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Abstract

Flood extent maps (FEM) and flood hazard maps (FHM) serve as legal instru-
ments for spatial planning, decision-making, strategic flood risk planning,
and public awareness, supporting sustainable and safe land use along the
river corridor. This study aims to improve existing FEM and create FHM
for the Sanica river, prone to frequent flooding. The existing FEM were
developed using a 1D HEC-RAS model under steady-flow conditions, apply-
ing a single uniform Manning roughness coefficient along the entire river
reach. The study presents the first application of an unsteady 2D HEC-RAS
model along Sanica river, integrating LiDAR-based topography and updated
hydrological data to derive FEM and FEH for common return periods. The
final 2D hydraulic model was selected through calibration of seven variants
of the Manning roughness coefficient, three lumped and four distributed,
with the optimal configuration identified based on three goodness-of-fit
measures. The comparison of 1D and 2D FEM shows close agreement in
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morphologically confined canyon reaches, while significant differences occur
in river sections with floodplain inundation and dominant 2D flow. These
results indicate that model dimensionality can be selected based on reach-
scale morphology, enabling the use of 1D models in canyon sections to reduce
computational time, while applying 2D models only where complex flow
dynamics are present within the Sanica river study area.

Keywords: Flood extent map, flood hazard maps, 2D hydraulic modelling,
GIS, Manning’s coefficient, Sanica river.

1 Introduction

Floods are among the most frequent and destructive natural hazards world-
wide, with increasingly severe socioeconomic and ecological consequences
driven by rapid urbanization, land-use changes, and climate variability [1, 2].
In the context of Bosnia and Herzegovina (BIH), these global drivers are
further exacerbated by the country’s geographical and climatic characteris-
tics, the institutional complexity and fragmentation of the water management
sector, and limited investments in preventive measures. The flood event
in 2014, one of the most destructive floods that affected BIH and the
region [3-6], clearly demonstrated the need for improved planning, inter-
institutional coordination, and the application of advanced technical tools
for flood protection. This event prompted a series of targeted actions imple-
mented by the competent water management agencies in the subsequent
years.

Creating flood extent maps (FEM) and flood hazard maps (FHM) for
different return periods are particularly significant for planning of adequate
flood protection. According to the Water Law of BIH, FEMs serve as a
key regulatory instrument in spatial planning and in determining minimum
construction setbacks. In accordance with the EU Floods Directive [7],
FHMs provide detailed identification of areas potentially exposed to flooding,
including assessments of water depth, extent, and flow dynamics. These maps
form the basis for both strategic and operational flood risk management
[8-10] supporting the development of protection plans, informed spatial
decision-making, and increasing public awareness of flood hazards [11, 12].

The application of hydraulic modelling is a fundamental component in
the development of FHM [13], as it enables a quantitative assessment of
the interaction between watercourses, surrounding terrain, and hydraulic
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processes during extreme hydrological events. Contemporary hydraulic mod-
els include various approaches and levels of complexity [14, 15] from
simplified one-dimensional (1D) models [16, 17], through combined 1D/2D
approaches [18], to fully two-dimensional (2D) models that provide detailed
representation of horizontal water movement over complex terrain [19-21].

Although each model type has its specific purpose depending on the
analysis objective and data availability, 2D models have proven to be reliable
and effective tool for flood inundation modelling [22-24]. Their ability to
continuously describe spatial patterns of flooding, as well as distributed flow
velocities and water depths, significantly enhances the accuracy of identifying
high-hazard risk zones.

The reliability of hydraulic model outputs is primarily governed by the
accuracy of input data and the adequacy of the selected model framework.
The accuracy of hydrological inputs, particularly flood quantile estimates,
depends on both the length of the available discharge time series and the
appropriateness of the assumed probability distribution. Furthermore, accu-
rate terrain representation is a fundamental requirement for flood modelling.
LiDAR-derived Digital Terrain Models (DTMs) ensure high-resolution topo-
graphic detail, which is essential for reliable flood extent delineation [8,
25-30]. With respect to hydraulic parameters, the selection of Manning’s
roughness coefficient remains a key source of uncertainty due to its substan-
tial impact on simulated flow conditions and water levels [31-34].

In this study, FEM and FHM were developed for the flood-prone Sanica
river. Existing FEMs produced using 1D steady-flow modelling are of limited
applicability in morphologically complex reaches with significant inundation
and dominant 2D flow, where 2D hydraulic modelling is required. Moreover,
the hydrological input in existing FEM was based on a relatively short 24-
year annual maximum series, not accounting for recent extreme events. To
address these limitations, the present study applies advanced 2D unsteady-
flow modelling supported by a high-resolution 1 m LiDAR-derived DTM.
The hydrological analysis was updated to include extreme events recorded
up to 2023. Hydraulic simulations were performed using HEC-RAS 2D
hydraulic model, complemented by a sensitivity analysis of Manning’s rough-
ness coefficient based on land-use categories. Free QGIS software is used
for data processing, FEM creation and results visualization. The resulting
FEM and FHM provide improved spatial accuracy in reaches with extensive
inundation.
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2 Materials and Methods
2.1 Study Area

The Sanica river, located in western BIH, is a 22 km long tributary of the
Sana river with a catchment area of 211 km?, belonging to the Black Sea
basin (Figure 1). It originates from a spring zone at the foot of the Grmec
massif at 225 m a.s.1., at the coordinates 44°17/49” N and 16°8'11” E and its
confluence with the Sana is at 177 m a.s.l.

The spring zone includes three sources, the most significant being a cave
spring connected to the Gornja Sanica basin. Between Sanica Donja and
Salesevici, it forms a canyon valley exceeding 100 m in depth, while the
final section runs parallel to the Sana. The river is characterized by numerous
waterfalls along its course.

2.2 Hydrological Data

Hydrological station (HS) Hrustovo began operating in 1966. Until 1990, data
were collected once a day. In 2005, an automatic station was installed, with
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Figure 1 Representation of the orographic boundary of the catchment and karst in the wider
area of hydrological stations on the Sanica river (left) and terrain elevation (right).
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Figure 2 Simultaneous discharge data on HS Hrustovo (x-axis) and HS Sanica (y-axis).

Table 1 Statistical parameters of AMS (from existing documents) and updated series
(original and log transformed) at HS Hrustovo (1967-1990 and 2005-2023)

Statistical 1967-1990 1967-1990, 1967-1990, Original Log
Parameter [35] 2005-2016 [36] 2005-2016 [37] Data Data
Mean value (m®/s) 131 131 132 133 2.111
Standard dev (m®/s) 30.5 31.7 31.9 30.2 0.1129
Cs —0.23 —-0.23 -0.3 —040 —1.3583
C, 0.23 0.24 0.24 0.23 0.0535

hourly timestep resolution. Data from 1990 until 2005 is missing, since the
station was not in operation. Total recording length is 44 years. For flood
quantile estimation statistical analysis of annual maxima series (AMS) is
used. Discharge data at HS Sanica has been measured since 2018 and is
therefore not suitable for statistical analysis of AMS. Flood quantiles at
HS Sanica is determined through linear regression with the HS Hrustovo
(coefficient of correlation for AMS data r? = 0.995, Figure 2).

Statistical tests showed that AMS at HS Hrustovo is independent (Mann-
Kendall test) and homogeneous in mean value (Mann-Whitney, Kruskal-
Wallis (KW), Student’s t-test, Z test) and variance (Fisher’s F test, Levene
test) at the 5% significance level. According to single Grubbs-Beck test
(SGBT), one low outlier is confirmed, while multiple Grubs-Beck test
(MGBT) revealed seven potential influential low flows (PILF values) (Fig-
ure 1). Statistical parameters of AMS for HS Hrustovo (original and log
sample) are shown in Table 1.

For quantile estimation 3-parametric probabilistic distribution functions
(pdf) are used, employing 3-parameter estimation methods:

* P3, LP3, with method-of-moments (MOM) (common in hydrological
analysis in BIH)
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Table 2 Quantile estimates Q(T) (m®/s) at HS Hrustovo according to different documenta-
tion, distribution function, parameter method estimation and PT

=) o~ 0
O 1Sl o
2|82 |82
T o) T o T o MOM LMOM LP3 EMA (B17C)
T8989
5 |28 28
(o)) S S
— N N
P3 PT PT Omit

* MOM | P3 | LP3 | GLO | P3 | GEV | 200 | 250 | gap
20 188 | 191 181 179 | 176 178 | 177 | 177 | 179 | 180 180
100 | 215 | 222 199 194 | 184 199 | 191 187 | 202 | 205 205
500 | 240 | 250 212 206 | 187 | 215 | 200 | 192 | 225 | 228 229
*Unknown pdf and estimation method

e P3, GLO and GEV with L-moments method (LMOM)
» LP3 with Expected Moment Algorithm (EMA) according to Bulletin
17C (B17C) procedure

In cases of complete data with no PILF values, the EMA algorithm is the
same as MOM, while adjusting it otherwise. The 14 years of missing data
are described by perception threshold (PT) (assuming AMS is less than PT in
missing data years), while one analysis neglected missing data (the series was
considered complete). Results of all applied pdf and estimation method are
presented in Table 2. P3 (MOM) and LP3 (B17C neglecting missing data) are
shown in Figure 3. Statistical analysis estimates the peak of the hydrograph
while its shape is unknown. In order to define the shape of the hydrograph, the
two largest events with peak (Qmax) of 202 m?/s (16.05.2014) and 193 m?/s
(14.04.1984) were analysed (Figure 4 top). Dividing each hydrograph with its
peak, two dimensionless hydrographs were derived (Figure 4 bottom). As the
shape of the hydrograph from 1984 resembles the flood waves of previous
studies [36, 37], it was chosen as relevant for return period hydrograph
construction. Due to limited data at HS Sanica, input flood hydrographs of
20, 100 and 500 return period was estimated based on the correlation with
HS Hrustovo (Figure 5).

2.3 HEC-RAS 2D model

2D hydraulic modelling represents a central component of the flood hazard
assessment, as it enables spatially explicit simulation of flow dynamics and
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Figure 3 Flood quantile estimation using LP3 (EMA) and P3 (LMOM) with Weibull
plotting position and 90% confidence limit (CL).
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Figure 4 Flood hydrographs from the two extreme events: 2014 and 1984 (top) and two
dimensionless flood hydrographs (bottom).
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Figure 5 Flood hydrographs at HS Hrustovo (top) and HS Sanica (bottom).

inundation processes. In this study, a detailed 2D hydraulic model was
developed using HEC-RAS 2D version 6.3.1, a commercial software pack-
age developed by the U.S. Army Corps of Engineers Centre. The software
provides robust numerical capabilities for solving shallow water flow and
simulating flood propagation across complex terrains.

The hydraulic computations in HEC-RAS 2D are based on the 2D shallow
water equations (Saint-Venant equations), which describe the conservation of
mass and momentum for free-surface flow [38]. These equations are widely
used for flood modelling applications due to their suitability for simulating
non-uniform, unsteady, and rapidly varying flows [27, 39, 40].

The numerical scheme employed in HEC-RAS 2D relies on a finite-
volume method with an implicit solution approach, enabling stable compu-
tations even under highly variable flow conditions. The governing equations
and the numerical aspects of the scheme used can be found in full detail
in [41] and it has been extended to 2D unstructured meshes in [38].

The hydraulic model of the Sanica river covers its entire length, from the
source to the confluence with the Sana river.

The input data required for the hydraulic model setup included:

e Geometric data of the riverbed and inundation area.
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Figure 6 Definition of the computational mesh of the 2D hydraulic model of the Sanica
river.

» Hydrological data on characteristic flood hydrographs (Figure 5).

* Hydrological data on flood waves from December 2022 and May 2023,
recorded at the HS Hrustovo gauging stations, used for model calibration
and verification (Figure 7).

The geodetic basis consisted of LiDAR-derived DTM with a spatial
accuracy of 1 m, complemented by digital orthophoto maps and photographic
documentation of the flood events from December 2022 and May 2023.

The mesh is defined within a preselected 2D Flow Area polygon. For the
hydraulic model of the Sanica river, the computational mesh consists of 8336
cells. To achieve a more accurate terrain representation, the cell size in the
inundation area is 30 x 30 m, while in the riverbed area it is 10 x 10 m
(Figure 6).

After defining the computational mesh, particular attention was given
to the selection of Manning’s roughness coefficients. Seven scenarios were
generated with different Manning coefficient values, ranging from a single
literature-based estimates (lumped model) to values derived for every pixel
based on the analysis of digital orthophoto maps and satellite imagery (e.g.,
CORINE Land Cover, Google Earth) (distributed model).

The spatial domain of the 2D model was classified into distinct land use
categories, with each category assigned an appropriate Manning coefficient
based on literature sources. The final values of the Manning coefficients were
determined through model calibration.
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2.4 Calibration and Verification of the Hydraulic Model

For the calibration of the 2D hydraulic model, flood wave data from Decem-
ber 2022 was used, while the model verification was based on data from May
2023 recorded at the Hrustovo and Sanica gauging stations. The calibration
parameter was the Manning roughness coefficient, one of the most critical
parameters in hydrodynamic flood simulations. The Manning’s roughness
coefficient varies with land use and soil/vegetation conditions, and HEC-
RAS allows these variations to be represented by assigning region-specific
roughness values through dedicated spatial layers [41].

Calibration was carried out by performing numerical simulations of high-
flow conditions on the Sanica river for December 2022. The simulated water
levels at HS Hrustovo were compared with the observed water levels. In
each simulation, different Manning coefficient values were applied. The final
coefficients were adopted for the case showing the smallest deviation between
simulated and observed values.

Models M1, M2 and M3 applied a uniform Manning coefficient across
the entire computational domain (lumped model). The values were selected
based on the estimated roughness of the channels, with Model 1 representing
the highest resistances and Model 3 the lowest. A roughness value of 0.6
was assigned to Model 1, corresponding to a gravel-bed channel with coarse
material and floodplain areas covered by shrubs and trees. Model 2 represents
a gravel-bed channel with finer sediment and floodplains covered by grass
and sparse shrubs, while Model 3 correspond to a gravel-bed channel without
vegetation and floodplain areas characterized by pastureland.

In Models 4-7, the computational domain was divided into zones with
different Manning coefficients (distributed model), which correspond to
recommended values from the literature for individual land covers (Table 3).

The selection of the Manning’s roughness parameter was based on the
goodness-of-fit measure (Table 4). The calculations were performed in the R
programming environment using the hydroGOF package which provides the
equations for all applied performance metrics [42]. The best goodness-of-fit

Table 3 Model calibration: Manning roughness coefficients in the 2D model
Land Use Type Ml M2 M3 M4 M5 M6 M7

Riverbed 0.06 0.05 0.04 0.035 0.035 0.045 0.03
Forest 0.06 0.05 0.04 0.12 0.25 030 0.30
Grass 0.06 0.05 0.04 0.045 0.06 0.10 0.10

Road 0.06 0.05 0.04 0.03 0.04 0.04 0.04
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Table 4 Goodness-of-fit measure obtained in calibration and verification for water level
values at HS Hrustovo

Calibration Verification
Measure Ml M2 M3 M4 M5 M6 M7 M6
Nash—Sutcliffe —3.058 0.588 —0.889 —4.620 —4.495 0.550 —10.748 0.890
Efficiency
(NSE)
Mean 0.282 0.077 0.192 0.337 0.332 0.078 0.487 0.150
Absolute
Error (MAE)

Root Mean 0.288 0.092 0.197 0339 0335 0.092 0.491 0.180
Square Error
(RMSE)

Bolded values represent best fit.
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Figure 7 Model calibration M1-M7 (left) and verification M6 (right) at HS Hrustovo.

measure is achieved in model 6 (two out of three applied measures), so the
parameters of model 6 were adopted for further hydraulic analysis.

The next step was verification of model 6 on HS Hrustovo for the
observed flood wave from May 2023 (Figure 7 right). The verification process
results in slightly lower goodness-of-fit measures. Despite this reduction,
the overall model performance remains similar to calibration values and
outperforms goodness-of-fit values for other models (Table 4).
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2.5 Flood Zone Mapping

In practical FHMs, the most used formula for quantitative hazard classi-
fication is based on the combination of water depth (h) and flow veloc-
ity (v). The standard and most widely accepted formula — used in the
United Kingdom (DEFRA/Environment Agency) [11, 43], EU projects (e.g.,
FLOODsite) [45], and adopted in many methodologies in BIH [45, 46] — is:

O=hx (v+0.5) (1)

where O is hazard, h is flooding depth (m), v is flow velocity (m/s), and 0.5
is a correction constant for velocity.
FHM can be classified into four categories:

* Low hazard — negligible threat (hazard value up to 0.75)

* Moderate hazard — specific vulnerable groups are at risk (children, the
elderly, the ill, non-swimmers), with hazard values between 0.75 and 1.5

* High hazard — the majority of the population is at risk (hazard values
between 1.5 and 2.5)

* Extreme hazard — all people in the flood-prone area are at risk (hazard
values above 2.5).

The development of FHMs was conducted in QGIS based on raster
datasets of flow velocities and water depths generated through 2D hydraulic
modelling in HEC-RAS and subsequently processed using Equation (1). The
selected horizontal resolution of FHM (and consequently FEM) is 10 x 10 m,
with vertical accuracy up to 10 cm. FHM (10 x 10 m) provides a finer spatial
representation for visualization and planning purposes, while computational
mesh (30 x 30 m) defines the numerical resolution of the hydraulic model,
balancing accuracy and computational efficiency. The apparent higher map
resolution does not increase the intrinsic accuracy, which remains limited by
the coarser model grid.

3 Results

FEM and FHM were developed using 2D HEC-RAS unsteady-flow simu-
lations for the selected return periods. A comparative representation of the
100-year FEM obtained from the existing 1D steady-flow model (the only
one available in digital form) and the 2D unsteady-flow model developed in
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Figure 8 A comparative representation of the 100-year FEM obtained from the existing 1D
steady-flow model and the 2D unsteady-flow model.

this study is shown in Figure 8. Based on the velocity and depth raster data
(not shown here due to space limitations), FHM for return periods 7' = 20
(Figure 9), T' = 100 (Figure 10), and T' = 500 (Figure 11) were generated
using Equation (1) and the previously described classification. Figures 9—11
present the FEM at a coarser scale, while selected sections of the FHM are
shown at a finer scale to ensure better visibility.

The QGIS toolbox is used to intersect FHM with land use data (CORINE
Land Cover 2018 [47]). As a result, the areas exposed to different flood
hazards were identified. The results, summarized in Table 5, indicate that
agricultural land is the most vulnerable to flood hazards, as large portions of
the inundation zones overlap with croplands and grasslands. In contrast, the
exposure of residential areas is relatively low.

The flooded area was derived from FEM for return periods of T =
20, 100, and 500 years and is presented in Figure 12, indicating a near-linear
increase in inundation extent with increasing flow.
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Figure 10 FHM for the 100-year return period flood for Sanica river.
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Figure 11 FHM for the 500-year return period flood for Sanica river.

Table 5 Areas (ha) exposed to flood hazard for different return period flood

Land Cover (CLC 2018) Flood Hazard  T20 T100  T500
Atrtificial surfaces (settlements) Extreme 0.70 0.76 0.82
High 0.87 1.00 1.10

Medium 4.92 5.51 5.95

Agricultural areas Extreme 66.41 69.67 7242
High 28.11 3135 33.90

Medium 68.68 7593 80.58

Forest and semi-natural areas Extreme 28.70 2930 29.68
High 3.09 3.13 3.16

Medium 3.11 3.16 3.25

4 Discussion

There are several documents that analyse the quantiles at HS Hrustovo pro-
cessing different periods. These analyses were conducted in varying degrees
of detail, from [35, 36] where no outliers test applied, to [37] which is
significantly more detailed. Regardless of considering a different period, the
statistical parameters are close. It is not possible to comment the difference
in the quantile values in [35, 36] compared to the more recent analyses [37],
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Figure 12 Flooded area with an increase in discharge.

since the former do not specify pdf or the parameter estimation method,
which could significantly affect the results [48, 49]. It can be noted that
the 500-year quantiles defined in [35, 36] fall outside the 90% Confidence
Interval limit of P3 function.

In this study, in addition to the P3 function, other pdfs were used to
examine the influence of PILF on the right end of the distribution, so the
GEV distribution was also chosen, confirmed as insensitive to existence PILF
values [50]. Since there are no significant differences in quantiles, P3 was
adopted with the MOM parameter evaluation method, as in [37], which is
mostly used in BIH. Due to the relatively small value of Cs (uncommon for
AMS in this area [51]), the difference in the 100-year and 500-year quantile
is small. The skew coefficient (C;) of the log sample is also close to the
usual limit values of AMS in USA [52]. Negative C; can be explained by
attenuation influences attributable to floodplains [53, 54] or as the result of
karst area through the possible limited capacities of the source zones [55, 56],
the variability of the catchment area [57, 58] or the retention of water in karst
system [59, 60].

Due to limited data at HS Sanica, flood hydrographs for the 20-, 100-, and
500-year return periods were estimated from HS Hrustovo. This introduces
uncertainties, partly from the method itself and partly from significant wave
transformation caused by upstream overflow, which may delay flood vol-
umes and affect the correlation. These uncertainties should be considered in
future river regulation, as interventions could increase downstream flooding,
including in areas previously unaffected. On the other hand, potential climate
change is also one of the possible causes of changes in FEM and FHM. Many
analyses conducted at the global level have shown that changes in flows can
be expected, however, not all agree on the direction and magnitude of the
change [61-64].
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Given the substantial influence of the Manning roughness coefficient
on the reliability of the 2D HEC-RAS model [32, 65]—as it governs flow
resistance and thereby affects velocity distribution, water levels, and flood
extent—particular attention was devoted to its accurate selection in this study.
Urbanization reduces Manning’s coefficient by increasing flow velocities and
peak discharges, thereby elevating flood hazard, while vegetation or wetlands
increase Manning’s coefficient, slowing runoff and mitigating flood impacts.
These effects influence flood depth, extent, and timing across the catchment.

The comparative analysis of 1D (existing model) and 2D hydraulic mod-
elling results for the 100-year flood extent along the Sanica river highlights
a strong dependence of model performance on channel morphology. In
the upper reach, where the channel widens and extensive overbank flow
occurs, the 2D model more accurately captures complex, multidirectional
flow patterns and the interaction between the main channel and the floodplain.
Although differences in the flooded areas for the 100-year return period
between the existing 1D and 2D models are small, notable discrepancies
in FEM-derived flood lines are observed in urban zones and valleys. In the
middle and lower reaches, FEMs are in close agreement between the 1D and
2D outputs. This can be explained by the canyon-type channel, where flow is
predominantly 1D. These findings indicate that 1D modelling is sufficient
in hydraulically simple, channelized sections with negligible lateral flow,
whereas 2D modelling is preferable in areas with overbank flooding and
spatially variable flow conditions. Recent studies [66, 67] further demonstrate
that combined 1D/2D HEC-RAS models outperform standalone approaches,
particularly in rivers with contrasting morphological characteristics (such as
transitions from canyon segments to wide floodplains, like Sanica river) sav-
ing significant computational time. A near-linear correlation between flooded
area and discharge at Sanica river is consistent with the findings of [22].

Comparison of the FHM for T20, T100, and T500 events highlight the
vulnerability of low-lying agricultural and urban areas. These results confirm
that high-resolution 2D hydraulic modelling is essential for identifying pri-
ority zones for flood risk management and for informing spatial planning,
non-structural measures, and mitigation strategies in accordance with BIH
and EU guidelines.

The results in Table 5 indicate differences in the spatial extent of flood
hazard across land use categories (CLC 2018) and flood return periods (T20,
T100, T500). Urban areas (artificial surfaces) show a small but stable increase
in high and extreme risk areas (e.g., extreme risk rises from 0.70 ha to 0.82
ha), highlighting the importance of flood hazard planning due to the high
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exposure of people and infrastructure. Agricultural areas dominate the total
flood hazard, with extreme risk ranging from 66.41 ha (T20) to 72.42 ha
(T500), reflecting their location in alluvial plains prone to flooding. Forested
and semi-natural areas exhibit lower hazard values with slight increases up to
T500, as these areas provide natural flood attenuation, though some sections
remain vulnerable. All land use categories show a consistent expansion of
flood-prone areas with increasing return periods. These findings emphasize
the importance of detailed FHM as non-structural measures for flood man-
agement, in line with BIH and EU legislation, for guiding construction,
prioritizing protection, and planning preventive actions.

5 Conclusion

The Sanica river is characterized by frequent flooding, highlighting the
importance of creating FEM and FHM in accordance with the water legisla-
tion of BIH and the EU Floods Directive. FEM represent a legally mandated
element for defining construction conditions within the river corridor in BIH,
while FHM serve as a key non-structural tool for managing flood risk.

The reliability of FEM and FHM depends on the accuracy of hydrological
and morphological input data, as well as the choice of an appropriate model
and its parameters. Considering the ongoing impacts of climate change, land-
use changes (urbanization, deforestation) and the construction of structural
flood protection measures (regulations, bank protections, retention struc-
tures), continuous updating of FEM and FHM is essential to ensure reliable
flood risk assessments.

This study confirms the existence of differences between inundation
extents produced by 1D and 2D hydraulic models. Based on the findings,
it is recommended that 2D modelling be applied in river sections with wider
floodplains and increased potential for overbank flow, whereas 1D modelling
may still be suitable for confined, canyon-like segments of the channel.

The main limitations of this study are the lack of detailed local channel
features (e.g., bridges) and limited calibration data, highlighting the need for
additional cross-sectional measurements and temporary hydrological moni-
toring. The limitation of the presented FEM and FHM is that the influence
of the confluence of the Sana and Sanica rivers was not considered during
the numerical modelling, which can certainly be a topic for future research.
Future research should investigate also climate change effects on flood mag-
nitudes and assess potential hydraulic impacts of planned flood protection
structures in the upper Sanica river, particularly regarding downstream flows.
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