For modelling
purposes, the Glins¢ica Stream catchment was divided into three sub-catchments that are shown in
Figure 1. A detailed description of the calibration and validation of the hydrological model is provided
by Sraj et al. [14].
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2.3. Hydraulic Model

Results of the hydrological modelling were used as inputs to the hydraulic model. Hydraulic
modelling was performed from the begging (confluence of sub-catchments 149121 and 149122) to the
end of the sub-catchment 149123 (confluence of the Glins¢ica Stream and the Gradas¢ica River) (Figure 1).
The Glins¢ica Stream catchment was modelled with hydraulic model HEC-RAS 5.0.3, which enables
one-dimensional (1D) and two-dimensional (2D) unsteady and steady flow simulations [40]. The basic
characteristics of the Glins¢ica Stream catchment hydraulic model are shown in Table 2. Figure 2 shows
a graphical representation of the hydraulic model extent. The connection between the river channel
(1D) and the 2D flow area was defined as a lateral structure, which is one of the options that can be
used to connect 1D flow in a river channel with 2D flow on 2D flow areas [40]. The average cell size on
2D flow areas was 25.2 m? and 25.3 m? for the right bank and left bank 2D flow areas, respectively
(Figure 2). The 2D flow areas were represented by the underlying digital terrain model with a cell
size of 1 m x 1 m, which is available for all of Slovenia. The HEC-RAS preprocessor computes
several geometric and hydraulic characteristics of each cell face that are important for the hydraulic
modelling [40]. The model also includes five bridges that are located in the modelled area [38]. Inflows
to the modelled area are indicated with black lines on Figure 2. The upstream boundary condition
was the flow hydrograph from catchment 149121 (shown in Figure 1), and the downstream boundary
condition was the normal depth and discharge contributions from sub-catchments 149122 and 149123
(shown in Figure 1) were modelled as lateral inflows. Unsteady flow simulations with full momentum
equations [40] were used in this study. The computation interval was 20 s, and a 36-h period was
considered in simulations. Most of the simulations were computed in less than 10 min. All of the
hydraulic parameters in the hydraulic model were kept constant during the simulations of the selected
scenarios that are presented in the next sub-section.

Bl @ 525045
L0854 b&ﬂs@"

Figure 2. Hydraulic model of the Glins¢ica Stream catchment with two large 2D flow areas.
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Table 2. Basic characteristics of the hydraulic model of the Glins¢ica Stream catchment. 2D: two-dimensional.

. Number of Number of 2D Size of 2D ., . .
River Length (m) Cross-Sections Flow Areas Flow Areas Manning’s Roughness Coefficients
Between 0.02 to 0.033 for the river
A .
about 3000 %3 5 0.64 km~ (left) and channel, 0.04 for the flood area within

0.50 km?2 (right) the cross-section, and between 0.06
and 0.1 for the 2D flood area

2.4. Scenarios (Design Rainfall Events)

In order to evaluate impact of the design rainfall on the hydraulic modelling results, the following
10 scenarios (design rainfall events) were determined and applied as inputs to the hydrological model
that was used to compute the flow hydrographs at outflows from individual sub-catchments:

e  Design rainfall was defined based on the 50% (Huff 50%, 6 h), 10% (Huff 10%, 6 h), and 90%
(Huff 90%, 6 h) Huff curves with a rainfall duration of 6 h (this duration is approximately equal to
the catchment time of concentration);

e  Design rainfall was defined based on the 50% Huff curve with a rainfall duration of 2 h (Huff 50%,
2 h), 12 h (Huff 50%, 12 h), and 24 h (Huff 50%, 24 h);

e  Design rainfall was defined as constant rainfall intensity and rainfall duration of 6 h (Const., 6 h);

e  Design rainfall was defined based on the frequency storm method and peak intensity position
at 25% (FreqStorm, peak 25%), 50% (FreqStorm, peak 50%), and 75% (FreqStorm, peak 75%) of
rainfall duration.

All 10 scenarios were conducted for rainfall with 10 and 100-year return periods. Thus, in total,
20 different combinations were evaluated and analysed. More information about the methodology
used to define the Huff curves [21] and intensity—duration—frequency (IDF) curves that were used in
this study is available in Bezak et al. [8]. The Huff and IDF curves from the closest Ljubljana-BeZigrad
station (shown in Figure 1) were used. Moreover, also additional information about the frequency
storm method that was applied in this study is available in Bezak et al. [8]. This method defines the
synthetic design hyetograph using the information from the IDF curves, where for different rainfall
durations (e.g., 5 min, 15 min, 1 h, 2 h, 3 h, 6 h) the rainfall amount defined by the IDF curve is used.
This approach uses the maximum rainfall amounts of different durations as part of one rainfall event,
which is usually not the case in the nature (i.e., there is very low probability that the annual maxima
of different rainfall durations occur in the same event). Consequently, application of the frequency
storm method often results in higher peak discharge values compared to some other design rainfall
definitions (from the engineering perspective, this can be regarded as conservative). The main idea
of comparison of different scenarios was to explore the impact of the rainfall duration and temporal
rainfall distribution within a rainfall event that was defined using Huff curves that were constructed
based on the historical rainfall data for different rainfall durations for several Slovenian stations [21]
on the hydraulic modelling results.

For the 10 and 100-year return period events, we compared the maximum floodplain extent
area, volume of water flowing on the floodplain areas (selected cross-sections are shown in Figure 3),
maximum velocities on floodplains, and outflow hydrographs and maximum water depths for all
10 scenarios.
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Figure 3. Selected cross-sections (1-4) on the floodplain areas that were used to compare volumes
flowing on the floodplains, maximum water velocities on the floodplains, and maximum water depths.

3. Results and Discussion

3.1. 10-Year Return Period Event

In the first step of the study, we obtained hydraulic modelling results for the 10-year return period.
Cases for the selected 10 scenarios were computed, and the results were compared. Figure 4 shows a
comparison among the outflow hydrographs for the applied scenarios considering the 10-year return
period. It can be seen that rainfall duration has a significant influence on the outflow hydrograph.
The scenario that represents the 50% Huff curve with a short rainfall duration of 2 h yields smaller
peak discharge values than the scenario applying the same Huff curve with a rainfall duration of 6 h.
Also, scenarios with longer rainfall durations and the same Huff curve result in smaller peak discharge
values compared to the first scenario (Huff 50%, 6 h), where the rainfall duration is approximately
equal to the catchment time of the concentration. This finding is consistent with the results from the
previous studies, as Sraj et al. [14] documented, which showed that extending the rainfall duration
caused increases in the difference in peak discharge and time-to-peak. Furthermore, also, temporal
rainfall distribution within a rainfall event has an important impact on the outflow hydrograph,
when comparing rainfall events with the same rainfall duration (6 h) (50%, 10%, and 90% Hulff curves,
constant rainfall intensity and frequency storm method (25%, 50%, and 75% peak position)). It can
be seen that the application of the frequency storm method yields larger peak discharge values than
the scenario with 6 h of rainfall duration and the 50% Huff curve and the use of constant rainfall
intensity within a rainfall event results in smaller peak discharges than the rainfall duration scenario
with the Huff 50% curve over 6 h, which has also been reported by other authors [11,13,14,17].
Alfieri et al. [17] argued that the adoption of any rectangular hyetograph significantly underestimates
design hydrograph results. Furthermore, Singh [12] concluded that rainfall patterns with temporal
variability result in higher peak discharges than one with constant rainfall intensity. For the same
return period, different definitions of the temporal rainfall distribution yield different peak discharge
values. Some of these methods that are used to define the temporal rainfall distribution can, from an
engineering point of view, be regarded as conservative or not so conservative. For example, using the
frequency storm method, one can obtain a design discharge that can be regarded as on the safe side
(from the design perspective). On the other hand, the constant intensity method yields smaller peak
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discharge values. Different results can also be obtained using different Huff curves (e.g., 10%, 50%,
or 90%). Moreover, if we do not fix the return period variable, numerous combinations are possible to
define the design hyetograph. Thus, there are alternative approaches possible, such as the so-called
optional design hyetograph [41]. However, this approach was not tested in this study.

Discharge [m3/s]

N

Time [h

@ Huff 503, 6h —@— Huff 10%, 6h Huff 0%, 6h —@— Huff 503, 2h
—@— Huff 50%, 12h Huff 50%, 24h —@—Const., 6h —@— FreqStorm, peak 25%
=@ FreqStorm, peak 50% =——@= FreqStorm, peak 75%

Figure 4. Comparison of outflow hydrographs for 10 selected scenarios for a 10-year return period.

In the next step, we compared maximum flood extents, maximum floodplain velocities, and floodplain
volumes calculated from the hydraulic model simulations. Table 3 shows a comparison of these values
for the 10 selected scenarios for the 10-year return period. One can notice that design rainfall selection
yields more than a 35% difference in the maximum floodplain extent values (Table 3). The minimum
extent of the flood was obtained using a scenario with a short rainfall duration of 2 h, and a 50% Huff
curve, resulting in minimum hydrograph peak discharge. The maximum flood extent was obtained
with the application of a scenario that represents a 90% Huff curve and a rainfall duration of 6 h,
resulting in maximum hydrograph peak discharge. We also analysed which land-use types were
flooded for these 10 scenarios, because flood damage depends on the flooded land-use types and
property values (Table 4). For this purpose, a land use map of Slovenia was used [42]. The results
show that the largest changes were associated with meadowland use type, which also covers the
largest percent of the flooded area (Table 4). In the case of built areas, the largest extension of flooded
areas (6.2 x 10° m?) was calculated for the 90% Huff curve (6-h rainfall duration) scenario, whereas
the smallest flooding extent on the built areas (3.5 x 10% m?) was calculated for the 50% Hulff curve
(2 h rainfall duration) scenario. This also means that flood damage would be the largest for the
previously mentioned scenario (Huff 90%, 6 h). For the 10-year return period, no flow was obtained for
cross-sections 3 and 4, which are located on the 2D flow areas that are shown in Figure 3. This means
that these areas were not flooded. Four times higher maximum water velocities were obtained for the
scenario with a constant rainfall intensity of 6 h than for the scenario with a short rainfall duration of
2 h and the 50% Hulff curve for cross-section 1 on the right bank of the flooded area. The water velocity
has an important impact both on the stability of human body, and vehicles in the floodwater [27-30].
Similarly, also, floodplain volumes for different scenarios differ for an order of magnitude (more than
10 times) (Table 3), which indicates that the design rainfall definition has a significant impact on the
simulated floodwater dynamics. Moreover, we have also compared the maximum water depths for
defined scenarios for the 10-year return period (Table 5). It can be seen that the 90% Huff curve (6 h
of rainfall duration) scenario yielded maximum water depth on the right and left floodplain areas
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(cross-sections 1 and 2) and the 50% Hulff curve (2 h of rainfall duration) scenario resulted in minimum
water depths (Table 5).

Table 3. Comparison among maximum floodplain extents, maximum floodplain velocities, and floodplain
volumes for 10 selected scenarios for the 10-year return period. Bold values indicate maximum values in
each column.

Maximum Volur.ne of Water Maxi.rr'lum Volur'ne of Water Maxi‘n.mm
S . Flood Water Flowing through Velocities at Flowing through Velocities at
cenario ood Wate . . . .
Extent (10° m?) Cross-?ect;on 1 Cross-Section 1 Cross-gectslon 2 Cross-Section 2
(10° m) (m/s) (10° m?) (m/s)
Hulff 50%, 6 h 89.3 42 0.21 2.4 0.17
Huff 10%, 6 h 97.1 4.7 0.34 3.1 0.19
Huff 90%, 6 h 101.1 6.7 0.20 2.5 0.19
Huff 50%, 2 h 65.4 0.5 0.09 1.1 0.15
Huff 50%, 12 h 80.7 3.1 0.14 2.5 0.15
Huff 50%, 24 h 729 23 0.18 20 0.14
Const., 6 h 79.8 1.9 0.46 21 0.16
FreqStorm, peak 25% 929 4.0 0.20 24 0.20
FreqStorm, peak 50% 99.5 55 0.41 2.8 0.19
FreqStorm, peak 75% 100.7 58 0.45 3.5 0.19

Table 4. Area (10° m?) of flooded land use types for 10 scenarios for the 10-year return period.

Land Huff Huff Huff Huff Huff Huff Const.,, FreqStorm, FreqStorm, FreqStorm,
Use/Scenario 50%,6h 10%,6h 90%,6h 50%,2h 50%,12h 50%,24h 6h Peak 25% Peak 50% Peak 75%
Field 15.7 17.1 17.6 11.2 13.9 12.5 14.0 16.4 17.4 17.5
Meadow 55.2 60.6 63.4 38.3 49.3 43.8 48.5 57.7 62.3 63.3
Trees and bushes 14 1.5 1.6 1.0 1.3 1.2 1.3 14 1.6 1.6

Uncultivated

. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
agriculture land
Forest 0.6 0.8 0.9 0.0 0.6 0.4 0.4 0.7 0.9 0.9
Built areas 52 5.8 6.2 3.5 43 3.7 44 54 6.0 6.1
Water 11.3 11.3 11.3 11.3 11.3 11.3 113 11.3 11.3 11.3

Table 5. Comparison of maximum water depths for cross-sections 1 and 2 for different scenarios for
the 10-year return period.

Scenario Maximum Water Depth at Maximum Water Depth at
Cross-Section 1 (m) Cross-Section 2 (m)

Huff 50%, 6 h 0.25 0.49
Huff 10%, 6 h 0.30 0.56
Huff 90%, 6 h 0.33 0.59
Huff 50%, 2 h 0.11 0.26
Huff 50%, 12 h 0.22 0.47
Huff 50%, 24 h 0.18 0.39
Const.,, 6 h 0.20 0.41
FreqStorm, peak 25% 0.28 0.51
FreqStorm, peak 50% 0.32 0.57
FreqStorm, peak 75% 0.33 0.59

3.2. 100-Year Return Period Event

We have also applied all 10 scenarios for the 100-year return period. Figure 5 shows a comparison
of outflow hydrographs for the considered scenarios for the 100-year return period. Compared to
the 10-year event (Figure 4), higher peak discharge values were obtained for all of the scenarios,
as expected (Figure 5). Similarly, as for the 10-year return period, the maximum peak discharge value
was obtained for the scenario using the frequency storm method, with a peak intensity position at
75% of the rainfall duration. On the other hand, the smallest peak discharge value was calculated for
scenario based on the 50% Huff curve and 24 h of rainfall duration. Table 6 shows a comparison among
the maximum floodplain water extents for investigated cases. The scenario based on the frequency
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storm method and a peak position at 75% yielded a floodplain extent that was about twice as large as
the scenario that used the 50% Huff curve and 24 h of rainfall duration (Table 6). This means that the
difference in the peak discharge value for a factor of 1.4 can result in a floodplain water extent that is
more than twice as large (Figure 5 and Table 6). Figure 6 shows a comparison between the scenarios
that caused the minimum and maximum floodplain extent for the 100-year return period. We also
compared the volume of water flowing through cross-sections 1-4 (Figure 3), and the maximum water
velocities through these cross-sections (Tables 6 and 7). The maximum floodplain water velocities
exceed 1.2 m/s, and the differences among the maximum water velocities were more than 10 times for
some of the scenarios (Table 7). Similar conclusions can also be made for the volume of water flowing
through the different floodplain cross-sections (Tables 6 and 7). Table 8 shows which land use types
were flooded during all of the considered scenarios for the 100-year return period. Similarly, as for the
10-year return period, the largest percentage of the flooded area was meadows. For the built areas,
the largest extension of flooded areas (22.4 x 10> m?) was calculated for the FreqStorm, peak 75%
scenario, whereas the smallest flooding extent over the built areas (8.1 x 10°> m?) was calculated for
the Huff 50%, 24-h scenario. Differences in the design rainfall resulted in a changed extension of the
flooded built areas by a factor of 2.8. This poses huge uncertainty in predictions of the maximum
flood extent (e.g., for a decision-maker). Further, the uncertainty in flood extent makes it difficult
to assess potential flood damages (e.g., by using depth—-damage curves), or plan future changes in
land use in the flood hazard areas. Moreover, Table 9 shows a comparison between the maximum
water depths for different scenarios for the 100-year return period. While the difference between
the maximum and minimum water levels at the selected cross-sections seems small (in the range
of 6-8 cm), it is well known that small changes in the shallow overflooding depth in urban areas
can considerably increase the direct and indirect damage on buildings and urban infrastructure [43].
A review of flood damage studies revealed that that the variation in flood damage to properties could
not be explained by inundation depth alone, and should be combined with other factors [44], such as
water flow velocity. However, the results of our study show that the water velocities at the selected
flood plain cross-sections can vary by a factor of 10.

Discharge [m?/s]

me [h]

== Huff 50%, bl —— Huff 10%, th Huff 90%, 6h i Huff 50%, Zh
—@— Huff 50%, 12h Huff 509, 24h i Const., Gh == FreqStorm, peak 25%
—@— FreqStorm, peak 50% —@=— FreqStorm, peak 75%

Figure 5. Comparison of outflow hydrographs for the 10 selected scenarios for the 100-year
return period.
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Table 6. Comparison among maximum floodplain extents, maximum floodplain velocities, and floodplain
volumes (cross-sections 1 and 2) for the 10 selected scenarios for the 100-year return period. Bold values
indicate the maximum values in each column.

Volume of Water Maximum Volume of Water Maximum

Maximum Flood Flowing through Velocities at Flowing through Velocities at

Scenario W?;‘(’; ]f::;c)ent Cross-Section 1 Cross-Section 1 Cross-Section 2 Cross-Section 2
(103 m3) (m/s) (10® m3) (m/s)
Huff 50%, 6 h 203.7 23.8 0.25 6.1 0.26
Huff 10%, 6 h 243.6 259 0.27 6.9 0.29
Huff 90%, 6 h 245.2 27.2 0.26 6.7 0.26
Huff 50%, 2 h 144.5 15.7 0.31 45 0.24
Huff 50%, 12 h 149.1 28.3 0.69 5.9 0.22
Huff 50%, 24 h 134.7 38.2 0.18 7.0 0.20
Const., 6 h 165.3 21.5 0.64 5.0 0.24
FreqStorm,
peak 25% 237.4 27.1 0.26 53 0.28
FreqStorm,
peak 50% 271.8 29.7 0.27 6.8 0.27
FreqStorm,
peak 75% 279.9 28.3 0.28 7.2 0.28

Table 7. Comparison among maximum floodplain velocities and floodplain volumes (cross-sections 3
and 4) for different scenarios for the 100-year return period. Bold values indicate the maximum values
in each column.

Volume of Water Maximum Volume of Water Maximum
Scenario Flowing through Velocities at Flowing through Velocities at
Cross-Section 3 Cross-Section 3 Cross-Section 4 Cross-Section 4
(10° m?) (m/s) (10° m?) (m/s)
Huff 50%, 6 h 8.0 0.54 2.6 0.16
Huff 10%, 6 h 11.9 0.64 5.0 0.44
Huff 90%, 6 h 11.4 0.49 4.8 1.38
Huff 50%, 2 h 2.7 0.75 0.6 0.13
Huff 50%, 12 h 52 0.93 1.2 0.13
Huff 50%, 24 h 3.8 0.32 0.8 0.12
Const., 6 h 5.3 0.84 1.1 0.14
FreqStorm, peak 25% 10.6 0.67 41 0.44
FreqStorm, peak 50% 13.7 0.41 6.5 0.46
FreqStorm, peak 75% 14.8 0.53 7.1 0.45

Table 8. Area (10% m?) of flooded land use types for the 10 selected scenarios for the 100-year return period.

Huff Huff Huff Huff Huff Hulff

Land Const., FreqStorm, FreqStorm, FreqStorm,
. 50%, 10%,6  90%,  50%,  50%,  50%, - o 0
Use/Scenario 6h h 6h oh 12h 24 h 6h Peak 25% Peak 50% Peak 75%
Field 41.5 52.7 52.5 21.7 22.7 20.3 29.1 50.2 59.8 62.1
Greenhouse 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.3 0.3 0.8
Orchard 44 10.2 10.2 0.0 0.0 0.0 0.0 9.6 10.7 10.8
Meadow 112.6 128.7 130.2 91.6 94.8 88.4 99.2 126.3 140.7 144.2
Trees and 41 59 59 24 24 22 2.7 55 6.9 7.2
bushes
Uncultivated 16.2 182 185 7.1 7.6 31 116 181 19.0 19.1
agriculture land
Forest 14 15 1.6 1.3 1.3 1.2 1.3 1.5 1.9 2.0
Built areas 12.2 149 15.1 9.1 9.1 8.1 10.1 14.6 21.2 224

Water 11.3 11.3 11.3 11.3 11.3 11.3 11.3 11.3 11.3 11.3
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Figure 6. Comparison between the maximum floodplain extent for scenarios (vi) and (x) indicated
with orange and light blue, respectively, for the 100-year return period.

Table 9. Comparison of maximum water depths for cross-sections 1 and 2 for different scenarios for
the 100-year return period.

Maximum Water Depth at Maximum Water Depth at

Scenario Cross-Section 1 (m) Cross-Section 2 (m)

Huff 50%, 6 h 0.52 0.80
Huff 10%, 6 h 0.57 0.84
Huff 90%, 6 h 0.57 0.85
Huff 50%, 2 h 0.46 0.75
Huff 50%, 12 h 0.47 0.75
Huff 50%, 24 h 0.45 0.73
Const., 6 h 0.49 0.77
FreqStorm, peak 25% 0.57 0.84
FreqStorm, peak 50% 0.60 0.86
FreqStorm, peak 75% 0.60 0.86

4. Conclusions

This study presents combined hydrological and hydraulic modelling results for the Glins¢ica
Stream catchment in Slovenia, which can be regarded as a small-scale catchment (less than 20 km?) that
is ungauged in terms of discharges. This means that approaches suitable for ungauged catchments are
the only option in order to derive design hydrographs, and more specifically design peak discharge
values. This study evaluates 10 different design rainfall events (scenarios) that were used as input to the



Geosciences 2018, 8, 69 13 of 15

hydrological model. Both 10 and 100-year return period events were analysed. By using calibrated and
validated hydrological models, the inputs for the hydraulic model were determined. Thus, the main
aim was to evaluate the influence of the design rainfall selection in terms of the rainfall duration
and temporal rainfall distribution defined using Huff curves on the hydraulic modelling results
(e.g., shape of the outflow hydrograph, peak discharge values, floodplain water extents, maximum
floodplain water velocities, and maximum water depths).

The 10 selected and considered scenarios in the study show that the maximum peak discharge
value using different design hyetographs and rainfall durations can be 1.4 times larger than the
minimum peak discharge value. At the same time, the maximum floodplain extent can be two times
larger than the minimum flood extent, and the maximum floodplain water velocity can be 10 times
larger than the minimum floodplain velocity scenarios. This means that design rainfall definition can
significantly influence the hydraulic modelling results.

Thus, we recommend that the selection of the design rainfall event should be selected with care,
and with the consideration of the typical temporal rainfall distribution of the region, which can be
described using the Huff curves. Moreover, in order to select the crucial rainfall duration, an analysis of
the past flood events could be useful, with the aim of identifying rainfall characteristics that can result
in an extreme flood event, such as duration. In combination with the catchment time of concentration,
this could be used to select the rainfall duration.
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