Nat. Hazards Earth Syst. Sci., 26, 5647-5665, 2026
https://doi.org/10.5194/nhess-26-5647-2026

© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Towards improved integration of hydrological uncertainty and
hydraulic model sensitivity in flood hazard mapping

Simon Rusjan', Jasna Donevska'-?, and Matjaz Miko$

! Chair of Hydrology and Hydraulic Engineering, Faculty of Civil and Geodetic Engineering, University of Ljubljana,

Jamova 2, 1000 Ljubljana, Slovenia
2Protim RZisnik Perc Ltd., Ljubljana, Slovenia

Correspondence: Simon Rusjan (simon.rusjan @fgg.uni-lj.si)

Received: 6 May 2026 — Discussion started: 20 May 2026

Revised: 2 October 2026 — Accepted: 8 October 2026 — Published: 5 November 2026

Abstract. The study presents a novel framework for inte-
grating hydrological uncertainties and the related sensitiv-
ity of the hydrodynamic modelling results into flood hazard
mapping. Uncertainties in flood frequency analysis (FFA),
including anticipated impact of climate change and sensi-
tivity to channel and floodplain roughness, were examined
through selected scenario ensembles. The study area is the
lower Vipava river, a transboundary catchment shared be-
tween Slovenia and Italy with variable floodplain topogra-
phy. Sensitivity analysis revealed that uncertainty in FFA and
river channel roughness significantly influenced the inunda-
tion spatial extent and inundation depth, the impact of flood-
plain roughness appears to be limited. The analysis shows
that natural successional changes in river channel roughness
substantially impact the results of a 10 year return period
(RP) event, increasing flood extent by 45 %. The increase
in inundated areas is less pronounced for 100 and 500 year
RP floods, with increases of 15% and 11 %, respectively.
The weighted exceedance probability of inundation (WEPI)
based on scenario ensembles provided an informative iden-
tification of areas most susceptible to potential changes in
flood hazard. Our results highlight the value of targeted sce-
nario ensembles that incorporate FFA uncertainty and hy-
draulic roughness sensitivity, thereby producing more infor-
mative flood hazard mapping that can complement determin-
istic mapping approaches and support more adaptive future
land use planning.

1 Introduction

Floods are complex natural hazards characterized by highly
variable magnitude, spatial extent and flow dynamics, of-
ten resulting in substantial impacts on communities, infras-
tructure, and economic activities (Kundzewicz et al., 2019;
Maranzoni et al., 2023). Flood hazard mapping is widely
used to reduce pre-impact flood risk and to guide spatial
development in potentially exposed areas. Different tools
and modelling approaches are used to elaborate flood haz-
ard maps which are then integrated into spatial planning
through various administrative measures. However, flood
hazard mapping is subjected to significant uncertainties and
is sensitive to spatial and temporal variation in hydrological
and hydraulic processes, changes in land use, alterations in
river channels characteristics, limited knowledge about the
physical properties of the system, as well as the inevitable
problem of data availability. These factors pose huge chal-
lenges for flood risk management (Alfonso et al., 2016; Win-
ter et al., 2018; Stephens and Bledsoe, 2020; Nogherotto
et al., 2022; Herrera et al., 2022; Mishra et al., 2022; Paulik
et al., 2024; Yu et al., 2025).

Flood hazard maps that are derived deterministically,
without considering potential uncertainties, have often been
shown to provide inaccurate and potentially misleading esti-
mates of the inundation extension. Furthermore, determinis-
tic flood boundaries may obscure areas where exposure can
increase under plausible hydrological and hydraulic condi-
tions, potentially leading to inadequate risk zoning and mal-
adaptive land use decisions. Due to the limitations of the de-
terministic approach to flood hazard assessment, it is crucial
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to quantify related uncertainties and analyse the sensitivity of
resulting flood hazard mapping to hydraulic model input data
(Glas et al., 2016; Smart, 2018; Stephens and Bledsoe, 2020;
Bates, 2022; Hashimoto et al., 2023). Flood hazard maps that
account for uncertainty in input data and sensitivity in simu-
lation results provide a more robust basis for decision making
and flood risk management (Simdes et al., 2015; Zahmatkesh
et al., 2021; Maranzoni et al., 2023). However, a significant
knowledge gap persists in the practical consideration of un-
certainty and sensitivity aspects. This is mainly because sys-
tematic methods to quantify uncertainty and sensitivity are
still lacking (Apel et al., 2008; Dimitriadis et al., 2016; Zhou
et al., 2021; Aitken et al., 2024).

Given the ability to perform multiple simulation runs un-
der varying input data and parameter settings, hydrodynamic
models have been applied to assess various sources of un-
certainties affecting flood hazard and flood risk assessments
(Bates, 2022). Although advances in computing infrastruc-
ture and efficient modelling strategies have made large en-
sembles of hydrodynamic simulations increasingly feasible,
running numerous detailed hydrodynamic simulations for
extensive river reaches with complex topography remains
computationally demanding and may still limit their routine
use in practical flood hazard assessment (Yang et al., 2022;
Aitken et al., 2024). Furthermore, flood hazard maps that de-
pict uncertainty in inundation extent can be challenging to
interpret, as the way uncertainty is depicted may strongly in-
fluence users’ hazard perception and decision making (Lim
et al., 2024; Pavesi et al., 2024). We argue that the integra-
tion of uncertainty and sensitivity into flood hazard map-
ping can be strengthened through predefined, process in-
formed scenario ensembles selected to represent boundary
conditions associated with the dominant hydrological and
hydraulic controls on flood extent.

In this study, we introduce a systematic yet operational
framework that integrates hydrological input uncertainty and
hydrodynamic model sensitivity through the analysis of flood
inundation extent and flood hazard classification across plau-
sible ranges of flood peak estimates and hydraulic rough-
ness conditions. The methodological advance lies in combin-
ing process informed scenario selection with weighted ex-
ceedance probability of inundation mapping, thereby trans-
lating uncertainty and sensitivity information into spatially
explicit indicators of recurrent and uncertain flood exposure.
Unlike computationally intensive probabilistic approaches or
isolated sensitivity tests, the proposed framework provides
an interpretable and transferable workflow that can be imple-
mented using a limited number of targeted scenario ensem-
bles while still capturing key sources of variation relevant for
flood hazard zoning and adaptive land use planning. The re-
search objectives of the study were the following:

1. Evaluate the impact of uncertainty in FFA on hydrody-

namic simulation results and the spatial extent of inun-
dated areas using HEC-RAS hydrodynamic model.
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2. Analyse the sensitivity of the hydrodynamic modelling
results to successional changes in river channel rough-
ness conditions and the potential floodplain roughness
changes associated with land use classes.

3. Use global sensitivity analysis to identify the key
drivers of inundation extent and derive the weighted ex-
ceedance probability of inundation (WEPI) from sce-
nario ensembles to support more informative flood haz-
ard maps.

2 Materials and methods
2.1 Study area description

The Vipava river is a transboundary river that flows through
western Slovenia and northeast Italy. This study focuses on
the lower Vipava river valley (Fig. 1), which comprises the
last 21 km of the river in Slovenia before it enters Italy. The
total length of the Vipava river is 49 km, with 45km of it
located in Slovenia. It flows into the Soca river near the Mu-
nicipality of Savogna d’Isonzo after entering Italy. The re-
gion has prevailing sub-Mediterranean climate characteris-
tics with hot summers and mild winters (Magjar et al., 2016).
The average annual precipitation in the headwater parts of
the catchment surpasses 2000 mm, whereas the lower region
receives approximately 1500 mm annually. The Vipava river
catchment area is characterized by karst hydrology in most of
its eastern and northeastern highland parts, while the central,
southern, and southeastern parts are dominated by the tor-
rential characteristics of the Vipava river tributaries (Rusjan
etal., 2012).

The area is particularly interesting for studying the un-
certainty and sensitivity aspects of flood hazard assessment
due to heterogeneous hydrological response of the catchment
(Jelov&an and Sraj, 2022) and highly variable floodplain ar-
eas extension (Fig. 1). In some sections of the Vipava river,
the width of the inundated areas can exceed 1 km, whereas in
other sub-sections, the inundated areas are constrained to the
width of the main river channel due to the narrow river valley.
The floodplain areas extending along the studied Vipava river
reach have been significantly impacted by human interven-
tions in the past, with the aim of acquiring agricultural land.
These interventions have resulted in changes to the Vipava
river channel’s hydromorphological characteristics through
river engineering works, as well land use alterations (Mag-
jar et al., 2016). Recurrent flooding occurs along the stud-
ied lower Vipava river valley due to the complex interplay
of the catchment’s hydrological and topographic character-
istics, as well as land use patterns in the floodplain areas.
Major flood events occurred in 1998, 2009, 2010, and 2012,
with peak discharge RPs ranging from approximately 20—
100 years (ARSO, 2009, 2010, 2012; Kobold, 2011). During
the flood of September 2010, with the highest discharge ever
measured at the lowest water station Miren (437 m3s! ), the
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Figure 1. (left) Location of the Vipava river catchment and the study reach. (right) Detailed topography of the study reach. Light blue

polygons represent the observed inundation extent in 2010 flood event.

towns of Rence and Miren, which are the most exposed to the
flood hazard in the study area, were completely cut off from
the valley. The RP for this flood event was assessed to range
between 50-100 years (lower part of the study reach) and 20—
50 years (upper part of the study reach). In recent decades,
flood-related issues have worsened due to the expansion of
bult-up areas in floodplains and changes in hydraulic con-
ditions in the Vipava river channel. This is mainly caused
by the intensive successive overgrowth of the river channel
by riparian vegetation. Structural flood protection measures
were generally implemented at a local level, addressing spe-
cific community needs. The overall effectiveness of these in-
terventions remains highly constrained.

2.2 Methodological framework

The methodology for exploring the uncertainty and sensitiv-
ity aspects in flood hazard mapping is presented in Fig. 2.
The framework was structured into three phases: (1) data ac-
quisition; (2) hydrodynamic model setup with the incorpora-
tion of uncertainty and sensitivity analysis; and (3) inundated
area extension and flood hazard mapping analysis based on
the hydrodynamic model results (inundation depths and flow
velocities).

2.2.1 Overview of the input data

The data were obtained from various governmental enti-
ties in the Republic of Slovenia, Table 1 provides a sum-
mary of the basic information for the datasets. To simulate
flood propagation over the floodplain area, a high-resolution
digital elevation model (DTM) based on LIDAR scanning
data was utilized. River channel cross-section data were ob-
tained through classical geodetic survey. The hydrological
data were summarized following flood frequency analyses
(FFA) for the two water stations in the studied river reach op-
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Figure 2. Methodological flowchart.

erated by the Slovenian Environmental Agency (ARSO) and
previous hydrological studies. The discharge records used in
FFA were based on sub-daily measurements, generally avail-
able at 15 min recording intervals and subsequently aggre-
gated at 30 min or hourly intervals. Pearson III, Log-Pearson
III, and GEV distributions were considered (Piry, 2020; graj
et al., 2025; graj and Bezak, 2025). The distribution param-
eters were estimated using the method of L-moments (Hosk-
ing and Wallis, 1993; Bezak et al., 2014). The Akaike Infor-
mation Criterion (AIC) was considered for goodness-of-fit
assessment and selection of the best-fitted distribution (Sraj
and Bezak, 2025). Additionally, the Kolmogorov—Smirnov
test was used to check (at selected significance level 0.05)
whether the selected distribution function adequately de-
scribed the measured data on flood peaks (Sraj et al., 2025;
Sraj and Bezak, 2025). Confidence intervals of the design
flood quantiles were estimated using a parametric bootstrap
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procedure (Meylan et al., 2012), with 10000 synthetic sam-
ples generated from the fitted distribution, and further used
to derive confidence intervals for the selected RPs quan-
tiles. According to AIC, the GEV distribution was consid-
ered for estimation of discharge RP and confidence intervals.
Detailed FFA results for the two water stations in the stud-
ied Vipava river reach are provided in supplementary ma-
terial SM1. To account for the uncertainty in the FFA, we
considered different values of peak discharge (10 %, mean
(design) value, and 90 % confidence intervals — CI) for the
selected 10, 100 and 500 year RP. Hydraulic simulations
utilized a 48 h SCS dimensionless hydrograph. In general,
the characteristics of the 48 h SCS hydrograph approximate
well the Vipava river catchment characteristics as evaluated
in previous hydrological studies (D. Anzeljc: Hydrological
study of the Vipava river catchment, Ministry for the Envi-
ronment and Spatial Planning of the Republic of Slovenia,
unpublished internal report, in Slovenian). To place the un-
certainty in FFA in the context of foreseen climate change,
the estimated changes in flood characteristics driven by cli-
mate change were summarized from official reports prepared
by the Slovenian Environmental Agency (ARSO) on the Cli-
mate Change Assessment for Slovenia in the 21st Century
(ARSO, 2018). The analysis considered RCP 2.6, RCP 4.5,
and RCP 8.5 scenarios following the IPCC guidelines. The
flood peaks for the Vipava river are generally expected to
rise by 5 % (RCP 2.6 scenario), 10 % (4.5 RCP scenario) and
20 % (8.5 RCP) scenario for the modelled 30 year time hori-
zons (2011-2040, 2041-2070, and 2071-2100) compared to
the reference period of 1981-2010. The comparison with
RCP scenarios was used to evaluate the extent to which the
hydrological uncertainty captured by the FFA-based scenario
ensembles also encompasses moderate climate change sig-
nals, rather than to provide a full decomposition of climate
change uncertainty.

To assess how hydraulic roughness across floodplain land
use classes and potential future changes in roughness affect
flood extent and other inundation characteristics, we incorpo-
rated detailed land use data (1 m spatial resolution; 21 land
use classes) provided by MKGP (2025) into the HE-RAS hy-
drodynamic model. For each land use class, minimum, max-
imum, and recommended Manning’s roughness coefficients
were assigned based on published literature (NOAA, 2016;
USACE, 2022a; USDA-NRCS, 2016). These values were
used to define the roughness ranges applied in the floodplain
sensitivity analysis. The Manning roughness coefficients are
listed in Table 2. In the study area, there are various agricul-
tural land uses that do not significantly differ in terms of hy-
draulic roughness. Therefore, different land use classes may
have relatively similar Manning’s roughness values, as re-
ported in the literature and listed in Table 2. Generally, the
land use in the study areas is highly fragmented (Fig. 3 — up-
per map). For illustrative purposes, the lower map in Fig. 3
shows the reclassified land use classes grouped into four
characteristic categories. The majority of the investigated
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area is covered by forest (44 %), primarily on the hillsides
surrounding the lowland, flat areas in the Vipava river val-
ley. Agricultural land covers 43 % of the area, mostly in the
low-lying area along the river and its tributaries. The built-up
areas, which constitute approximately 11 % of the total area,
are less dominant and highly spatially dispersed.

2.2.2 Hydrodynamic model setup

The data presented in the previous section were used in hy-
drodynamic modelling to run the flood simulations and de-
rive the flood inundation and hazard maps. HEC-RAS 6.5
was used to perform coupled 1D/2D flood simulations un-
der the heterogeneous topographic conditions of the studied
Vipava River reach. The 1D/2D approach considers lateral
interactions between the river channel (1D) and the flood-
plain (2D), allowing for a more detailed and accurate repre-
sentation of flood characteristics (Pasquier et al., 2019). The
1D numerical solution was obtained using the Finite Differ-
ence method, while the 2D computational domain was solved
using the Diffusion Wave equation. The use of the diffusion
wave formulation in the 2D domain may simplify the rep-
resentation of locally complex hydraulic processes, such as
rapidly varied flow, momentum driven effects, and flow in-
teractions near hydraulic structures (USACE, 2022a). In the
present application, however, these effects are expected to
have a spatially limited influence on the simulated inunda-
tion extent. In topographically heterogeneous settings such
as the ones along the Vipava river study reach, simulation re-
sults are sensitive to terrain representation, grid resolution,
and roughness parameterization, particularly in wider and
lower gradient floodplain areas. Different 2D grid cell sizes
(5-100 m) were tested, smaller grid cell sizes considerably
prolonged the simulation times. A 20 m cell size was iden-
tified as optimal in view of impact of 2D grid cell resolu-
tion on the difference in the modelled water level elevations
and the inundated area extension. To ensure simulation sta-
bility and minimize percent error (USACE, 2022b), an ad-
justable time step based on the Courant number (0.45—1) was
employed. To ensure comparability among simulations, the
same numerical settings and channel geometry were used for
all simulation runs, hydromorphological changes of the river
channel were not considered (Donevska, 2022). The hydro-
dynamic model calibration was achieved through the adjust-
ment of the river channel and floodplain roughness coeffi-
cients to align the modelled flood extension and water levels
with the observed flood extension during 2010 flood event
(Fig. 1). The Manning’s roughness coefficient values for the
Vipava river channel were calibrated against observed wa-
ter levels during lower RP flood events. The hydrodynamic
model validation, based on few additional lower magnitude
flood events with available data on water levels at specific
locations and inundation extent at specific sections along the
Vipava river study area, demonstrated a satisfactory agree-
ment with the observed data. The mean difference between
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Table 1. Overview of the dataset used in the study (MNVP — Ministry of Natural Resources and Spatial Planning; Geodetska uprava Re-
publike Slovenije (GURS) — Surveying and Mapping Authority; DRSV — Slovenian Water Agency; Ministrstvo za kmetijstvo, gozdarstvo in

prehrano (MKGP) — Ministry of Agriculture, Forestry and Food).

Dataset Data type Resolution/Scale ~ Source

LiDAR DTM Raster 1m/5m MNVP (2011-2015)
Orthophoto Raster 0.25m GURS (2025)
Cross-sectional data Vector - DRSV*

Land use shapefile Vector 1:5000 MKGP (2025)
Flood Frequency Hydrological Hourly Sraj et al. (2025)
Analysis

River channel and Hydraulic - (NOAA, 2016;

floodplain Manning’s
roughness coefficients

USACE, 2022b;
USDA-NRCS, 2016)

* DRSV (Direkcija Republike Slovenije za vode): Geodetic survey of Vipava river cross sections, unpublished

internal dataset, Ljubljana, Slovenia.

Table 2. Manning’s coefficients for selected floodplain land use classes (MKGP, 2008; NOAA, 2016; USACE, 2022b; USDA-NRCS, 2016).

Land Manning’s Recommended
use ID  Land use type n range Manning’s n
1100 Field or garden 0.02-0.05 0.05
1180 Perennial plants in arable land 0.02-0.05 0.05
1211 Vineyard 0.07-0.16 0.08
1222 Extensive orchard 0.07-0.16 0.08
1240 Other perennial crops 0.02-0.05 0.05
1300 Permanent grassland 0.025-0.05 0.04
1410 Overgrown land 0.025-0.05 0.04
1420 Forest tree plantation 0.08-0.20 0.12
1500 Trees and shrubs 0.07-0.16 0.08
1600 Uncultivated agricultural land 0.025-0.05 0.045
1800 Agricultural land overgrown with forest 0.08-0.20 0.12
2000 Forest 0.08-0.20 0.12
3000 Built-up and related land 0.06-0.20 0.12
4220 Other marshy lands 0.05-0.085 0.06
5000 Dry open land with special vegetation cover 0.023-0.03 0.03
6000 Open land without or with insignificant vegetation cover ~ 0.023-0.03 0.03

the modelled and observed inundated area extension was 6 %
(standard deviation of 3 %), which could be regarded as a
general indicator of the uncertainty in the extent of the mod-
elled inundation areas.

Although advances in computing infrastructure have made
large ensembles of hydrodynamic simulations increasingly
feasible, applying numerous simulations to extensive river
reaches remains computationally demanding and can still
limit their routine use in practical flood hazard assessment.
In this instance, each simulation with the selected model pa-
rameters required approximately 3-5h to complete. To limit
the challenge posed by numerous simulations runs, we fo-
cused on targeted boundary scenario ensembles to evaluate
the influence of model input data and parameters. These fac-
tors were generally identified in literature as critical for flood
hazard assessment (e.g., Beven et al., 2014; Annis et al.,
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2020). The selected scenario ensembles aimed to consider
the boundary conditions in terms of hydrological and hy-
draulic input data, such as the worst (e.g. by considering
upper limits of the peak discharge confidence intervals and
high roughness coefficients values) and the best-case scenar-
ios (lower limits of the peak discharge confidence intervals
and low values of roughness coefficients). Accordingly, three
groups of scenario ensembles were defined to consider the
following aspects. Scenario ensemble S1 addresses the im-
pact of hydrological uncertainty associated with FFA for as-
sessing discharge peaks. 10 % and 90 % CI and the design
peak discharge values were considered. Scenario ensemble
S2 examines the epistemic sensitivity of simulation results to
ranges of floodplain hydraulic roughness coefficients. Sce-
nario ensemble S3 focuses on the impact of temporal (suc-
cessional) changes in the hydraulic roughness of the Vipava
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Figure 3. (upper map) — Fragmented land use in the study area (land use codes for the main land use classes: forest: land use ID 2000,
built-up areas: land use ID 3000, water bodies: land use class 7000, different agricultural land uses: land use IDs 1000-1800); (lower map) —

Grouped land use classes. Data source: © MKGP, 2026.

river channel. The original designed channel Manning’s co-
efficient of 0.035, specified during the river regulation works
in the 1970s (scenario S3I), was compared with the cali-
brated channel Manning’s coefficient range of 0.04-0.08 de-
rived from past flood events (scenario S3II). Table 3 lists the
8 examined scenarios.

The flood hazard maps were elaborated in accordance with
the national legislation of the Republic of Slovenia, which
considers flood peaks with RP of 10, 100, and 500 years.
The flood hazard classes were defined based on the com-
bination of flood peak RP, water depth and the flow depth-
velocity product, which are the most common criteria used
for mapping flood hazard in many EU countries (Polese et al.,
2024). The flood hazard classes criteria that were considered
in the analysis are summarized in Table 4. The flood haz-
ard maps were prepared by exporting water depth and the
depth-velocity product raster data to GIS software to prepare
the flood hazard maps. The most relevant criteria for defin-
ing spatial extension of flood hazard classes for the scenario
ensembles was the inundation depth. According to the flood
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hazard class criteria, the depth-velocity product was the pre-
vailing flood hazard criteria only in spatially constrained ar-
eas along the main Vipava river channel where channel banks
or levees were intensively overtopped during specific flood
scenario.

2.2.3 Global sensitivity analysis and weighted
exceedance probability of inundation (WEPI)

Global sensitivity analysis of the hydrodynamic simula-
tion results was conducted using a surrogate-assisted Morris
method, a computationally efficient screening approach that
perturbs one parameter at a time along randomized trajecto-
ries in the parameter space and evaluates resulting changes
in model output (Herman et al., 2013; Nabi et al., 2021).
The method produces two diagnostic indices: the mean ab-
solute elementary effect (u*), indicating overall importance,
and the standard deviation of effects (o), indicating nonlinear
behaviour or interactions among factors. Because the Mor-
ris method demands fewer model simulations than variance-

https://doi.org/10.5194/nhess-26-5647-2026
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Table 3. Uncertainty/sensitivity analysis scenario ensembles.
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Scenario ensemble  Uncertainty parameter Scenario  Varying model input

S1 Peak discharge I 10 % confidence interval
I Design peak discharge value
I 90 % confidence interval

S2 Floodplain Manning’s I Minimum floodplain Manning’s values

roughness coefficients II Recommended floodplain Manning’s values

I Maximum floodplain Manning’s values

S3 Channel Manning’s I Designed channel Manning’s value = 0.035

roughness coefficients II

Calibrated channel Manning’s values

Table 4. Flood hazard class criteria.

Flood hazard  Criteria

class

High At discharge Q1o or water level Gqg,
water depth > 1.5 m or water depth - water
velocity > 1.5 m2s~1

Medium At discharge Qg or water level Gqg,
1.5m > water depth > 0.5m or
1.5m2s~! > water depth - water
velocity > 0.5 m2s~! or where at discharge
Q19 or water level G, water depth > Om.

Low At discharge Qg or water level G g,
water depth < 0.5m OR water depth - water
velocity < 0.5 mZs~!

Other At discharge Q5o water depth > Om or

where flooding could occur due to
extraordinary natural or human-induced
events

based approaches, it is an attractive choice for hydrologic
and hydrodynamic modelling when computational resources
are limited but dependable parameter sensitivity analysis is
required (Li et al., 2023). This efficiency makes the Mor-
ris method particularly valuable in flood risk mapping work-
flows, where uncertainties in hydrodynamic model input data
and sensitivity of the models strongly influence inundation
patterns (Rebolho et al., 2018). The surrogate-assisted Mor-
ris screening analysis was applied to three uncertain input
factors: peak discharge Qp, floodplain roughness (7 fioodplain)
and channel roughness (7channel)- The parameter ranges were
defined from the simulation ensemble, with Qpsampled be-
tween 323 and 522m3s~!, Nfloodplain between 0.035 and
0.120 and n¢channer between 0.030 and 0.080. The roughness
coefficients were spatially variable in the coupled 1D/2D hy-
drodynamic model, the spatial variability in roughness was
reduced to domain-level scalar descriptors for the surrogate
analysis. For the 1D channel, nchanne) Was represented by
the arithmetic mean of the roughness coefficients assigned

https://doi.org/10.5194/nhess-26-5647-2026

within the channel domain, whereas nfioodplain Was repre-
sented by the area-weighted mean of the roughness coeffi-
cients across the 2D floodplain computational domain. Con-
sequently, the analysis represents the influence of changes
in the overall roughness characteristics of the floodplain and
channel domain, rather than sensitivity to the spatial variabil-
ity in roughness characteristics.

Morris analysis was implemented using linear surrogate
models fitted to the 24 hydraulic simulations (8 for each dis-
charge RP). Because the available hydrodynamic simulations
were not generated along formal randomized Morris trajec-
tories, linear surrogate models were fitted to the available
simulations and subsequently evaluated at the Morris design
points. For each response variable Y, the surrogate model was
formulated as follows:

Y = Bo+ B Op+ ﬁ2nﬂ00dplain + B3Nchannel + € (D

where Y represents the hydraulic simulation response met-
ric (inundation extent and maximum inundation depth), By
is the intercept, 81, B2, B3 are fitted regression coefficients,
and € denotes the residual error. The surrogate formulation
included no nonlinear or interaction terms. Surrogate evalu-
ations were restricted to the parameter ranges represented by
the original hydraulic simulation ensemble to avoid extrapo-
lation beyond the training domain.

A one-at-a-time Morris design with 40 trajectories, 8 grid
levels, and a step size of 2 grid levels was applied to the sur-
rogate models, corresponding to 160 surrogate model eval-
uations for three parameters. After trajectory filtering, 39
valid trajectories were retained, corresponding to 156 effec-
tive Morris evaluations. Surrogate performance to reproduce
the hydrodynamic simulations was evaluated before interpre-
tation of the Morris indices using the coefficient of determi-
nation (Rz), root-mean-square error (RMSE), and mean ab-
solute error (MAE). Predictive performance was additionally
assessed using leave-one-out cross-validation (LOOCV), in
which each of the 24 hydraulic simulations were successively
excluded from model fitting and predicted using the remain-
ing simulations.

The resulting Morris indices were interpreted as surrogate-
assisted screening measures rather than as direct elementary
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effects of the hydrodynamic model. Emphasis was placed
on u* as a measure of relative factor influence. The o val-
ues were interpreted more cautiously because the linear sur-
rogate formulation cannot explicitly represent nonlinear re-
sponses or parameter interactions that may occur in the un-
derlying hydrodynamic model. The sensitivity analysis based
on the surrogate model is consistent with recent flood inun-
dation uncertainty studies that use response surface or emu-
lator approaches to reduce the computational burden of hy-
drodynamic model uncertainty propagation (Herman et al.,
2013; Aitken et al., 2024; Fraehr et al., 2024; Siripatana
et al., 2025), as well as with applications of Morris screen-
ing to 2D flood inundation modelling, where roughness and
hydraulic boundary conditions are key uncertain parameters
(Ullah et al., 2024).

Assessing inundation probabilities offers valuable insight
into the likelihood and spatial distribution of flood events,
enabling a more nuanced understanding of flood risk (Merz
et al., 2014). The weighted exceedance probability of inun-
dation (WEPI) was calculated through two step procedure.
Firstly, for a raster cell x and simulation i, inundation was
defined using the binary indicator

Lo b i () > B @
SO0, hir (0 < i

where A; 7(x) is the simulated inundation depth at cell x and
hr 18 simulated inundation depth threshold, which was set
to 0.01 m. It should be noted that the use of a low inundation
depth threshold may increase sensitivity in the delineation of
flooded cells. However, in the wide and low gradient flood-
plain areas along the studied reach, small variations in sim-
ulated water depth can lead to appreciable changes in local
inundation extent; therefore, the selected threshold was re-
tained to capture marginal inundation patterns.For each re-
turn period 7', the scenario ensemble inundation probability
Pens, 7 (x) was calculated independently as:

N
o wir LT (x)

vallwij

where Nt is the number of simulations for return period 7,
and w; 7 is the is the conditional weight assigned to simula-
tion i. Because no independent likelihoods were assigned to
the individual flood peak and roughness variants, all 8 sce-
narios within a given return period 7 were assigned equal
weights (w; 7 = 1/8). Second, the composite weighted ex-
ceedance probability of inundation (WEPI) was calculated
as:

3

Pens,T(x) =

WEPI(x) = > WP P r(x) )

T'€{10,100,500}

where w?EP =1/T is the annual exceedance probability

(AEP) weight assigned to return period 7. The composite
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WEPI thereby emphasizes more frequent events (e.g., Q10)
relative to rarer extremes (e.g., Qs00). For the scenario en-
sembles considered in this study, the maximum attainable
sum of the w?EP weights is 0.112 corresponding to a cell
inundated in all scenarios within every considered RP (Q o,
Q100 and Qs00). For visualization and relative spatial com-
parison, the WEPI raster was additionally normalized to a
0-1 scale by dividing each cell value by the maximum attain-
able sum of the w?EP weights. A normalized WEPI value of
0 indicates no inundation in any simulation, whereas a value
of 1 indicates inundation in all scenario ensembles across all
considered RP classes. By aggregating inundated areas de-
tected within the scenario ensembles using AEP-weighted
procedure, WEPI provides comprehensive information on in-
undation occurrence across the considered flood RPs. Be-
cause the flood RP classes represent nested rather than mutu-
ally exclusive events, composite WEPI should be interpreted
as an AEP-weighted inundation occurrence index under the
selected scenario ensemble, rather than as a direct annual ex-
ceedance probability of inundation.

3 Results
3.1 Uncertainty in hydrological input data

Uncertainty in the magnitude of the design discharge peak
is generally a statistical issue that requires the selection of a
specific probability distribution in the FFA (Rahman et al.,
2013; Machado et al., 2015; §raj and Bezak, 2025). In our
case, the impact of the uncertainty in the estimation of the
peak discharge (considered through the 10 % and 90 % CI
of the FFA) expresses considerable influence on the simula-
tion results of the hydrodynamic model. Comparing the re-
sults associated with the 10 % CI value and the design dis-
charge peak values, the difference in the flood inundation
area is 5 %—6 %, while the difference in the flood extent be-
tween the design discharge value and the 90 % CI value is
in the range 4 %—7 %. The difference in the flood extent be-
tween the 10 % and the 90 % CI values is 11 %, 9 %, and
12 % for 10, 100, and 500 year RP, respectively. This is fur-
ther reflected in the spatial distribution of the flood hazard
classes (Fig. 4). It should be noted that differences in inun-
dation extent of only a few percent are generally within the
uncertainty range of the simulated inundation extent when
compared with observed inundation extent.

The increase in the total flood prone area caused changes
in the spatial extent of the high flood hazard class (an in-
crease of approx. 30 %) when comparing the 10 % and 90 %
CI discharge values (Fig. 5). The area of the medium flood
hazard class also increases slightly, while the area of the low
hazard class decreases at the expense of the higher hazard
classes expansion. The spatial expansion of the other flood
hazard class significantly increases with the peak discharge
(60 % when comparing the design discharge and the 90 % CI
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Figure 4. Flood hazard class spatial extension for scenario ensemble S1 - uncertainty in peak discharge estimation. (upper map): 10 % CI;
(middle map): design discharge peak value; (lower map): 90 % CI. Imagery source: © GURS, 2025.

values), visually evident mainly along the right bank in the
downstream part of the studied Vipava river reach where the
floodplain is relatively flat (Fig. 4). This area is mostly used
for intensive agriculture (orchards), in smaller parts also ur-
banized.

3.2 Sensitivity of the flood hazard mapping on the
hydraulic roughness characteristics

The problem of selecting the appropriate hydraulic rough-
ness coefficient for the floodplains considered as the 2D com-
putational domain in the hydrodynamic model simulations
has been discussed by several authors (e.g., Casas et al.,
2010; Wright et al., 2017; Zahidi et al., 2018). The sensitiv-
ity analysis of the varying floodplain Manning’s roughness
coefficients of the particular land use patterns in the stud-
ied floodplain areas overall expresses increase in the inunda-
tion extent. However, the results indicate that the Manning’s
roughness coefficients of the floodplain areas have a rela-
tively limited influence on the flood extent from the spatial
perspective of the analysed Vipava river reach. The differ-
ence in the inundation extent when comparing the scenarios
of minimum and maximum Manning’s values is about 6 %
for the 10 year RP flood and around 4 % for the 100 and
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500 year RP floods. The variability in the extension of the
inundated areas and consequent extension of flood hazard ar-
eas is more noticeable in the areas with gentle slopes, mostly
along the right bank of the Vipava river channel, where the
floodplains are wider (Fig. 6).

In this respect, the influence of varying floodplain rough-
ness coefficient appears to be limited. However, some inter-
esting shifts in the flood hazard class extension could be ob-
served. The highest variability in the spatial extent was ob-
served for the low flood hazard class, which amounted to a
total decrease in the spatial extent for approx. 25 % when
comparing the scenarios of minimum and maximum rough-
ness coefficients of the floodplain areas (Fig. 7). Some parts
of the flood inundation area that were assigned to the lower
hazard class when considering lower Manning’s coefficient
values were assigned to the higher hazard class when consid-
ering increased Manning’s coefficient values.

When several sections of the Vipava river channel were
regulated and widened in the 1970s and 1980s, the de-
signed Manning’s values of the river channel were in the
range of 0.030-0.035 and the designed hydraulic conveyance
was in the range of 10-20 year flood RP. However, in re-
cent decades, the channel cross-section has been successively

Nat. Hazards Earth Syst. Sci., 26, 5647-5665, 2026
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Figure 6. Flood hazard class spatial extension for scenario ensemble S2 — different floodplain roughness characteristics. (upper map): low
floodplain roughness; (middle map): recommended floodplain roughness; (lower map): high floodplain roughness. Imagery source: © GURS,

2025.

heavily overgrown by the riparian vegetation, and recent
flood events have shown a significant increase in the chan-
nel area hydraulic roughness. The inundation and flood haz-
ard classes extension obtained from the simulation using the
designed channel Manning’s coefficient value and the cali-
brated values based on past flood events were compared. A
significant increase in the flood inundation area for a 10 year
RP flood could be detected demonstrating a high sensitivity
of simulated inundation area expansion to channel roughness

Nat. Hazards Earth Syst. Sci., 26, 5647-5665, 2026

coefficients. Higher main channel roughness coefficients sig-
nificantly reduce the hydraulic conductivity of the Vipava
River channel, causing the flow to overtop the channel banks
intensively even during peak flows with a lower RP (e.g.,
Q10). Changes in the channel roughness coefficient causes
a considerable increase in the inundation extent and spatial
extent of higher flood hazard classes (Fig. 8). When com-
paring the simulation results associated with the designed
and the calibrated channel Manning’s roughness coefficients
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tics.

(the values close to maximum recommended), the overall in-
crease in the inundated area was approx. 45 % for a 10 year
flood RP. For 100 and 500 year RP events, the increase in the
flood extent was 15 % and 11 %, respectively.

The spatial extent of the high and medium flood hazard
classes shows an increase of approx. 40 %, while the low and
other flood hazard classes show a decrease of approx. 90 %
and 40 %, respectively (Fig. 9). It should be noted that the ex-
pansion of the higher flood hazard classes causes a decrease
in the expansion of inundated areas previously classified in
the low and other flood hazard classes.

3.3 Sensitivity analysis of inundation extent and
maximum inundation depths

The linear surrogate models reproduced the hydrodynamic
model responses with good accuracy within the parame-
ter ranges represented by the 24 hydraulic simulations. For
inundation area and maximum inundation depth, the fit-
ted surrogates yielded R? values of 0.92 and 0.97, RMSE
values of 0.21km* and 0.08m, and MAE of 0.15km?
and 0.06 m. LOOCYV yielded Rfoocvvalues of 0.81 and
0.92, with RMSE gocv values of 0.32 km? and 0.10 m, and
MAE; oocv of 0.20km? and 0.08m for inundation area
and maximum inundation depth, respectively. The cross-
validation results indicate satisfactory predictive perfor-
mance for observations omitted individually during model
fitting, although the lower cross-validated performance for
inundation area indicates greater surrogate uncertainty than
for maximum inundation depth. Given the limited sample
size and the absence of independent validation data, the di-
agnostics support use of the surrogate models for screening-
level Morris sensitivity analysis within the sampled parame-
ter domain.

The results of the Morris method sensitivity analysis for
inundation extent and maximum inundation depth are shown
in Fig. 10. The results indicate that the inundation area is
primarily controlled by variations in channel roughness and
peak discharge, which exhibited the largest pu* values and
thus the strongest main effects. In contrast, floodplain rough-
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ness appears to contribute marginally to variations in in-
undation extent. For maximum inundation depth, peak dis-
charge emerged as the dominant driver, while channel rough-
ness showed a secondary but appreciable influence. o val-
ues were generally low, primarily reflecting the additive lin-
ear structure of the surrogate models. They should therefore
not be interpreted as evidence that the underlying hydrody-
namic model is free of nonlinear responses or parameter in-
teractions. Overall, these results indicate that uncertainty in
peak discharge estimate and sensitivity to channel roughness
should receive particular attention when selecting hydrody-
namic scenario ensembles for flood hazard mapping.

The observed changes in spatial extension of inundated ar-
eas appears to be conditioned especially by the specific to-
pography of the area, FFA uncertainty and roughness char-
acteristics of the Vipava river channel. The topography of the
floodplain affects the extension of the inundated areas for dif-
ferent RP, as it limits the increase in inundated area extent in
some parts of the floodplains. The differences in the spatial
extent of the inundated areas are smaller in the narrower parts
of the floodplain. On the contrary, the wider floodplain sec-
tions extending along the right bank show more pronounced
spatial variability of flood extent and hazard classes.

3.4 Weighted exceedance probability of inundation in
view of the critical land use classes

The main purpose of flood hazard maps elaboration is to
steer the future spatial planning and restrict the unwise (e.g.
build-up or intensive agriculture) land use in areas potentially
exposed to flood hazard. In the three analysed scenario en-
sembles, the area of potentially inundated agricultural land
ranges from 2.35-4.94km?. The flood-prone built-up areas
only cover a small portion of the inundated areas (0.06—
0.25km?). Due to the high spatial fragmentation, only a few
larger built-up areas have high flood risk. The differences in
the affected agricultural land use areas lies in the ranges up to
55 % for a 10 year flood, up to 20 % for a 100 year flood, and
up to 15 % for a 500 year RP flood event. The difference in
the extent of inundated built-up areas ranges up to 70 % for a
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Figure 8. Simulation results for scenario ensemble S3 — different river channel roughness characteristics. (upper map): design channel
roughness; (lower map): calibrated channel roughness. Imagery source: © GURS, 2025.
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10 year flood event and up to 50 % for 100 and 500 year RP
events, respectively. Figure 11 shows a map of WEPI spa-
tial distribution along the studied Vipava River reach. By
identifying areas that are repeatedly inundated across the
considered scenario ensembles (elevated normalised WEPI
values, e.g. > 0.5), consideration of inundation probability
could support the precautionary principle, whereby land use
decisions are informed by the potential inundation probabil-
ity conditioned by uncertain future conditions.

Figure 12a shows WEPI over bult-up areas expressed as
relative shares of inundated areas. Interestingly, approx. 40 %
of the build-up areas are positioned in areas of elevated WEPI
(normalised WEPI values > 0.5) according to the considered
scenario ensembles. This suggests that, under the precaution-
ary principle, built-up areas with elevated WEPI should be
treated as potentially flood prone even where deterministic
boundaries may appear less restrictive to avoid future de-

Nat. Hazards Earth Syst. Sci., 26, 5647-5665, 2026

velopment into locations exposed to uncertain flood hazard.
Large proportion of build-up areas falling into high WEPI
(normalised WEPI values > 0.85) is related to road infras-
tructure crossing the floodplain areas.

Figure 12b compares the WEPI with the deterministic in-
undation extent of the Q199 RP design flood event as reg-
ulatory flood hazard boundary and the Q1¢¢ inundation ex-
tents for the RCP 2.6, RCP 4.5, and RCP 8.5 scenarios.
Figure 12c shows the increases in inundation extent for the
FFA 90 % confidence interval representing hydrological un-
certainty and the RCP scenarios relative to the deterministic
010, Q100, and Qspg design flood events under the same hy-
drodynamic model settings. The RCP 8.5 scenario produces
greater increases in flood extent than the FFA 90 % confi-
dence limits, whereas the increases associated with the FFA
90 % confidence interval used to derive WEPI generally fall
within the range projected under RCP 2.6 and RCP 4.5. The

https://doi.org/10.5194/nhess-26-5647-2026
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Figure 10. Results of the Morris method sensitivity analysis for inundation extent (left) and maximum inundation depth (right).
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Figure 11. Normalised values of weighted exceedance probability of inundation (WEPI) for the considered scenario ensembles. Gray shaded

polygons indicate build-up areas.

comparison of scenario ensembles and the RCP-based inun-
dation extents shown in Fig. 12 is intended as a contextual
benchmark rather than as an additional component of the un-
certainty analysis. The rationale is that the FFA confidence
intervals represent hydrological uncertainty incorporated in
WEPI, whereas the simplified RCP-based peak increases in-
troduce additional uncertainty related to climate projections,
downscaling or changed hydrological response.

4 Discussion

The results demonstrate that flood hazard mapping in the
studied Vipava River reach is strongly shaped by the com-
bined effects of hydrological input uncertainty and hydraulic
roughness sensitivity. Building on these findings, the discus-
sion examines how the use of scenario ensembles and deriva-
tion of WEPI could advances flood hazard assessment by
translating uncertainty and sensitivity information into spa-
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tially explicit indicators that could help researchers, prac-
titioners, and stakeholders responsible for spatial planning
to better identify areas where deterministic flood boundaries
may underestimate future or recurrent flood exposure.
Natural uncertainty in design flood estimation is an inher-
ent limitation of FFA (Merz and Thieken, 2005), there is no
guarantee that any of the statistical methods will always pro-
duce design discharges that will match the observed flood
peak values. Selecting a single design discharge is problem-
atic because different plausible distributional assumptions,
limited discharge record length or rating curve uncertainties
can lead to substantially different flood peak estimates for the
same RP (Steinbakk et al., 2016; Okoli et al., 2019). More-
over, determining the design discharge for a given RP may
be subjected to additional uncertainties related to the non-
stationarity of the discharge data and the resulting impact
on the analysis of flood magnitude and frequency (Machado
et al., 2015; Stephens and Bledsoe, 2020). Interestingly, the
confidence intervals of the FFA considered in our study fall

Nat. Hazards Earth Syst. Sci., 26, 5647-5665, 2026
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Figure 12. (a) WEPI over bult-up areas expressed as relative shares of inundated build-up areas. (b) Comparison of WEPI, the deterministic
inundation extent of the Q199 RP design flood event and inundation extent for RCP 2.6, RCP 4.5 and RCP 8.5 scenarios. (¢) Increases
in inundation extent under the FFA 90 % confidence interval representing hydrological uncertainty and the RCP scenarios relative to the
deterministic Q19, Q100, and Q50 design flood events. Imagery source: © GURS, 2025.

within the ranges of the anticipated increase in peak dis-
charge under the RCP 2.6 and 4.5 scenarios, as projected in
the climate change assessment for Slovenia until the end of
the 21st century (ARSO, 2018). The worst-case RCP 8.5 sce-
nario (anticipated 20 % increase in flood peaks) somewhat
exceeds the 90 % FFA confidence intervals for all considered
flood peak RP. Therefore, the uncertainty in the FFA con-
sidered in this study may partly overlap with the projected
increase in flood peaks under the RCP 2.6 and RCP 4.5 sce-
narios. This suggests a practical link between FFA uncer-
tainty and the projected rise in flood peaks driven by climate
change, suggesting that their joint consideration can provide
a robust basis for assessing future flood hazards, although
it should not be interpreted as a full assessment of climate
change uncertainty.

The impact of roughness coefficients in the floodplains
on inundation extent is well documented in hydraulic mod-
elling literature, where higher roughness values typically
associated with vegetated or urbanized floodplains lead to
slower flow velocities and increased water surface eleva-
tions. Higher floodplain roughness coefficients may induce
local increases in water levels by reducing overbank con-
veyance, particularly in wider and lower gradient floodplain
sections, thereby causing greater lateral expansion of inun-
dation (Mosquera-Machado and Ahmad, 2007; Bhola et al.,
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2019; Barinas et al., 2024). Warmink et al. (2013) quanti-
fied the uncertainty in design water levels due to hydraulic
roughness in the River Waal, showing that vegetation rough-
ness in floodplains contributed significantly to the overall un-
certainty. Praskievicz et al. (2020) demonstrated that flood
extent predictions are highly sensitive to both topographic
resolution and Manning’s n values, especially in floodplains
where land cover is variable. The selection of the higher
floodplain roughness conditions could effectively account for
the future changes in floodplain land use on the inundation
extent. However, in the studied Vipava River reach, the in-
fluence of varying floodplain roughness coefficient on inun-
dation area extent and maximum inundation depth appears
to be limited when compared to influence in peak discharge
estimates variations and changes in channel roughness. This
may indicate that the floodplain roughness primarily affects
local flow redistribution and associated shifts between flood
hazard classes rather than the overall inundation extent.
Further, our results suggest that overlooking the poten-
tial influence of successional changes in channel rough-
ness may be extremely dangerous, especially with respect to
more frequent flood events. Changes in channel roughness
can substantially alter flood stages, conveyance, and inunda-
tion extent, particularly where reduced channel conveyance
promotes earlier bank overtopping during lower magnitude
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floods (Khosh Bin Ghomash et al., 2025; Praskievicz et al.,
2020). This mechanism is clearly reflected in the studied
Vipava River reach, where increased channel roughness as-
sociated with riparian vegetation overgrowth produced a pro-
nounced expansion of inundation extent for the 10 year RP
flood event. The effect was less pronounced for the 100 and
500 year events, suggesting that channel roughness is most
influential when floodplain activation is still controlled by
main channel conveyance. Reduced channel conveyance can
therefore lead to a larger relative expansion of inundation ex-
tent during lower RP floods, whereas its relative influence
decreases during higher magnitude events once floodplain
activation is already widespread (Lamichhane and Sharma,
2018; Mehedi et al., 2024). In this context, sensitivity testing
of hydrodynamic simulation workflows, particularly with re-
spect to succession changes in river channel roughness, could
substantially enhance the robustness of flood hazard assess-
ment. The resulting expansion of high and medium flood haz-
ard class, which in many countries imposes considerable re-
strictions on spatial planning, should therefore be more ex-
plicitly incorporated in flood risk mitigation strategies as dis-
cussed by Greiving et al. (2025) and Bodoque et al. (2023).
Stephens and Bledsoe (2023) show that flood hazard maps
that do not account for uncertainty may substantially under-
estimate exposure to future flooding and provide a false sense
of protection. Probabilistic flood hazard mapping has been
shown to reveal spatial patterns of hidden or transitional risk
that are not captured by deterministic flood boundaries, mak-
ing it particularly suitable for risk zoning and development
of decision support systems in flood-prone areas (Van der
Most et al., 2018; Stephens and Bledsoe, 2020; Sun et al.,
2022; Sanchez et al., 2023). Nevertheless, such maps are of-
ten difficult to interpret, particularly for end users who are
less familiar with probabilistic flood hazard information. The
indices such as WEPI could complement deterministic reg-
ulatory flood maps by identifying areas where recurrent ex-
posure remains plausible under uncertain future conditions.
The results shown in Fig. 12 clearly demonstrate that spatial
development near “deterministic” flood hazard boundaries
combined with potential compounding impacts of changed
hydraulic conditions in the river channel, uncertainty related
to the FFA or anticipated changes in flood peaks due to cli-
mate change, have a high potential to considerably increase
the flood risk of built-up areas. From a spatial planning per-
spective, areas with elevated WEPI could be prioritized for
precautionary zoning, stricter development control, and tar-
geted safeguarding of critical infrastructure and evacuation
routes, while periodic updates of the probability maps could
support revisions of local land use plans as new hydrologi-
cal, climatic, or channel hydraulic condition information be-
comes available (Dimond et al., 2025). Additionally, map-
ping inundation in such way could be found crucial to iden-
tify the most vulnerable sections of critical road infrastruc-
ture (e.g. for evacuation routes), enabling targeted mitigation
and protection measures against flood hazards. Road fail-
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ures induced by floods propagate far beyond inundated seg-
ments through network bottlenecks and interdependencies,
highlighting the need for integrated flood hazard assessments
for transport systems (Arrighi et al., 2021). Therefore, the
suggested approach could strengthen the treatment of uncer-
tainty in flood hazard classification and provide a more robust
basis for adaptive land use planning in potentially exposed
floodplain areas. This also highlights the need to guide future
spatial planning towards flood compatible land uses in recur-
rently exposed areas, thereby limiting further concentration
of vulnerable development while retaining or restoring space
for more resilient land uses (Agopian et al., 2024).

Finally, our results demonstrate that uncertainty and sen-
sitivity in flood hazard mapping are not merely theoretical
issues, they have practical consequences for spatial planning
and risk mitigation in topographically complex landscapes
with highly dispersed land use, such as the studied Vipava
River reach.

5 Conclusions

Due to the numerous sources of uncertainty in hydrological
input data and the sensitivity of hydrodynamic modelling re-
sults to input parameters, various questions about reliability
and validity inevitably arise during flood hazard assessment.
Our study aimed to systematically address and quantify hy-
drological uncertainty and the sensitivity of hydrodynamic
simulations, as well as highlight the evident lack of infor-
mation when depicting flood hazards as only discrete bound-
aries. The proposed approach considers possible changes of
the flood hazard situation, e.g., due to successional hydraulic
roughness changes and hydrological uncertainty by consider-
ing the FFA confidence intervals. The analysed scenario en-
sembles demonstrate that the extension of inundated areas is
significantly sensitive to river channel roughness, especially
for more frequent floods. Any alterations to the river channel
that affect its hydraulic roughness must be thoroughly eval-
uated and included in flood hazard assessments. Uncertainty
analysis could be expanded by generating additional uncer-
tain model inputs/parameters and performing multiple simu-
lation runs (e.g., by considering additional scenario ensem-
bles), which could provide more detailed inundation prob-
ability information for specific areas. However, despite on-
going advances in IT infrastructure and the development
of more computationally efficient hydrodynamic modelling
workflows, analyses and interpretation of numerous simu-
lations runs remain a considerable challenge in many prac-
tical applications. Nevertheless, we believe that the results
obtained by analysing limited set of “boundary” scenario en-
sembles are adequate for quantifying the sensitivity of inun-
dation extent and identifying sources of uncertainty affecting
flood inundation and hazard maps.

Our approach highlights the importance of incorporat-
ing uncertainty and sensitivity analyses into standard flood
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hazard mapping practices. This integration is crucial for
safeguarding vulnerable land uses and critical infrastructure
against the evolving challenges posed by climate change.
These results could improve the communication of the un-
certainty and sensitivity aspects of flood hazard mapping to
stakeholders involved in spatial planning. This could pro-
vide a more nuanced understanding of potential changes in
flood hazard, supporting proactive and adaptive management
strategies tailored to fragmented land use contexts.
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