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Abstract. Forecasting flood hazard areas often presents substantial challenges in data-scarce regions. In
our case study, we used HEC-RAS model to identify flood risk zones for various return periods along an
ungauged river in a semi-arid region. Our focus was on the densely populated area surrounding the Larbaa
River in Taza City. The model inputs comprise peak flow estimates derived from the GRADEX method,
physical parameters approximated using standardized tables (Manning coefficient), and other measurements
taken directly in the field. During the calibration phase, critical adjustments were made to ensure the model's
stability and its ability to generate results within an acceptable range. Our findings indicated that the
numerical model successfully identified vulnerable areas. The floodplain closely aligns with the extent of
the 100-year flood, highlighting all regions susceptible to flooding. The results were also consistent with
flood events from the past two decades, underscoring the model's predictive accuracy regarding the river's
behavior. These insights will inform future urban planning initiatives, enabling local authorities to
implement effective mitigation strategies. This study demonstrates that the model is a valuable tool for

comprehensive flood risk assessment, particularly in areas lacking monitoring.

1 Introduction

Around the world, flooding is one of the major natural
hazards that regularly threaten human lives and
properties [1]. Over the past decade alone, the flood risk
has significantly risen by 23% [2,3]. Climate change and
uncontrolled land use strongly correlate with this
increase [4, 5, 6, 7, 8, 9]. In developing countries with
limited protection measures, the impact of floods is
particularly harmful. Morocco, like many nations, is still
facing significant challenges in reducing the flood's
effects [10]. To mitigate these harmful effects, a highly
effective strategy involves using flood hazard maps as
documentation to strengthen the enforcement of land
use laws and regulations [6, 11, 12]. The common
tendency to produce flood hazard maps is utilizing
rainfall data and computer-based computations [6, 13].
These numeric tools have improved substantially with
the development of computer capabilities, remote
sensing, geographic information systems (GIS), and
computational modeling [14, 15]. On the other hand,
other studies use field surveys to delineate food-prone
areas [16, 17]. These studies employ the hydrogeo-
morphological method, a technique with a long-standing
history in France. This approach primarily relies on field
evidence, including flood indicators observed on the
ground, trees, and walls [12, 16]. It combines
information about fluvial landscape history,
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morphogenetic processes, field observation, and
laboratory experimentation [16, 17]. This integration
positions the method as a comprehensive science for
understanding and managing river systems [11, 18].
Currently, flood simulations employ various approa-
ches, such as machine learning, artificial intelligence,
and physics-based models [4, 6]. Over the past decade,
researchers have used and investigated these methods
worldwide. For instance, Ahmad et al. (2025)
demonstrated the efficacy of machine learning for flood
risk mapping in Indus Kohistan, Pakistan [19]. The
authors leveraged historical flood data alongside
meteorological variables, achieving high predictive
accuracy compared to traditional methods. In a similar
manner, Mishra and Prasad (2024) employed deep
learning methodologies, particularly Long Short-Term
Memory (LSTM) networks, to forecast river discharge
and flooding occurrences in India [20]. Zeng et al.
(2024) created a novel Al-based model for real-time
flooding image recognition using a super-resolution
generative adversarial network [21]. Furthermore, a
search in the SCOPUS database showed that the number
of publications with HEC-RAS in the title, abstract, or
keywords has more than doubled in the past ten years.
This notable growth can likely be attributed to the
release of version 5.0 in 2016, which introduced several
innovative tools, including a model for two-dimensional
computations. A review of the relevant literature
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indicates that the HR2D model has been widely utilized
in flood mapping, specifically in urban areas [22]. In
addition to these capabilities, the model is currently one
of the most popular models worldwide [6] and is likely
to become the standard for hydraulic modeling tools
[23]. The model has also proved computationally
efficient, especially for 1D modeling, which is highly
suitable for specific analyses [4, 6]. In Morocco, the
HEC-RAS model has been utilized since 2008 by
academics, consulting firms, and hydraulic basin
agencies to identify flood risks and develop protective
measures.

In our study area, Taous et al. (2010) and Akdim et
al. (2003) have already defined flood zones along the
Larbad River in Taza City based on integrated
geomorphology and hydrogeomorphology methods [24,
25]. These techniques have successfully identified areas
that have historically experienced flooding and enabled
detailed maps that categorize overflowing risks.
However, the methods used appear to have limitations
in highly urbanized areas, such as in the Al Malha
neighborhood, where human occupation has signifi-
cantly altered the natural topography. The present study
emphasizes quantitative aspects by employing
hydrological and hydraulic models, in contrast to the
previous methods that focused on the qualitative zoning
of flood risks. Such quantitative aspects provide
concrete measurements to accurately identify flooding
issues and develop solutions to assist decision-makers.
Given that the study area falls in poor data regions, we
were compelled to evaluate the flood peaks utilizing the
GRADEX model, which was initially introduced by
Guillot and Duband in 1967 [26]. Since then, local
equations have refined the GRADEX method to better
suit specific regions globally [27]. This method is highly
suitable for return periods ranging from 2 to 1000 years
in non-Karst basins with a surface area of 10 to 10,000
km? [28]. Several countries worldwide, such as the
French metropolitan area, the United States, Australia,
South Africa, Morocco, and Algeria, have verified the
method and confirmed its effectiveness in designing the
peak flows [11, 29].

Furthermore, we used the hydrodynamic approach to
reproduce the rivers’ behavior. This method is
commonly considered an excellent tool to estimate flood
amplitude. Given the HEC-RAS’s significance in
evaluating flood events, we were encouraged to utilize
it to explore and assess its effectiveness. Thus, we used
the HEC-RAS model to simulate floods in the Larbaa
River, which flows through a semi-arid region that lacks
monitoring stations. This river was selected due to its
considerable threat to the population and property along
the floodplains. Over the past two decades alone, the
local community has experienced numerous flooding
events. Thunderstorm precipitation often leads to
overflow incidents in the Larbaa River and its tributaries
[29]. In many instances, these intense and sudden
rainfall events have resulted in violent torrential floods
that have severely impacted the population.

In response to these serious threats, we aim to
identify flood-prone areas along the river’s sections,
characterized by a complex and highly occupied alluvial
plain. We seek to predict the flood extent in areas where

human activities disrupt and modify the floodplain.
Additionally, the study aims to replicate the river’s
behavior and simulate its responses to hydraulic
structures during floods that exceed previously observed
levels. We also intend to produce flood risk maps, which
may serve as reference documents for urban planning
and flood mitigation strategies. Finally, this study also
assesses the effectiveness of such modeling tools in
aligning with real-world flood scenarios.

2 Materials and methods

2.1 Case study

The study area is in the northern section of Taza city,
where the Larbad tributaries meet (Figure 1). The
Larbad drainage basin, which spans 780 km?, falls
within Taza province's administrative boundaries. It
includes various roads connecting neighboring cities
and villages. Geomorphologically, we may divide the
Larbad watershed into two separate sections. In the
northern part, the pre-Rif Oriental Hills dominate the
landscape, characterized by soft lithology consisting of
marls and marly limestones dating back to the
Cretaceous and the end of the Tertiary period (Figure
1a). The erosion of unprotected lands has created a hilly
landscape [30]. On the other hand, the southern portion
of the watershed extends over the northeastern Middle
Atlas Mountains, composed of rigid and permeable
limestone and dolomites from the Lias period (Figure
la). These geological features limit water erosion,
leading to steep landforms, with the highest point in the
rural commune of Bab Bouidir reaching an altitude of
1400 meters [4, 31]. Except for the southern section,
where perennial plants dominate in restricted regions,
the land is largely bare in vegetation.

Additionally, the Taza region has a semi-arid climate
with frequent, powerful, brief showers of precipitation.
These rainstorms directly contribute to increased
torrential flow and devastating floods [4, 30, 31].
Bouljraf, Laazib, Jouana, Rhouireg, Dfali, and Taza are
the essential tributaries flowing into the Larbad River
(Figure la). They help move water downstream and
cause terrible flooding in Taza City [13, 25, 31] (Figure
1, a and b). This city has witnessed a significant number
of deaths in the past thirty years alone, highlighting the
continuous threat to human life [32]. These floods have
also caused important material damage. The flood on
9/27/2000 resulted in the collapse of 47 houses and
damage to 126 others (Figure 2, a, b, and c) [32].
Moreover, this flood had a notable impact on cultivated
areas, leading to the uprooting of fruit plants (Figure 2d)
and a subsequent loss of productivity for 349 farmers in
2000 [33]. Similarly, the flood had significant effects on
the railways, with estimated damages of 4 million
dirhams for the floods of 9/27/2000 alone [34]. The
flood displaced several sections of railway tracks by
several meters, disrupting train traffic on the Rabat-
Oujda line for two days [34] (Figure 2e). Moreover, the
2010 flood affected the roads, interrupting traffic in
multiple sections and causing estimated losses of
approximately 8 million dirhams [33] (Figure 2f).
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Fig. 2. Damages along the Larbaa River, (a), flowing over the south part of Al Malha neighborhood, (b), submerged properties, (c),
cleaning operations [29], (d), uprooted fruit plants, (e), railways displaced [34], (f), traffic interruption during floods incidents.
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2.2 Data

In this research, we utilized the Advanced Spaceborne
Thermal Emission and Reflection Radiometer model
(ASTER _DEM), sourced from the USGS Earth
Explorer. This model, featuring a resolution of 30
meters, served as the foundational dataset for
constructing drainage networks and generating physical
parameters of the basin. The high-resolution digital
elevation model (DEM) effectively captured the
complex topographical features vital for drainage
system analysis. The analysis commenced with ArcGIS
10.8.2 software, which integrated Geographic
Information System (GIS) capabilities with advanced
remote sensing techniques. This combination enabled
the manipulation and visualization of spatial data,
facilitating a comprehensive morphometric analysis. To
accurately delineate the boundaries of the sub-
watersheds, we employed topographic maps at a scale of
1:50,000, provided by the poly-disciplinary Faculty of
Taza. These maps supplied detailed spatial information

necessary for defining sub-watershed extents and
understanding the surrounding landscape features.
Moreover, the software ArcGIS streamlined the
processing of both the ASTER DEM and the
topographic maps, allowing for the extraction of key
morphometric parameters, such as basin area, perimeter
lengths, river lengths, and other critical metrics that
define the characteristics of the sub-watersheds, as
shown in Table 1.

Moreover, the hydrological analysis is predominan-
tly based on annual maximum daily rainfall data and the
Intensity-Duration-Frequency (IDF) curves obtained
from the Taza rain gauge (Figure 3). The available
rainfall dataset includes observations from 1962-2024,
which is a long enough time for hydrological studies.
The IDF curves make it easier to determine rain intensity
for frequencies over a period of 10 to 100 years.
Additionally, the Montana coefficients are essential for
certain formulas associated with the GRADEX method.
The parameters “a” and “b” are also derived from the
IDF curves of Taza.

Table 1. Morphometric characteristics of the Larbaa’s sub-basins.

Sub-basins C.A ThalweglL | MaxH | MinH | HA | Basin’s perimeter | Gravelius | Slope by
Km2 Km m m Km index Kg %
Larbaa 284 43 1361 439.5 | 921.5 90 1.51 2.14
Bouljraf 302 37 1182 4395 | 742.5 96.5 1.57 2.01
Jaouna 48 22 1525 437 1088 47 1.91 4.95
Rhouireg 8 7.5 817 4345 | 382.5 15 1.50 5.10
Dfali 22.5 13.5 1520 434 1086 28.5 1.69 8.04
Taza 43 15 1770 421 1349 33 1.42 8.99
Laazib 7.5 5 642 4375 | 204.5 13 1.34 4.09
12 100YRS each possessing its own distinct methodology and
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Fig. 3. Intensity-Duration-Frequency (IDF) curves of rain
gauge station of Taza.

2.3 Methodology

To conduct numerical computations in HEC-RAS, the
model requires several inputs, including observed or
estimated flow rates, on-site measured cross-sections,
and additional variables obtained from standard tables
[11]. In the context of our case study, the process
utilized a hydrological model to perform a hydraulic
simulation. We calculated the highest peak flows for
different time periods and then used those numbers to
model how floods would behave. Overall, hydrological
analyses and hydraulic simulations differ significantly,

necessitating specific datasets (Figure 4).

2.3.1 Maximum Peak flows for a given return
period

To assess the maximum peak flow in ungauged basins,
such as the one in question, specific treatment is
necessary. This treatment involves determining
maximum discharges using a hydrological model. In this
context, we attempted to select the method that is
workable with the available data. We ended up applying
the GRADEX method to our case study, going through
many interconnected stages as described in figure 4. The
primary objective was to estimate two critical flood
parameters: the peak flow (Qf) for return periods
ranging from 10 to 100 years and the shape of the flood
hydrograph. Such parameters are essential in conducting
flood studies, thereby addressing data gaps related to
ungauged basins. To guess the river's rare discharges,
the GRADEX model used the drainage basin's
geometric features and information about rainfall. The
method was grounded based on the following
hypotheses: (1) the catchment area uniformly
experiences maximum rainfall, which is the sole factor
triggering peak flow, suggesting that no other elements
influence flood occurrences, and (2) both maximum
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rainfall and the corresponding rare flow exhibit the same
statistical distribution. This congruence implies that the
asymptotic laws governing rainfall distribution and flow
are aligned.

The process commenced with an in-depth statistical
analysis of maximum daily rainfall (MDR). In this
analysis, we employed the Gumbel distribution, which
serves as the most appropriate model for examining rare
frequencies [4, 27, 28]. This distribution enabled the
identification of the GRADEX and the maximum daily
rainfall (MDR) over different return periods, ranging
from 10 to 100 years (Table 3). We used a multiplication
factor of 1.15 on the daily values to get a 24-hour rainfall
estimate from the MDR. This considers how rainfall
spread over time [29]. Thus, the rainfall data was first
examined using a probabilistic analysis, then converted
into flow through a combination of conceptual and
empirical models [13, 28]; as explained below.

Additionally, the GRADEX method is fundamen-
tally anchored in a specific frequency known as the
reference (T), which typically ranges from 10 to 20
years, contingent upon soil permeability [29]. It is
advisable to utilize a 10-year frequency for areas with
impermeable lithologies and a 20-year frequency for
those characterized by permeable soils [26]. According
to HBAS (2011), a 10-year frequency is especially
suitable for northeastern Morocco. Given that
impermeable lithologies constitute over 80% of the
basin's total area, they facilitate surface runoff rather
than soil infiltration. Consequently, based on these
physical parameters, we conclude that employing a
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decennial frequency is more appropriate for this
analysis. To convert rainfall data into reference flow
discharge, we utilized the Caquot model, which is
recognized as the most suitable for application in
Morocco [35]. This model allows for the assessment of
the decennial peak flow, with these reference values
being essential for the subsequent stages of the
GRADEX method (Figure 4).

Furthermore, the flood hydrograph is crucial for
estimating runoff and water volume associated with a
specific reference frequency. Typically, these hydrog-
raphs are constructed by combining rainfall data with
flood observations. However, due to limitations in data
availability for this study, we opted for an alternative
approach to generate unit flood hydrograph. This
alternative method requires a base time that is twice the
duration of the peak time (Figure 5). Following this, the
reference volume for the 10-year return period was
calculated by multiplying the concentration time by the
corresponding flow rates. Additionally, we determined
the runoff for the 10-year return period by dividing the
10-year volume by the area of the basin. Also, the
GRADEX method is based on the premise that the
assessment of a flood can be effectively determined by
its peak flow, given that the watershed undergoes a
rainfall event whose duration matches the concentration
time of the catchment. Moreover, this approach asserts
that a rainfall event with a defined return period (Tr) will
generate a flood event that corresponds to that same
return period.
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Fig. 4. Methodology flow chart of the hydrological-hydraulic models.
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2.3.2 Numerical model in HEC-RAS

Developing a numeric model in HEC-RAS relies
fundamentally on the geometric representation of the
Riverland, illustrated through cross-sectional profiles
identified by their curvilinear abscissas along a
longitudinal profile [36]. This profile is derived from a
satellite image dated 2025 and is meticulously aligned
with the channel's center. The HEC-RAS assumes that
flow is channeled and organized consistently in a
preferential direction over time [36]. Additionally,
cross-sections are selected to provide precise
information regarding morphological features. They
were established in the field using measurements taken
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with a GPS, measuring wheel, and ruler. These profiles
were drawn from left to right and placed close together
to show the shape of the Larbaa River accurately.
Additionally, to address disturbances from human
activities, we incorporated obstructions such as houses,
bridges, and embankments within the floodplain during
the model construction. The simulation utilized the 100-
year peak flow as a representative flood event to create
a detailed and reliable flood map of potential wet areas.

I&—

Legend

Cross section
Bank Sta

Ground

Al Malha Bridge

*25m

Fig. 6. Fluvial hydraulic model in HEC-RAS.

2.3.3 Coefficients of roughness

The roughness coefficient varies according to land
characteristics. This concept is intricate and
incorporates several elements that remain partially
undefined. It considers factors such as vegetation
density, riverbed irregularities, surface water width, and
variations in soil composition. Each of these parameters
affect flow resistance in different ways [37]. In
determining the roughness coefficients, we utilized field
observations alongside standard tables developed by
Chow [38]. These coefficients were determined by the
unique characteristics of the riverbeds and banks. The
bottom of the Larbad River primarily consists of fine
gravel, leading to roughness coefficients that range from
0.035 to 0.05. We propose that values between 0.03 and
0.05 effectively capture the potential range of
coefficients relevant to the Taza region. According to
hydraulic basin agencies, coefficients ranging from 0.04
to 0.05 may be more suitable for this context [35].

2.3.4 Model Calibration in Steady-State
Conditions

To run the model under steady-flow conditions, HEC-
RAS requires hydrological models that accurately
evaluate peak discharges [36]. The GRADEX model is
recognized as a pertinent method for precisely assessing
discharge based on rainfall data, rendering it suitable for
integration within a steady-flow hydraulic model [36].
Thus, in this study, we opted to calibrate the model
under steady-state conditions, using the flood event that
occurred on September 27, 2000, in the Larbaa River as
a reference point. We incorporated the discharges from
this event into the upstream cross-section, considering
them applicable to the entire simulated section. While
flood discharges are treated as constant, the hydraulic
model can adjust these values for specific sections
where significant parameters impact flood dynamics.

During our sensitivity analyses, we modified certain
parameters and examined the resulting outputs. These
adjustments enabled us to identify a configuration that
ensures model stability and effectively replicates the
observed flood dynamics.

3 Results

3.1 GRADEX method

The GRADEX method enabled the estimation of runoff,
water volume, and peak flow for various return periods.
We are specifically focusing on the 100-year return
period due to its significance in assessing extreme flood
events. The Bouljraf sub-basin displays the highest
hydrological parameters within the Larbad watershed,
characterized by maximum values for runoff, water
volume, and peak discharge. The Larbaa sub-basin has
the second highest peak discharge, which is very close
to the first (Table 2). These substantial values reflect a
significant capacity for runoff generation and water
accumulation, thereby emphasizing the acute flood risk
associated with extreme precipitation events in this
region. Additionally, the Jaouna and Taza sub-basins
demonstrate moderate hydrological activity, suggesting
a reduced flood risk compared to Bouljraf and Larbaa.
On the other hand, the Laazib and Rhouireg sub-basins
have the lowest peak discharges, which are 50 m*/s and
52 m?/s, respectively (Table 2). These figures indicate
limited runoff generation and water storage capacity,
implying a lower potential for flooding in these areas.
These results underline the diverse hydrological
responses to rainfall incidences. The morphometric
parameters of the sub-basins, such as surface area,
concentration time, basin shape, and slope, closely link
these responses. The surface area of a basin significantly
influences its runoff potential and, consequently, its
peak flow. For example, the Bouljraf (302 km?) and
Larbaa (284 km?) sub-basins, which have the largest
surface areas, exhibit higher peak flows compared to
smaller basins such as Laazib (7.5 km?) and Rhouireg (8
km?). Furthermore, the Gravelius index, which measures
basin shape, plays a crucial role in hydrological
dynamics. A higher Gravelius index indicates a more
elongated basin, which may result in longer travel times
for runoff. For instance, Jaouna possesses the highest
Gravelius index (1.91), which correlates with its lower
peak flow values in relation to its surface area (Table 2).

3.2 Hydraulic simulation

Figure 7 illustrates the dynamics of flood risk frequen-
cies derived from numerical simulations. Panel (b)
depicts the extent of the 10-year flood, which primarily
inundates the river channel and adjacent floodplain. This
data suggests a relatively low flood risk, as water flows
without affecting sections where the local population
resides on the alluvial plains (Figure 7b). Panel (c)
presents the dynamics of the 20-year flood, revealing a
larger inundation area compared to the 10-year event,
with water extending further into the floodplain. This
expansion indicates an increased flood risk and possible
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impacts on nearby infrastructure (Figure 7c). Finally,
panel (d) shows the extent of the 100-year flood,
demonstrating water spread across the entire flood plain
(Figures 7d and 8). The numeric visualization for the
Malha neighborhood indicates that a significant portion

severe impacts on residences during such extreme flood
events. The centennial flood poses serious challenges
along the Larbaa River, underscoring the necessity for
preparedness and proactive measures to mitigate
potential impacts on vulnerable areas (Figure 8).

is at risk of inundation, highlighting the possibility of

Table 2. Runoff, water volume, and peak flow for different return periods (ranging from 10-year to 100-year).

Sub-basins of Larbaé watershed Runoff in mm Water Volume in Mm? Qpinmds

10 20 50 100 10 20 50 100 | 10 | 20 | 50 | 100

yrs yrs yrs yrs yrs | yrs | yrs yrs | yrs | yrs | yrs | yrs
Larbaa 10.19 | 13.56 | 31.12 | 4428 | 2.9 | 3.85 | 8.84 | 12.57 | 157 | 209 | 480 | 682
Bouljraf 994 | 14.13 | 3243 | 46.14 | 3 | 427 | 9.79 | 1393 | 163 | 232 | 531 | 756
Jaouna 7.02 9.87 | 22.64 | 3221 | 0.34 | 0.47 | 1.09 | 1.55 43 61 | 139 | 198
Rhouireg 5.69 | 7.65 | 17.55 | 2497 | 0.05 | 0.06 | 0.14 | 0.2 12 | 16 | 36 | 52
Dfali 6.27 | 846 | 1941 | 27.62 | 0.14 | 0.19 | 0.44 | 0.62 | 29 | 39 | 89 | 126
Taza 733 | 9.51 | 21.81 | 31.04 | 032041 [ 094 | 133 | 54 | 71 | 162 | 231
Laazib 588 | 7.75 | 17.79 | 2531 | 0.04 | 0.06 | 0.13 | 0.19 | 12 | 15 | 35 | 50
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Fig. 7. Flood Dynamics under different frequencies, (a), hydraulic model before the inputs data, (b), extent of 10-year flood, (c),

extend of 20-year flood, (d) extent of 100-year flood.

Concerning the hydraulic responses to various flood
events, we noted that the existing bridges along the
urban section of the Larbad River are inadequate for
managing floods with return periods of 50 and 100
years. The Al Malha Bridge, the largest cross-structure
in Taza City, remains undersized and unable to
effectively handle flow during floods exceeding 20
years (Figures 9 and 10). During such flood events, the
water significantly surpasses the bridge's height. Here,
the hydraulic structure functions as a barrier, obstructing
flowing water rather than facilitating it (Figures 8, 9, and
10). This blockage contributes to waterlogging and

retains water in the upstream section of the bridge.
Consequently, the flood impacts intensify both upstream
and downstream, restricting water evacuation and
leading to extensive overflows exceeding 300 meters in
width (Figures 8, 9, and 10). Along the Al Malha
neighborhood, centennial flooding completely covers
the floodplain, dispersing significant volumes of water
into residential areas and agricultural fields (Figures 8
and 10). The 100-year flow rate elevates water levels to
426.45 AMSL, resulting in an overflow of 2.61 meters
over houses nearing the Al Malha bridge (Figures 9 and
10).
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Fig. 9. Al Malha Bridge under observed and estimated floods (W.H, water heights; W.S, water sections).
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Fig. 10. Graphical illustration of the 2010 and 100-year floods (AMSL, Above Mean Sea Level).
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4 Discussion

Our model has effectively identified flood dynamics and
evaluated the performance of hydraulic structures. The
results indicate that the integration of hydrologic and
hydraulic modeling serves as a valuable approach for
estimating flood amplitudes. The GRADEX method
proved to be an effective tool for estimating rare
frequency flows in data-scarce regions. Also, the HEC-
RAS model accurately simulated the river's behavior
and determined flood zones (Figures 7 and 8).
Moreover, the modeling tools facilitated an
understanding of the river's response to cross-structures
and properties (Figures 8, 9, and 10). The wet areas
associated with centennial floods were considered as
potential boundaries for floodable regions (Figures 7, 8,
and 11). The process enabled the mapping of flood-
prone areas where human factors have altered natural
configurations. This indicates that the model can
estimate flooding over highly urbanized areas.

AL MALHA
NEBIGHEORHOOD

10-YEAR FLOOD (AS HIGH FLOOD
I RISKS AREA)
50 YEAR FLOOD (AS MODERATE
FLOOD RISKS AREA)
<+ } 100 -YEAR FLOOD (AS LOW FLOOD
So__ -~ RISKS AREA)

Additionally, eyewitness accounts validated our flood
hazard maps, corroborated by earlier field flood
observations (Figure 11). Our findings support a 2001
study by HBAS, which classified the 2000 flood as a
centennial event affecting the entire alluvial plain of the
Larbaa River [29].

Furthermore, the model may serve as a foundation
for further research into mitigation strategies and the
implementation of effective measures to reduce or
prevent flooding impacts. The model's capacity to
integrate reinforcement parameters within its interface
facilitates simulating the effects of protective measures.
Several simulation tests indicated an increase in water
levels with the installation of preventive structures,
demonstrating the model’s appropriate response and its
efficiency in flood mitigation. While awaiting more
precise methodologies and advanced versions of HEC-
RAS, the GRADEX method and current software
version have enabled the evaluation of probable flood
dynamics.

L |

o
Terrace
Nogtnundation

Fig. 11. Spatial representation of different flood frequencies on a satellite image of 2024.
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5 Method limits

Although the computational approach has valuable
capabilities, it still suffers from many challenges. These
challenges include insufficient hydrometeorological
data, the need for highly detailed digital terrain models,
the absence of real-time satellite flood observations,
difficulties in calibrating models, and the complexity in
determining precise roughness coefficients [11, 36, 37].
The complex nature of flooding events often makes the
process of developing hydrologic-hydraulic models
more challenging [13]. There is a lack of in-depth
examinations of current issues and their solutions in the
literature [11, 39]. Consequently, we assert that specific
gaps exist in modeling tools due to inadequate attention
to input elements. Before discussing model limitations,
it's crucial to note that output quality directly depends
on input accuracy. In our case study, the scarcity of
observations compelled us to use the GRADEX model
to estimate flow rates. This model is like other
hydrological models that exhibit a discrepancy between
reality and numerical representation. As we mentioned
previously in the methodology section, the GRADEX
method is based on key assumptions, including the
statistical reliability of historical data, the stationarity of
hydrologic and climatic conditions, and watershed
homogeneity. The method also assumes data accuracy
and comprehensiveness. These assumptions have been
widely debated within the hydrological community,
with none being regarded as absolute scientific truths.
Significant limitations exist regarding uncertainty in
peak flow estimation. Dependence on rainfall data alone
can result in over- or underestimations, and the results
may also be highly sensitive to the choice of runoff
coefficient values. Therefore, understanding these
assumptions and limitations is essential for improving
the accuracy of peak flow assessment.

The HEC-RAS model is based on empirical
principles that synthesize the interactions of physical
variables to demonstrate the processes of river
hydraulics. We acknowledge the challenges associated
with estimating these variables in the field, as even those
identified can vary over time and space. Besides these
challenges, we also encountered problems with model
calibration. To calibrate the model, we numerically
recreated the observed flood scenarios. Adjustments
were made to variables such as Manning's coefficients
to achieve the observed water levels. Although this
calibration technique appears logical, it has certain
limitations. One of the main drawbacks is that the
specific physical factors that caused the recorded flood
are often unknown. As a result, there is a risk of
overestimating or underestimating the variables, which
can affect the accuracy of the results. Furthermore,
model calibration in steady-state conditions relies on
constant fluvial hydraulic parameters. In nature, these
scenarios cannot exist, as peak flows are highly sensitive
to changes. Selecting roughness coefficients based on
local conditions and the modeler's judgment further
affects model outputs. Additionally, temporal changes
in land use or vegetation cover may render initial
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roughness estimates outdated, introducing additional
uncertainty.

6 Conclusion

The Modeling tools greatly enhance flood management
and urban planning by enabling the development of
advanced inundation risk maps. They prove particularly
powerful in regions characterized by limited data
availability and altered floodplain morphology. The
integration of hydrological and hydraulic models
facilitates the accurate identification of flood-prone
areas and the evaluation of their associated impacts. The
numeric simulations adeptly pinpoint sensitive zones
that require protective measures. Such precise inform-
ation equips stakeholders with the necessary insights to
formulate effective flood mitigation strategies. Additi-
onally, feeding the models with real-time precipitation
data could improve predictions for impending floods.
This analysis would enable authorities to anticipate
scenarios and coordinate intervention plans. Prior flood
prediction practically guides emergency response and
determines relief operations.
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