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ABSTRACT

Urban flooding is a recurring threat in the semi-arid cities of northeastern Morocco, where urbanisation of flood-
plains coincides with short, intense rainfall. This study assesses the flood hazard of the Tirakaa wadi in Nador and
the performance of two mitigation measures—upstream retention basins and targeted reforestation—considered
separately and in combination. The 7.42 km? catchment was represented through rainfall-frequency analysis, a
local intensity—duration—frequency (IDF) relationship, event-based HEC-HMS modelling with the SCS Curve
Number method under average antecedent moisture conditions (AMC II; CN-II), and two-dimensional hydraulic
simulation in Iber. The hourly intensity observed on 10 October 2025 (58.2 mm/h) was compared post hoc with
the T100 one-hour IDF intensity (59.6 mm/h) as a single-event plausibility check, rather than as formal validation.
For the T100 design-storm simulation, reforestation reduced the outlet peak discharge by 27%, the total inundated
area by 2.6%, and the high-hazard area by 12.0%. On a common mapped domain, retention and the combined con-
figuration reduced total inundated area by 5.4% and 10.2%, and high-hazard area by 7.5% and 26.3%, respectively.
A complementary footprint-exclusion indicator, reported relative to the full-domain baseline, gives reductions
of 21.2% and 26.0% for total inundation and 36.5% and 55.3% for high hazard when the 87,744 m? intentional-
storage footprint is omitted from the basin-containing configurations. The common-domain metric provides the
like-for-like comparison.

Keywords: urban flooding, nature-based solutions, HEC-HMS, Iber, retention basin, reforestation, Nador.

climate change, rapid and often unplanned urban
expansion, land-use change, and the occurrence
of short but intense rainfall events that exceed the

INTRODUCTION

Urban flooding is among the most damag-

ing natural hazards affecting Mediterranean and
semi-arid regions worldwide, causing significant
loss of life and severe damage to both the natural
environment and local economies. The rising fre-
quency and intensity of flood episodes stem from
the convergence of several pressures, including

limited infiltration capacity of built-up surfaces
(El Baida et al., 2025; Amar et al., 2025).

In Morocco, and particularly in the eastern re-
gions, urban flooding has become a recurring and
increasingly critical challenge. The combination
of unplanned urban development along natural
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floodplains, high variability of extreme rainfall
and a semi-arid topography greatly amplifies
flood risk. Recent studies in the confined basins
of northeastern Morocco have revealed concern-
ing patterns of urban encroachment and growing
flood vulnerability in mountain towns (Amar et
al., 2025; Afif et al., 2025; El Hadri et al., 2025).

Conventional flood-mitigation strategies
have traditionally relied on grey-infrastructure
solutions, including river channelisation, cul-
verts, protective levees and detention structures.
Although these approaches can provide localised
protection, they are often costly, rigid and inad-
equate under extreme hydrometeorological con-
ditions such as flash floods, particularly in rap-
idly growing urban areas. In response to these
limitations, nature-based solutions (NbS) have
emerged as sustainable and adaptive alternatives
for flood-risk management. By restoring natural
hydrological processes, namely enhanced infil-
tration, temporary storage and flow attenuation,
NbS can provide ecological and socio-economic
co-benefits, although their effectiveness remains
context-dependent and important evidence gaps
persist (Ruangpan et al., 2020). Mixed portfolios
can balance direct flood reduction with broader
co-benefits (Alves et al., 2019).

Afforestation and reforestation have been
widely investigated as catchment-scale nature-
based measures for flood mitigation. Increased
forest cover can enhance canopy interception,
improve soil permeability and increase surface
roughness, thereby reducing runoff generation
and delaying the flood peak. Mediterranean evi-
dence indicates that forest effects vary with catch-
ment size and physiography (Preti et al., 2011).
Performance also depends strongly on spatial
configuration, vegetation maturity and rainfall
intensity, especially in semi-arid environments
(Herath et al., 2025; Nadal-Romero et al., 2023).

Despite their growing adoption, nature-based
solutions are not without limitations. Their flood-
mitigation performance is conditioned by local
soil properties, land use, spatial scale and rain-
fall intensity, and may decrease once infiltra-
tion or storage capacities are exceeded during
extreme events (Dadson et al., 2017; Mubeen
et al., 2021; Herath et al., 2025). Mediterranean
modelling likewise shows that the magnitude of
the benefit depends on the location and configu-
ration of the interventions (Ferreira et al., 2020).
Consequently, NbS should be integrated within
flood-risk management frameworks that combine
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complementary green, blue and grey measures
(El Baida et al., 2025; Alves et al., 2019).

While a growing body of international re-
search addresses NbS performance at the basin
and city scales (El Hadri et al., 2025), detailed
neighbourhood-scale analyses focused on urban
wadis remain largely absent in the Moroccan con-
text. Against this background, the present study
examines an urban catchment at the neighbour-
hood scale, crossed by the Tirakaa wadi in the
city of Nador, northeastern Morocco. The main
objective is to characterise urban flood dynamics
through hydraulic modelling and to evaluate the
effectiveness of nature-based solutions, specifi-
cally retention basins and targeted reforestation,
in reducing flood-hazard indicators.

STUDY AREA

The Tirakaa neighbourhood lies in the north-
western part of the city of Nador, in the Oriental
region of Morocco, at the interface between the
Mediterranean coast and the Marchica lagoon. The
Tirakaa wadi crosses the neighbourhood, where
several branches and ephemeral channels (chaabas)
converge within the urban fabric before draining
towards the lagoon, making Tirakaa a natural outlet
for multiple upstream sub-basins (Figure 1).

Local topography is marked by a strong con-
trast between elevated upstream areas and low-ly-
ing downstream zones. Within the Tirakaa neigh-
bourhood, elevations range from about 1 m near
the lagoon to nearly 100 m in the western urban
sectors; across the full contributing catchment,
the sub-basin relief values are larger (217-605
m; Table 1). This gradient promotes rapid run-
off concentration and high flow velocities during
intense rainfall. Geologically, the area is part of
the Nador basin, bounded to the northwest by the
Gourougou volcanic massif, with an infill domi-
nated by thick Quaternary deposits that influence
surface formations and infiltration capacity.

The climate is Mediterranean with a semi-arid
tendency, characterised by short but intense rain-
fall that is the main trigger of urban flooding. Ur-
ban development has largely followed the natural
drainage network, with encroachment onto flood-
prone areas. The neighbourhood is partly served
by a stormwater drainage network built by the
Marchica Agency; designed for frequent rainfall,
this network is rapidly overwhelmed during the
extreme events considered here, so that the hazard
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Figure 1. Location of the study area (Morocco, Oriental region, city of Nador, Tirakaa neighbourhood)

is then governed by major surface drainage. The
hydraulic behaviour of the neighbourhood is
further shaped by linear infrastructure: national
road RN16 crosses the wadi and several chaabas
through a series of bridges and culverts, some un-
dersized, which create hydraulic bottlenecks; and a
railway embankment, running parallel to the coast,
acts as a transverse barrier to drainage towards the
lagoon, favouring water ponding upstream of the
embankment. Finally, two abandoned sand quar-
ries located upstream form depressions directly
connected to the drainage network, potentially
acting as temporary storage areas.

These hydraulic constraints result in recur-
ring flooding at the RN 16 crossing, as illustrated
by the 26 January 2010 event (Figure 2), during
which the culvert structure operated under pres-
sure and the roadway was submerged.

MATERIALS AND METHODS

General methodological framework

The approach integrates spatial-data analy-
sis, frequency analysis of extreme rainfall,
rainfall-runoff modelling and

event-based

two-dimensional hydraulic simulation. Compa-
rable regional studies have coupled SCS-based
hydrology with two-dimensional hydraulic mod-
els for urban flood-hazard mapping (Bouiss et al.,
2023; El Baida et al., 2025; Afif et al., 2025; Amar
et al., 2025). These studies provide methodologi-
cal precedent, not catchment-specific validation
of the present parameters. The framework com-
prises five stages (Figure 3): (1) data collection
and pre-processing; (2) frequency analysis and
design storms; (3) rainfall-runoff modelling; (4)
2D hydraulic modelling and hazard mapping; and
(5) evaluation of mitigation scenarios.

Data and sub-basin delineation

The digital elevation model (DEM) was de-
rived from a photogrammetric survey carried out
by the Marchica Lagoon Site Development Agen-
cy (native cell size 0.88 m, resampled to 1 m). This
survey is produced for the Agency’s operational
needs in territorial planning and urban-planning
authorisations, and therefore constitutes an engi-
neering-grade dataset rather than a research prod-
uct. It was pre-processed in GIS (ArcGIS Pro, Arc
Hydro and HEC-GeoHMS) to ensure hydrological

Figure 2. Flooding of 26 January 2010 at the RN16 crossing: (a) high-velocity outflow at the five-culvert
structure; (b) submersion of the RN16 roadway
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Figure 3. General methodological framework of the study

continuity of the network. The Tirakaa drainage
system was subdivided into five sub-basins (SB1
to SBS), with a total area of 7.42 km? (Figure
4, Table 1). Land use (Figure 5) comprises five
classes — shrubland (528.9 ha; 71.3%), residen-
tial areas (169.3 ha; 22.8%), cropland (22.9 ha),
forest (12.8 ha) and bare soil (8.2 ha). Hydrologi-
cal soil groups were assigned by lithological cor-
respondence from the 1:100,000 geological map,

using the formation permeabilities reported for the
Gareb-Bouareg basin (Chamrar et al., 2019): Qua-
ternary silts, gravels and sands were assigned to
group B and altered volcanic rocks and marls of
the Gourougou massif to group C. Groups B and
C cover 28.3% and 71.7% of the catchment re-
spectively. The land-use and soil layers were com-
bined to derive the weighted CN-II and Manning
coefficients (Supplementary Material S3).
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Figure 4. Delineation of the five sub-basins (SB1 to SB5) and drainage network
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Figure 5. Land use of the Tirakaa catchment

Table 1. Morphometric characteristics of the sub-basins

Sub-basin Area (km?) Length (m) AH (m) Slope (m/m) Tc (min) Lag (min)
1 1.031 44211 477 0.1079 29.47 17.70
2 1.488 3985.3 516 0.1295 25.36 15.22
3 1.486 2878.6 552 0.1918 16.97 10.18
4 1.454 3077.3 605 0.1966 17.68 10.62
5 1.962 2761.2 217 0.0786 23.17 13.90
Total 7.42 — — — — —

Frequency analysis and design storm

The frequency analysis was based on the an-
nual daily maxima (Pjmax) of the Nador-Aroui
station over 1977-2025 (49 years). The annual
series (Figure 6) shows strong interannual vari-
ability, with a mean of 48.1 mm and four years
exceeding the ten-year threshold (85.7 mm).

The lognormal (Galton) distribution was re-
tained after goodness-of-fit tests (Amar et al.,
2025; Afif et al., 2025). The log-space parameters
(uln = 3.7231; oln = 0.5677; n = 49) were com-
puted from the sample mean and sample standard
deviation of In(Pjmax). Goodness-of-fit testing
did not reject the lognormal model at the 5% level:
the Shapiro-Wilk test applied to In(Pjmax) gave
W =10.9843 and p = 0.7532, while the HYFRAN-
PLUS chi-squared test (3> = 3.35; 6 df; p = 0.764)
and empirical-moment tests were also non-signifi-
cant (Figure 7; Supplementary Material S4). Daily
depths were converted to 24 h depths through the

Weiss coefficient (P24h = 1.13 x Pjmax) (Weiss
1964) for T =5 to 100 years (Table 2).

Because the concentration times are short
(17-29 min), the design storms were derived
from the local intensity—duration—frequency
(IDF) relationship to represent the sub-hourly
intensities governing the hydrological response
(Elhassnaoui et al. 2019; El Baida et al. 2025).
The IDF, described by the Montana model i(t)
= A-t"(-B) (i in mm/min and t in min), was es-
tablished for the Nador station over 1976-2012
(Marchica Med, 2016), with coefficients reported
in Table 3. Because the design durations (<120
min) fall within the reported fitting range (5 to
approximately 745 min), the relationship was ap-
plied directly (Figure 8).

The two statistical datasets serve distinct and
complementary purposes and are not combined in
a single computation chain. The 1977-2025 an-
nual daily maxima characterise the local rainfall
regime and provide the return-period framework
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Figure 6. Annual daily maxima series (Pjmax), Nador-Aroui station (1977-2025)
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Figure 7. Lognormal fit of the Pjmax, Nador-Aroui station (1977-2025)

Table 2. Design depths from the frequency analysis

T (years) Pjmax (mm) 95% CI lower 95% ClI upper P24h (mm)
5 66.7 54.4 79.1 75
10 85.7 67.2 104 97
20 105.3 79.5 131 119
50 132.8 95.3 170 150
100 155.0 107 203 175

Note: the 24 h depths (P24h) are reported to characterise the rainfall regime; the design storms used in the
hydrological model are derived from the IDF relationship (Table 3) over 120 min.

ofthe study, whereas the 1976-2012 IDF relation-
ship supplies the sub-hourly intensities required
to build the design hyetographs. The two periods
overlap over 1977-2012, that is 97% of the IDF
fitting period, and the daily-maxima series ex-
tends it by thirteen additional years. Because the
catchment response is governed by durations of
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17-29 min, the design storms are derived exclu-
sively from the IDF relationship within its cali-
brated sub-hourly range; the 24 h depths of Table
2 are reported to characterise the rainfall regime
and are not used as input to the hydrological mod-
el. Power-law IDF models of the Montana type
are fitted to short durations and should not be
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Table 3. Montana coefficients of the Nador IDF

(1976-2012)

storms can exhibit substantial variability in the
timing of rainfall within the event (Huff, 1967).

Rainfall-runoff modelling (HEC-HMS)

The rainfall-runoff transformation was carried

out with HEC-HMS (USACE, 2000). Regional

studies have previously applied HEC-HMS/SCS-
CN or related SCS-based workflows in northeast-

T (years) A B
2 2.997 0.592
5 4.916 0.578
10 6.195 0.575
20 7.424 0.572
50 9.016 0.570
100 10.21 0.569

extrapolated to daily totals, which is why the two
datasets are kept separate rather than merged. The
agreement between the 10 October 2025 hourly
observation (58.2 mm/h) and the T100 one-hour
IDF intensity (59.6 mm/h), a difference of 2.4%,
is treated as a single-event consistency check. It
does not establish temporal stationarity or dem-
onstrate that the 1976-2012 relationship is repre-
sentative of all recent sub-hourly extremes.

The hourly intensity observed on 10 October
2025 (58.2 mm/h) is close to the T100 one-hour
intensity derived from the IDF (59.6 mm/h; Figure
8). As this comparison relies on a single duration
and a single event, it is treated as a consistency or
plausibility check, not as statistical validation of
the IDF curve. Design hyetographs were then con-
structed by the alternating-block method (Chow et
al., 1988) for T = 10, 50 and 100 years over 120
min, using a 10-min time step (Table 4, Figure 9;
Supplementary Material S1). This is a conven-
tional synthetic temporal pattern; observed heavy

200 4 ™

100

60

40

Rainfall intensity, i (mm h™1)

20

10 T T

ern Morocco (EI Baida et al., 2025; Amar et al.,
2025; Afif et al., 2025; Toufik et al., 2023), but
they do not constitute calibration of the present
catchment. In the absence of event-specific ante-
cedent soil-moisture data, losses were estimated
under average antecedent moisture conditions
(AMC 1I), and the tabulated values are there-
fore denoted CN-II. The SCS relationship used
Ia = 0.2S, with S = 25,400/CN-II - 254 (mm);
the weighted values are reported in Table 5. The
method is sensitive to the selected CN, anteced-
ent wetness and the fixed initial-abstraction ratio
(Ponce and Hawkins, 1996), while evidence from
northern Morocco demonstrates the importance
of antecedent wetness in event-based SCS-CN

Table 4. Total depths and peak intensities of the design
hyetographs (120-min duration)

Observed 60-min intensity: 58.2 mm h™?
(single-event post hoc plausibility check)

T
5 10 15 30

T
60

T 1
240 360

T (years) Total depth (mm) Pea(l:nlrr;t;t;5|ty
10 47 99
50 71 146
100 80 165
T =10 years
= T = 50 years
= T =100 years

Duration, t (min)

Montana relation: i = At 8 (reported coefficients; intensity converted to mm h™1).

Figure 8. IDF curves for the Nador station (1976-2012) and the 10 October 2025 hourly observation used as a

single-event post hoc plausibility check
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Figure 9. Alternating-block design hyetographs for T

simulations (Tramblay et al., 2012). AMC II is
therefore a transparent average-condition as-
sumption rather than a calibrated catchment state.
To bound the influence of CN-II and antecedent-
moisture assumptions, a screening sensitivity
analysis was performed for nine parameter com-
binations (Supplementary Material S2). Only the
reference case was simulated in HEC-HMS; the
other eight peak discharges were estimated from
SCS-CN runoff-volume ratios and are reported as
first-order bounds rather than independent simu-
lations. Tc was estimated using Kirpich (1940),
whereas basin lag was set to 0.6Tc following US-
DA-SCS guidance (USDA-SCS, 1972; Table 6).
The resulting hydrographs supplied the upstream
boundaries of the hydraulic model.

The HEC-HMS model structure comprises
five sub-basin elements draining directly to a sin-
gle junction, without intermediate routing reaches.
This configuration reflects the physical layout of
the catchment, in which the five chaabas converge
at a common confluence point immediately up-
stream of the modelled reach. Given the short con-
centration times (17-29 min) and channel lengths
(2.8-4.4 km), conceptual channel routing would
add limited value, and flow propagation down-
stream of the junction is resolved explicitly by the
two-dimensional hydraulic model rather than by
a lumped routing scheme. The outlet hydrograph

Table 5. SCS-CN-II loss parameters for the baseline
configuration (AMC 1)

Sub-basin CN-II S (mm) la (mm)
1 77.72 72.8 14.6
2 82.62 53.4 10.7
3 84.27 47.4 9.5
4 82.38 54.3 10.9
5 78.33 70.3 141
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Numbers above the central blocks denote peak intensity (mm h~?*),

=10, 50 and 100 years (120-min duration; 10-min blocks)

Table 6. Concentration and lag times

Sub-basin Tc Kirpich (min) | Lag = 0.6-Tc (min)
1 29.4 17.7
2 253 15.2
3 16.9 10.2
4 17.7 10.6
5 23.17 13.9

therefore results from the superposition of the five
sub-basin hydrographs at the junction, with the
peak (102.9 m?/s) slightly lower than the arithme-
tic sum of the individual sub-basin peaks (109.0
m?/s) because the peaks are not simultaneous.

2D hydraulic modelling and hazard
mapping (lber)

Flood propagation was simulated with Iber
3.1, which solves the depth-averaged shallow-
water (Saint-Venant) equations by a finite-vol-
ume method (Bladé et al., 2014). Unstructured
finite-volume formulations are well established
for overland-flow applications (Cea and Bladé,
2015). Iber has previously been applied to ur-
ban flood mapping in Morocco, including Taza
and other northeastern catchments (Bouiss et al.,
2023; Amar et al., 2025; Afif et al., 2025; Toufik
et al., 2023); these applications provide regional
precedent rather than validation of the present
configuration. An unstructured mesh was gen-
erated with nominal cell sizes of 1 m along the
chaabas and 5 m elsewhere; terrain information
was derived from a 1 m raster resampled from
the native 0.88 m photogrammetric DEM, so that
the finest mesh resolution does not exceed the
raster representation used in the model. Urban
inundation predictions are sensitive to computa-
tional scale and to the source and resolution of
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topographic data (Casas et al., 2006; Fewtrell et
al., 2008). The RN16 structures and railway em-
bankment were represented in the terrain, but no
explicit building-treatment method was imple-
mented; local velocities should therefore be in-
terpreted cautiously because they can depend on
how buildings and small-scale urban obstacles are
represented (Schubert and Sanders, 2012). HEC-
HMS hydrographs were imposed upstream, with a
subcritical outflow condition towards the lagoon,
a Courant number (CFL) of 0.15 and a wet/dry
threshold of 0.01 m. Flood hazard was classified
into three levels (low, moderate and high) using
the depth—velocity grid in Table 7, adapted from
the Annonay Flood Risk Prevention Plan (PPRI
Annonay, 2010) and consistent with reviewed
hazard-classification approaches (Maranzoni et
al., 2023). Considering depth and velocity jointly
is physically relevant because pedestrian stabil-
ity depends on relative submergence and flow
regime (Arrighi et al., 2017); this reference sup-
ports the combined variables, not the exact An-
nonay thresholds. The classification combines the
maximum-depth and maximum-velocity rasters

as a conservative envelope; these maxima may
not occur at exactly the same simulation time.

Mitigation-scenario configurations

Two mitigation measures were evaluated sep-
arately and in combination: (i) upstream retention/
detention basins, and (ii) targeted reforestation of
accessible shrubland areas. All four configura-
tions, including the baseline, were simulated on
the same hydraulic computational domain using
the T100 design hyetograph.

Retention basins

The retention scenario (BR) consists of three
upstream basins located along the main chan-
nels of sub-basins SB2, SB3 and SB5. Two reuse
abandoned sand quarries (SB3 and SBY) as tem-
porary storage areas (Figure 10). This configu-
ration exploits existing depressions connected
to the natural drainage network. The three basin
footprints cover a total of 87,744 m? Their ef-
fect was represented by local DEM modification,

Table 7. Flood hazard classification grid (depth x velocity)

Depth \ Velocity V<0.2m/s 02=V<0.5m/s V=0.5m/s
H>1m High High High
05sH<1m Moderate High High
H<0.5m Low Moderate High

[ Proposed detention basin

Figure 10. Location of the three proposed nature-based detention/retention basins (red outlines)
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corresponding to excavation of approximately
5-5.5 m below the existing ground: bed eleva-
tions were lowered from 38 to 33 m in SB3, from
32t0 27 min SB5, and from 31.5 to 26 m in SB2.
The baseline inflow hydrographs were retained so
that the hydraulic storage effect could be isolated.

Targeted reforestation

The reforestation scenario converts selected
shrubland (matorral) areas to woods in fair hydro-
logical condition. A slope-based accessibility cri-
terion excluded terrain steeper than 30%, which
was considered impractical for manual planting
and maintenance (FAO 1976). This screening re-
duced the candidate area from 528.9 ha of total
shrubland to approximately 300 ha of accessible
land (57% of the shrubland), distributed unevenly
among the sub-basins (Figure 11). The threshold
is a planning assumption and would require field
verification before implementation.

Within the selected areas, the shrubland CN-
II was replaced by the value assigned to woods in
fair hydrological condition (USDA-SCS 1986):
from 77 to 60 for hydrological soil group B and
from 85 to 73 for group C. Weighted CN-II values
were recomputed for each sub-basin. In the hy-
draulic model, Manning’s n was set to 0.10—0.12
over reforested cells to represent the increased
surface roughness. These values define a prospec-
tive mature-forest scenario rather than current
field conditions.

Ferw

Combined scenario

The combined configuration associates the
three retention basins with targeted reforestation.
It therefore includes the basin-related DEM mod-
ifications, the reduced reforestation hydrographs
and the higher Manning coefficients over the se-
lected reforestation areas.

RESULTS

Rainfall-runoff response

The simulated outlet peak discharges were
34.7, 81.0 and 102.9 m3/s for the T10, T50 and
T100 design storms, respectively (Table 8). For
the T100 design storm, the largest sub-basin peak
was obtained for SB3 (28.5 m?/s), followed by
SB4 (24.8 m3/s) and SBS5 (23.6 m3/s). The cor-
responding hydrographs are shown in Figure 12.

Baseline hydraulic hazard

For the baseline T100 design-storm simula-
tion, the simulated maximum water depth reached
1.96 m and the maximum velocity reached 7.9
m/s (Figures 13 and 14). High-hazard cells were
concentrated along the chaabas, at channel conflu-
ences and near the downstream RN 16 and railway
structures (Figure 15). The maximum velocity oc-
curs on upstream hillslope cells where the local

[0 Reforestation arca [l Shrubland [ Residential [] Cropland [Nl Forest [ Barc soil

Figure 11. Accessible shrubland areas selected for reforestation (lavender), after applying the <30% slope
criterion
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Table 8. Simulated peak discharges — baseline (m?/s)

terrain gradient reaches 56% (29.4°). At that loca-
tion the simulated depth is 0.21 m and the Froude

Sub-basin | T=10years | T =50 years T=100 K R . .
years number is 4.7, indicating a supercritical torrential
! 31 8.6 10.6 regime. The velocity is consistent with the Man-
2 76 171 215 ning formulation for the assigned slope and rough-
3 5 229 285 ness, and is therefore a physically admissible so-
4 82 197 24.8 lution rather than a numerical artefact; however,
S 7.0 18.2 236 natural rock-step and boulder roughness that dis-
Outlet 347 81.0 102.9 sipates energy on such slopes is not resolved at the
= Sub-basin1 == Sub-basin 4
100 4 AN —— Sub-basin2 -~ Sub-basin 5
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Figure 12. Flood hydrographs for the five sub-basins and at the outlet under the baseline T100 design storm

Figure 13.

‘Water depth (m)

0.01

25830

1.96 [] Project area

Maximum simulated water depth for the baseline T100 design-storm simulation
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Flow velocity (m/s)
0.01

7.90 [ Project area

Figure 14. Maximum simulated flow velocity for the baseline T100 design-storm simulation

0,45
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Figure 15. Flood-hazard map for the baseline T100 design-storm simulation

model scale, so these peak values are likely to be
overestimated. They occur in the upper catchment,
outside the urbanised sectors where the hazard as-
sessment is targeted, and are not used to support
any conclusion about urban exposure.

Performance of the mitigation
configurations
Retention basins

With the baseline inflows unchanged, the ex-
cavated basins redirected water into the designated
upstream storage areas and reduced downstream
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hazard (Figure 16). Because stored water is inten-
tionally mapped within the basin footprints.

Targeted reforestation

Reforestation reduced the T100 outlet peak
from 102.9 to 75.0 m3/s (27.1%) and the T10 peak
by 42.4% (Table 9; Figure 17). In the hydraulic
results, total inundated area decreased by 2.6%
and high-hazard area by 12.0%, whereas low-
hazard area increased. These are aggregate class
changes; a cell-by-cell transition matrix was not
calculated (Figure 18).
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Figure 16. Flood-hazard map for the retention-basin configuration (T100 design storm)

Table 9. Targeted reforestation: weighted CN and hundred-year peak discharges per sub-basin

Sub-basin Baseline CN-II Reforested CN-Il | Qp T100 baseline (m¥/s)| P T“E%Z’fsf;’res'ted
1 7772 77.00 106 10.2
2 82.62 77.33 215 16.1
3 84.27 78.39 285 207
4 82.38 75.62 24.8 16.8
5 7833 7179 236 15.6
Outlet — — 102.9 75.0

- Baseline (peak 102.9 m?/s)
_________ - Reforestation (peak 75.0 m?/s)

100
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)
E
<
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w
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0 25 50 75 100 125 150 175 200
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Figure 17. T100 outlet hydrograph: baseline and reforestation configuration under fair forest condition
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Figure 18. Flood-hazard map for the targeted-reforestation configuration (T100 design storm)

Combined configuration

The combined configuration produced the
smallest high-hazard footprint among the four
mapped configurations (Figure 19).

Cross-scenario comparison

All simulations used the same hydraulic
computational domain, but two post-processing
indicators are reported to make the treatment of

Fevw

intentional storage explicit (Table 10; Figure 20).
The common mapped-domain comparison in-
cludes every wet cell, including the basin cells,
which are classified as high hazard because they
contain intentionally stored water. Adding the
87,744 m? storage footprint back to the reported
retention and combined totals gives like-for-like
reductions of 5.4% and 10.2% in total inundated
area and 7.5% and 26.3% in high-hazard area, re-
spectively. Reforestation reduced total inundated
area by 2.6% and high-hazard area by 12.0%. For

sssew

0,45

530w

[JLow [ Moderate [Hll High

Figure 19. Flood-hazard map for the combined retention-basin and reforestation configuration
(T100 design storm)
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Table 10. Percentage reduction relative to baseline for the T100 design-storm simulation under two spatial

accounting metrics

Configuration Common domain Common domain Footprint-excluded*® Footpri_nt-excluded*
Total (%) High (%) Total (%) High (%)
Retention 5.4 7.5 21.2 36.5
Reforestation 2.6 12.0 — —
Combined 10.2 26.3 26.0 55.3

Note : *the footprint-exclusion indicator is reported relative to the full-domain baseline; it omits the 87,744 m?
storage footprint from the retention and combined configurations only and is therefore not a like-for-like spatial

comparison.

B Total inundated area
(a) Common mapped-domain comparison
60

50 -
40 -

301 26.3%

Reduction relative to baseline (%)

Retention

Reforestation Combined

Identical spatial mask applied to all configurations

@A High-hazard area
(b) Reported footprint-exclusion metric

55.3%

36.5%

Not applicable
(no detention basin)

T
Reforestation

Retention Combined

87,744 m? storage footprints omitted from Retention and Combined only

Figure 20. Percentage reductions relative to baseline under (a) common mapped-domain accounting and (b)
the footprint-exclusion indicator omitting the 87,744 m? storage footprint from the retention and combined
configurations only

continuity with the initial reporting, a secondary
footprint-exclusion indicator is also retained: the
87,744 m? footprint is omitted from the retention
and combined configurations, but the full-domain
baseline remains the denominator. It yields 21.2%
and 36.5% for retention and 26.0% and 55.3% for
the combined configuration. Because that second
indicator does not use a common spatial mask, it
is descriptive and must not be interpreted as an
off-site reduction. The common-domain values
provide the principal comparison.

DISCUSSION

This study characterised the flood hazard of the
Tirakaa neighbourhood and evaluated two mitiga-
tion measures separately and in combination. The
coupled HEC-HMS/Iber simulation forced by the
T100 design hyetograph indicates an extensive
high-hazard zone along the chaabas and near the
downstream RN16 and railway structures, with
maximum mapped depths and velocities of 1.96
m and 7.9 m/s. On the common mapped domain,

the combined configuration gave the largest re-
duction: 10.2% of total inundated area and 26.3%
of high-hazard area. The larger values obtained
with the footprint-exclusion indicator (26.0% and
55.3%) partly reflect omission of the intentional-
storage footprint and are therefore reported only
as a secondary descriptive metric.

The 10 October 2025 hourly observation
was compared post hoc with the adopted IDF
relationship. Its intensity of 58.2 mm/h is close
to the T100 one-hour IDF value of 59.6 mm/h.
This single-event comparison is useful as a plau-
sibility check, but it cannot validate an entire IDF
curve or its return-period assignment. The design
storms therefore remain based on the 1976-2012
local IDF relationship and should be interpreted
in light of uncertainty in that IDF fit and in the
separate 49-year daily-maximum analysis.

The two measures affect different model com-
ponents. Retention basins modify terrain storage,
whereas reforestation changes the assumed SCS
loss and surface-roughness parameters. They
should therefore be interpreted as complemen-
tary rather than interchangeable. Mediterranean
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modelling indicates that strategically located
storage and land-cover measures can attenuate
flood response, but their combined effect remains
site- and event-specific (Ferreira et al., 2020).
This portfolio perspective is consistent with work
showing that mixed infrastructure strategies can
balance direct flood reduction with wider co-ben-
efits (Alves et al., 2019). The reforestation sce-
nario reduced high-hazard area more than total
inundated area. The difference between the com-
mon-domain and footprint-exclusion indicators
is substantial and shows why intentional-storage
cells must be identified explicitly instead of being
silently removed from only some scenario totals.

The decline in the modelled relative discharge
reduction from 42% for T10 to 30% for T50 and
27% for T100 is consistent with the generally re-
duced relative effectiveness of infiltration-based
measures during more extreme events (Herath et
al., 2025; Nadal-Romero et al., 2023). Regional
studies have also evaluated storage and land-
management measures (El Baida et al., 2025; Afif
et al., 2025). These comparisons provide context
for the simulated tendencies, not independent val-
idation of the Tirakaa parameterisation.

From an operational standpoint, reusing ex-
isting quarry depressions may reduce excavation
requirements, while the slope screening identifies
a practicable first estimate of accessible refor-
estation land. Both remain conceptual planning
scenarios: basin stage—storage curves, inlet/out-
let and overflow structures, geotechnical safety,
land tenure, vegetation species and establish-
ment time would need site-specific design before
implementation.

Several limitations should be noted. No ob-
served discharge hydrographs or surveyed inun-
dation extents were available for quantitative cal-
ibration of HEC-HMS or Iber; the cited regional
studies provide methodological precedent only.
Multi-event calibration and verification would
better constrain event-based HEC-HMS parame-
ters (Chu and Steinman, 2009), while equifinality
supports formal sensitivity and uncertainty analy-
sis rather than reliance on a single plausible pa-
rameter set (Beven and Binley, 1992). CN-II and
Manning values remain scenario assumptions.
The 1 m channel mesh matches the native resolu-
tion of the DEM, so the mesh does not extrapo-
late beyond the available terrain information;
the model does not, however, resolve individual
buildings. The downstream lagoon level was
represented by a simplified subcritical outflow
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condition, which may omit backwater and com-
pound effects associated with the interaction of
river discharge and downstream water levels in
coastal environments (Kumbier et al., 2018). Fi-
nally, the 0.01 m wet/dry threshold and the use
of maximum depth and velocity as a conserva-
tive envelope influence mapped hazard extents.
The dual spatial accounting used here makes the
87,744 m? storage-footprint effect transparent.

In the absence of gauged discharges, surveyed
flood marks or mapped inundation extents, no
quantitative calibration or validation of either the
hydrological or the hydraulic model was possible
for this catchment. The photographic record of
the January 2010 event documents the occurrence
and location of flooding at the RN 16 crossing but
does not provide measured depths or velocities.
The results presented here should therefore be in-
terpreted as scenario modelling of the relative dif-
ferences between configurations, rather than as a
verified assessment of absolute flood hazard. The
relative rankings between mitigation configura-
tions are more robust than the absolute values,
since all configurations share the same param-
eterisation, forcing and computational domain.

Future work should compare simulated hy-
drographs and inundation patterns with event
observations, extend the screening sensitivity
analysis through full HEC-HMS and Iber reruns,
and evaluate the effects of CN-II, Manning’s n,
the wet/dry threshold, mesh resolution and la-
goon level. Basin stage-storage-outflow behav-
iour should also be represented explicitly. Cou-
pling Iber with a drainage-network model such
as SWMM would also improve representation of
interactions between surface flow and the partial
stormwater network, including the hydraulic con-
nectivity beneath the railway embankment.

CONCLUSIONS

This study characterised the flood hazard of
the Tirakaa neighbourhood and evaluated two
mitigation measures—upstream retention ba-
sins and targeted reforestation—separately and
in combination. In the simulation forced by the
T100 design hyetograph, high hazard was con-
centrated along the chadbas and near the down-
stream transport infrastructure.

The 10 October 2025 hourly intensity pro-
vides a single-event post hoc plausibility check
on the local IDF relationship, but not formal
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validation. Reforestation reduced the modelled
T100 outlet peak by 27%, total inundated area
by 2.6% and high-hazard area by 12.0%. On the
common mapped domain, retention and the com-
bined configuration reduced total inundation by
5.4% and 10.2%, and high hazard by 7.5% and
26.3%. The complementary footprint-exclusion
indicator gives larger reductions of 21.2% and
26.0% in total inundation and 36.5% and 55.3%
in high hazard; because it omits the 87,744 m?
storage footprint only from basin-containing con-
figurations, it is retained for continuity but is not
the principal like-for-like comparison.

The results support further investigation of
quarry-based temporary storage and targeted re-
forestation as complementary measures. Their
feasibility and performance should be confirmed
through field surveys, event-based calibration,
full simulation-based sensitivity analysis, explic-
it basin-outlet design and representation of the
stormwater network and lagoon boundary.
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