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Urban flooding is an escalating threat in rapidly urbanising regions, particularly in sub-Saharan Africa (SSA),
where unregulated expansion and climate change intensify risks. Nature-based Solutions (NbS) are increasingly
recognised as sustainable and cost-effective, yet empirical evidence to support their strategic planning, especially
through high-resolution modelling in data-scarce settings, remains limited. This study presents one of the first
integrated applications of spectral indices and TELEMAC-2D hydrodynamic modelling to assess NbS effectiveness
in a rapidly urbanising SSA city, the Greater Kumasi Metropolitan Area (GKMA) in Ghana. Focusing on the
Aboabo catchment, we analysed wetland ecosystem loss (1986-2023) and evaluated the impact of NbS in-
terventions (floodplain restoration and wetland creation) on flood dynamics. Specifically, we assessed the flood
reduction potential of different implementation scenarios and how these scenarios affect the timing and intensity
of peak flows under varying storm conditions. Results show that wetland cover declined (59 %) while built-up
areas expanded (134 %), leading to reduced cumulative discharge and more intense, shorter-duration floods.
The combined scenario (floodplain restoration and wetland creation) achieved consistent peak flow reductions
(16-19 %) in prolonged storms, while the ambitious_restoration scenario (restoring the full floodplain network)
performed best (24 %) in short-duration events. In contrast, the landscape scenario (wetland creation in available
spaces) achieved only modest reductions (1-3 %), underscoring the limited capacity of space-dependent ap-
proaches and the importance of spatial targeting. These findings support the case for hybrid approaches that
combine NbS with engineering solutions to enhance both immediate and long-term flood resilience. Our
approach demonstrates the adaptability of TELEMAC-2D for NbS modelling in data-limited contexts and offers a
replicable, decision-relevant framework for integrating NbS into urban flood resilience planning across SSA and
similar regions.

1. Introduction this region will face high flood risk, which will complicate the ability to

cope with extreme weather events, particularly in urban agglomerations

Urban floods are increasing in incidence and severity across the
globe due to rapid urbanisation and climate change. From 2000-2018,
there were 3798 flash flood events worldwide, which resulted in the loss
of over USD 592 billion and claimed about 100 thousand lives [85].
Presently, more than half of the world’s population lives in urban areas,
and it is projected that this will continue on an upward trajectory,
reaching 60 % by 2030 and 68 % by 2050 [110]. With much of the surge
in urbanisation processes occurring in the Global South, more people in
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[55].

In sub-Saharan Africa (SSA), flood incidences have increased more
than tenfold since 2010 [119]. Reflecting this broder trend, Ghana in
West Africa has experienced a sharp rise in urban floods [76], with about
1 million people affected yearly by extreme floods since 2017 [10]. This
increasing flood situation has been affirmed to be driven mainly by
anthropogenic factors rather than climate change [3]. Mintah et al. [78]
highlighted the critical impact of the degradation of wetlands and
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floodplains, noting that these areas—essential for stormwater attenu-
ation—are increasingly being converted into residential and commercial
development as prime buffer lands become scarce due to rapid urban
expansion. Although state institutions are mandated to manage wetland
ecosystems sustainably (e.g., Environmental Protection Agency and
Spatial Planning departments), they are unable to effectively do so
because several internal and external institutional challenges constrain
them. Notably, these state institutions do not have direct access to many
ecologically sensitive areas because 78 % of land resources in Ghana,
including several wetlands, are (in most cases) under the ownership and
control of customary institutions and communities, whose interests may
not always be to protect them [4]. While some may sell these low-lying
lands for financial interests, others lack appreciation of how important
they are for flood management [12]. As a result, wetlands, floodplains
and other water-related ecosystems continue to dwindle in size [33].

Against this backdrop, conserving and restoring degraded ecosys-
tems like wetlands and floodplains offers a viable pathway for recov-
ering their essential regulatory ecosystem functions, especially flood
regulation [38,58,108]. Although rivers are not wetlands, some parts of
river ecosystems may function as wetlands if they contain hydric soils,
experience consistent or periodic water saturation and support hydro-
phytic vegetation. Restoring (and creating) wetlands may include
enhancing hydrological connectivity between rivers and floodplains,
extending water flow paths across floodplains, widening river channels,
revegetation and constructing storage basins, among other measures
[96]. Besides, conventional engineering solutions traditionally used in
flood risk mitigation often provide only immediate short-term effec-
tiveness and fail to adapt to climatic and environmental change [68,
123]. For example, numerous cases have shown how levees have been
overtopped by waves or failed due to internal erosion and instability
shortly after construction [92]. Additionally, conventional engineering
solutions are generally capital-intensive and frequently have adverse
effects on natural ecosystems, which can make them counterproductive
to achieving sustainable and long-term flood resilience [49,90].

On this account, concepts that promote working with nature rather
than against it, like nature-based solutions (NbS), are increasingly being
prioritised in policy and practice to reverse urbanisation’s negative
impacts on ecosystems and advance climate adaptation [15,102,124].
NbDS are defined as solutions that are inspired and supported by nature,
which are cost-effective, simultaneously provide environmental, social
and economic benefits and help build resilience [46,95]. For mitigating
flood risk hazards, the restoration of wetlands in river catchments and
floodplain restoration is considered as NbS that can effectively restore
natural hydrological cycles for regulating runoff [116], enhance envi-
ronmental quality and biodiversity [88], offer more cost-effective and
sustainable outcomes [90], improve urban resilience to climate change
and provide significant social and economic co-benefits [125].

In the context of the Greater Kumasi Metropolitan Area (GKMA)-
Ghana’s fastest urbanizing area and a significant flood-prone zone-there
have been numerous calls to apply NbS to address flooding in the city.
However, studies that assess the feasibility of such interventions and
quantify their potential effectiveness remain largely absent [1,5,78]. It is
unclear if wetlands conservation and restoration will be sufficient for
mitigating present and future floods or if a landscape-scale approach
where wetlands are created will be needed to help significantly reduce
stormwater runoff across different storm conditions and durations [83,
87]. Thus, studies need to simulate NbS under present land use patterns
using different implementation scenarios to precisely understand how
they should be planned and implemented on the ground towards
flood-resilient cityscapes [40]. Additionally, because most of the earlier
studies on flooding in GKMA used qualitative methods, especially
in-depth interviews, to arrive at their conclusions, a holistic under-
standing of flood hazards in the city is missing [43].

In simulating the potential of NbS (and engineered solutions) for
flood hazard mitigation, models such as HEC-RAS [120], MIKE Urban
and Storm Water Management Models [23] are commonly used. The
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reliability of depends on the quality of input datasets, well-defined
boundary conditions and proper representation of relevant processes.
Models can also be computationally expensive and require careful
calibration and validation [14]. More so, high-resolution urban flood
inundation modelling requires precise information on topography,
buildings, narrow watercourses and storm sewer systems [29]. Addi-
tionally, such complex models demands make validation difficult when
input data are limited [62]. Furthermore, localised conditions can
complicate the application of advanced hydrodynamic models, raising
concerns about the reliability of flood inundation estimates at the city
scale [117]. This challenge is particularly pronounced in data-scarce
regions like SSA and cities like GKMA [72].

For this study, TELEMAC-2D was selected due to its proven suit-
ability for simulating flood dynamics in complex and data-scarce envi-
ronments, such as those found in rapidly urbanising SSA cities. It is a
widely used open-source model that solves the 2D shallow water
equations without simplifications. TELEMAC-2D has flexible unstruc-
tured meshing that allows for fine spatial resolution in critical areas like
wetlands, floodplains and vegetated buffers, thereby supporting the
representation of hydrological and ecological connectivity—key for
assessing NbS effectiveness [56]. TELEMAC-2D also employs advanced
numerical schemes that improve flow simulations in dynamic and het-
erogeneous terrains [105] and it uniquely enables the spatial and tem-
poral variability of wetland features to be captured adaptively [14].
These capabilities distinguish it from more deterministic or rigid
models, offering a nuanced depiction of interactions between built-up
areas and natural ecosystems. Despite these strengths, applications of
TELEMAC-2D in SSA remain limited, partly due to data con-
straints—particularly the scarcity of high-resolution topographic, hy-
drologic and infrastructure data—which can introduce uncertainty into
scenario-based simulations [17]. To support its wider use therefore, its
adaptability and capacity to integrate ecological complexity need to be
evaluated.

With this context, we applied the TELEMAC-2D model in the rapidly
urbanising and data-scarce SSA setting, focusing on the Aboabo Basin in
the GKMA, Ghana, to quantify the effectiveness of NbS (floodplain
restoration and wetland creation) in mitigating flood hazards. The study
had three main objectives: first, to use remote sensing techniques and
spectral indices (Modified Normalized Difference Water Index
(MNDWI), Normalized Difference Vegetation Index (NDVI), Normalized
Difference Built-up Index (NDBI)) to quantify the spatial and temporal
changes in water-related ecosystems and evaluate their influence on
hydrological responses, particularly peak discharges and flood duration;
second, to evaluate the flood reduction potential of different NbS
implementation scenarios; and third, to investigate how these scenarios
affect the timing and intensity of peak flows under varying storm con-
ditions. The approach provides a basis for informing strategic and
adaptive flood risk management, particualrly in rapidly growing urban
contexts with limited data availability.

2. Materials and methods
2.1. Approach

The research approach was quantitative, integrating both descriptive
and experimental designs. Remote sensing techniques, specifically
spectral indices, were employed to investigate changes in the spatial
extent of water-related ecosystems (rivers, floodplains and wetlands) in
the Aboabo basin over the years. The effectiveness of wetland NbS for
flood hazard mitigation was assessed through geospatial scenario
development in ArcGIS Pro 3.2 and flood simulation using the
TELEMAC-2D model (Fig. 1). This approach allowed for a comprehen-
sive quantitative analysis of the impact of wetland changes on flood
hazard and the potential effectiveness of NbS in mitigating flooding.



K.B. Enu et al.

Nature-Based Solutions 7 (2025) 100236

1- Defining spatial extent of water-related ecosystems using

spectral indices
a) spatio-temporal change from 1986 to 2023
b) impact on flooding

2- Wetlands NbS scenarios definition through geo-spatial

analyses in ArcGIS Pro 3.2
a) data preprocessing (e.g., soil, DEM, etc.)
b) development of scenarios

3- Evaluating potential of wetlands NbS scenarios for flood

mitigation

a) overall potential for reducing peak flow

b) temporal dynamics across different storms and periods

Identifying most effective scenarios and overall impact on flood

mitigation

Fig. 1. Overall methodological approach.

2.2. Case study area

GKMA, where the Aboabo catchment is located, is both the admin-
istrative capital of the Ashanti Region and the seat of the Asante
Kingdom in Ghana. It attained metropolitan status in 1987 and has
undergone significant urban development, especially since 2000. It is
one metro area and six sprawled municipalities. Although the Kumasi
Metropolis has a total land area of 254 km?, GKMA has 2746 km? [86]. It
has a population of about 3.5 million people [114] who live in over 90
suburbs [51], with about 20 % high-income, 50 % middle-income and
30 % low-income.

The area has a tropical wet-dry (Aw) climate according to the Koppen
classification. It is located within the forest zone of Ghana and experi-
ences two rainfall seasons [6]. The first rainfall season starts in
mid-March and lasts until July, whereas the second starts in September
and ends in mid-November. The mean annual rainfall ranges from 1250
to 2000 mm, and the mean number of rainy days is 9.9. Its daily average
temperature ranges from 21 °C (minimum) to 31 °C (maximum). The
average humidity at sunrise is 84 % and 60 % at sunset [66].

The topography of the catchment is generally flat, with significant
areas of gently undulating slopes rising from 218 to 356 m above sea
level. The landscape also features flat-topped interfluvial ridges, with
widths ranging from 1500 to 2500 m. The soils are dominated by lith-
osols, which have limited soil material and typically exhibit a high stone
content and high permeability. There are also orthic acrisols, which are
characterised by a subsurface horizon with an accumulation of low-
activity clays and significant desilication, making them less porous
than lithosols [24].

GKMA was selected, focusing on the Aboabo catchment within the
area (Fig. 2), because it closely reflects the urban growth dynamics
typical of many rapidly urbanising SSA cities. These include the fact that
the ongoing rapid growth in the city is unregulated (5.7 % yearly [84]),
with, consequently, significant environmental degradation. Also, most
ecologically sensitive ecosystems like wetlands are in private or com-
munity ownership and poorly managed. These factors have worsened

floods in the city. Flood events in the city were sporadic until 2012. By
2014, four main flood events had affected 614 people, increasing to 38
significant flood events by 2017 that affected 3236 people [2]. Since
then, devastating floods have become a perennial issue in GKMA,
highlighting the urgent need for sustainable interventions.

Flood hazard mitigation efforts in GKMA have been sluggish and
predominantly relied on conventional engineering solutions, like large
drainage systems [13]. These efforts have not necessarily been informed
by comprehensive risk analyses, which calls into question the long-term
effectiveness of these current interventions [16]. NbS is plausible for
GKMA because the drivers of flood hazards in the city are predominantly
human-induced, mainly wetlands degradation and greens depletion
[13], juxtaposing the recommendation for wetland NbS against con-
ventional engineering.

2.3. Mapping temporal changes in water-related ecosystems

Remote sensing techniques, particularly the use of spectral indices,
provide a reliable and cost-effective means to monitor land cover
changes over large spatial and temporal scales. In data-scarce regions
like SSA, where consistent ground-based monitoring is often unavai-
lable, spectral indices such as MNDWI, NDVI and NDBI offer critical
tools for detecting changes in water bodies, vegetation and built-up
areas. These indicators are essential for assessing ecosystem loss and
informing spatial planning for NbS.

Building on this, we applied MNDWI to delineate the spatial extent of
water-related ecosystems in the Aboabo catchment between 1986 and
2023. Water-related ecosystems were defined as areas directly influ-
enced by water bodies, including wetlands, streams, rivers, ponds and
other aquatic habitats that sustain hydrological and ecological functions
[121]. MNDWI is a remote sensing technique used to enhance the
detection of surface water bodies in satellite imagery [89]. Besides being
cost-effective, remote sensing uses a systematic approach that is repro-
ducible and verifiable, unlike manual mapping, which relies solely on
on-site visitations. Normalised Difference Water Indices (NDWIs) are
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Fig. 2. Case study area description: Aboabo catchment in Kumasi, Ghana. (Sources: (a): OpenStreetMap; (b): USGS and FAO; (c): Sources: Modern Ghana, Citi

Newsroom, Real Estate News and Starr FM).

essential in mapping water. The NDWI is an arithmetic operation of two
differentiated bands that compare dissimilar reflectance values to
improve water signals. NDWIs commonly used include (1), (2) and (3):

Green — SWIR
MNDWI = —FF——— 1
Wi Green + SWIR M
NIR — MIR
NDWINR = ————— 2
Wiir = VIR + MIR 2
NDWI ¢ — Green — NIR 3)

~nr  Green + NIR

where Green refers to the green spectral band Landsat imagery, which
typically corresponds to Band 3 in Landsat 8. NIR (Near-Infrared band)
in Landsat imagery corresponds to Band 5. SWIR (Short-Wave Infrared
band) generally corresponds to Band 6 or Band 7 in Landsat 8 and
Landsat 7, depending on whether SWIR1 or SWIRZ2 is used. MIR (Mid-
Infrared band) is often used interchangeably withSWIR and typically
corresponds to Bands 6 or 7 for Landsat 8, depending on the specific
application [33].

The MNDWI was chosen for water mapping because it represents an
efficient means of enhancing water signals while suppressing the noise
associated with urban land, soil and vegetation. It is considered superior
to the NDWI, especially in areas dominated by urban land [82]. The
alternative indices were included to provide context on the broader
range of variant approaches commonly used in remote sensing. In the

MNDWI, the water-related ecosystems were separated from the
terrestrial/non-water-related ecosystems based on a threshold value of
—0.14, determined by referencing the integrated z-score method [99].
This method involves normalising MNDWI values using the formula (4):
_X—H

T o

Z “@
where z represents the z-score, x is the MNDWI value, y is the mean of
the dataset and o¢ is its standard deviation.

Field visitations from March 11 to 15, 2023, helped ground-truth the
results and validate the threshold’s applicability. Pixels with MNDWI
values above the threshold were classified as water-related ecosystems,
while those below were identified as non-water-related areas.

In addition, NDVI was used to monitor vegetation changes (5), and
NDBI was adopted to assess changes in built-up areas (6). These indices
thus provide complementary information on the evolution of urban
areas and the state of vegetation to respectively reinforce wetland and
water mapping efforts [122].

NIR — RED
= 5
NDVI NIR + RED &
SWIR — NIR
o7 - 6
NDBI SWIR + NIR ©)

Landsat (5 and 8) satellite images obtained from the United States
Geological Survey (USGS) were used for these analyses (Table 1).
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Table 1 Table 2
Input data. Scenario modelling and wetland NbS implementation scenarios.
Input data Source No. Scenarios Implementation into the Manning’ ’s n
TELEMAC-2D model values
DEM (12 m) TanDEM-X
Land cover for the current OpenStreeMap 1 Status quo Settlement density classes (low,  Low density
state (2023) medium, high), major streets built-up: 0.04
Land cover for the historic USGS from OSM Medium density
state (1986) built-up: 0.1

Channel geometry (2022) Measurements provided by FURIFLOOD project

partners at KNUST

Atmospheric correction was carried out in ArcGIS Pro 3.2 using the Dark
Object Subtraction method, which reduces atmospheric scattering by
assuming that certain surface features (e.g., water bodies) exhibit near-
zero reflectance in specific spectral bands [118].

2.4. Assessing the potential effectiveness of wetland NbS

2.4.1. Hydrodynamic modelling using TELEMAC-2D

After assessing the change in water-related ecosystems, hydrody-
namic modelling using TELEMAC-2D was performed for 1986 (histori-
cal) and 2023 (status quo) to understand the historical context and to
establish the baseline conditions, respectively, before the implementa-
tion of wetland NbS to evaluate their impact on flood mitigation.

A high spatial resolution of urban flooding and retention effects of
wetland structures characterise the flood genesis and the influence of
wetlands in urban areas [18]. Roughness impacts through vegetation
[26] and infiltration processes in wetland [65]. In the present study, the
hydrodynamic model TELEMAC-2D was suitable for addressing the
features of wetland NbS and urban flooding.

Simulations with TELEMAC-2D may be driven by precipitation
input, inflow boundary conditions, or both. Topography is represented
in the computational mesh and retention structures such as ponds can be
integrated. Vegetation effects are modelled through land cover-
dependent roughness parameterisation using Manning’s n [27,63,97,
103]. Infiltration was computed using the Soil Conservation Service
Curve Number (SCS-CN) method [28,71,106]. Thus, the characteristics
of wetlands and their influence on flood genesis in urban areas can be
effectively addressed with the application of TELEMAC-2D.

The model was set up based on a 12 m digital elevation model (DEM)
with ~1-m vertical accuracy, which generated a computational mesh for
the study site of 700,000 nodes. Scenario-specific adjustments were
made to land cover representations to reflect changes in surface
roughness associated with each NbS intervention. We used the buildings
and settlements data from OpenStreetMap (OSM) [25] for its model
representation. We followed the suggestion of Merz et al. [77] for the
parametrisation and classified the urban area into settlement classes into
low, medium and high density. Major roads from OSM were also inte-
grated into the model and parametrised accordingly.

The Manning’s n values used for parameterization are listed in
Table 2. Infiltration modelling typically requires detailed soil data,
which was not available for the GKMA. Therefore, we adopted a con-
ceptual approach where the CNis calibrated against observed variables
such as measured streamflow; however, due to the absence of both
detailed soil and streamflow data, we applied a representative average
CN value for urban areas (CN = 55) [36]. This value reflects the tran-
sitional nature of the GKMA, which is undergoing rapid urbanisation but
still contains a mosaic of impervious surfaces, vegetated zones, informal
settlements and open fields. To verify this assumption, sensitivity testing
with higher CN values (e.g., CN = 80) showed only minor differences in
flow depth (<0.3 m in 95 % of the floodplain) (Fig. S3), indicating that
CN selection has limited impact on the comparative assessment of
restoration scenarios—the overarching aim of the study. The wetland
features were characterised by a higher infiltration than urban areas
[42], i.e., CN = 40 was assigned for the wetlands [36]. We used
measured profiles (available upon request) provided by the Kwame

High density
built-up: 0.15
Streets: 0.01

2 Floodplain Removed built-up within 100 Vegetated
restoration_ambitious m buffer of entire river network  buffer: 0.06
and replaced with vegetation
3 Floodplain Removed built-up within 100 Vegetated
restoration_prioritized m buffer of river network in buffer: 0.06

selected zones identified as
inundation hotspots

Created wetlands in suitable
locations in the catchment
using criteria defined by
Mubeen et al. [[79], for details
see section 2.4.2.]

Combined restoration_prioritized
and landscape approaches

Wetlands: 0.1
Sparse
vegetation: 0.06

4 Landscape

5 Combined Vegetated
buffer: 0.06

Wetlands: 0.1

Nkrumah University of Science and Technology (KNUST) partners in
Kumasi for modelling the river channels from 2022.

The status quo was used as the base for all subsequent scenarios in
this study, including the wetland NbS described in Table 2 and Table 3,
which are implemented as scenarios in the current state.

The design rainfall events for the hydrodynamic model were based
on a rainfall disaggregation method that converts daily data into sub-
daily information, compensating for the scarcity of high-resolution
data in this area (Fig. S2). In urban catchments like GKMA, sub-daily
rainfall information is critical due to rapid hydrological response
times, as drainage infrastructure is highly sensitive to short-duration,
high-intensity rainfall. However, long-term sub-hourly observations
are generally unavailable across West Africa, complicating the estima-
tion of the statistical relationships that are essential for flood hazard
modelling.

To address this limitation, 384 sub-hourly rainfall events from two
stations within the DACCIWA (Dynamics-Aerosol-Chemistry-Cloud-In-
teractions in West Africa) rainfall network [50,73] were combined with
daily data from the Kumasi Airport station (1951-2022), provided by the
Ghana Meteorological Agency (GMet). The disaggregation method
breaks down daily rainfall totals into 15-minute intervals, using
randomly selected weightings from the sub-hourly rainfall events, ac-
cording to:

Rismini=wi X Rdaity ™

where g,,...is the rainfall amount for the i-th 15-minute interval, w;is the
weighting factor and Ry is the total daily rainfall.

For hydrodynamic simulations, four event durations (2 h, 6 h, 12 and
24 h) were considered. These durations reflect the need to model both
short, intense convective storms and longer rainfall accumulations,
which are critical drivers of urban flooding. For each event duration (2
h, 6 h, 12 h and 24 h), the 15-min disaggregated values are aggregated to
compute total rainfall, assuming uniform intensities within each
duration.

To incorporate a design flood scenario, a block maxima approach is
applied to the disaggregated rainfall for each event duration to analyse
rainfall extremes [35,69,93]. The annual maxima were fitted with a
Generalized Extreme Value (GEV) distribution [60], enabling the
calculation of return values for different frequencies. For hydrodynamic
modelling, we focused on the 100-year return period as a worst-case yet
plausible design scenario. This choice also reduced the combinatorial
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Table 3
Characteristics of the types of wetlands NbS measures implemented in the model.

Type of wetlands Number Average Average Average Vegetation Wetness Drainage

implemented in surface area depth (m) volume
model (m? (m?)

Vegetated 4 20,000 or 2 2,000 to Vegetated area withlow  Partly dry and partly wet Drained with a moderate
stormwater less 40,000 roughness (e.g. bushes basin (40-60 % wet area) infiltration rate (10-30
retention wetlands and reeds) cm/day)

Eco-hydrological 1 20,001 to 3 60,000 to Partly not vegetated Wet basin with minor Well-drained with a high
retention basins 100,000 300,000 area (e.g. some natural components infiltration rate (>30-50

grassland) (>60-70 % wet area) cm/day)

Adapted from Scholz [101].

complexity of the simulations. From the fitted GEV distribution,
100-year return values for rainfall intensity were calculated, providing
inputs for TELEMAC-2D simulations. The return values were 72.57
mm/h for 2 h, 26.07 mm/h for 6 h, 13.54 mm/h for 12 h and 6.99 mm/h
for 24 h.

Model validation was conducted using observed flood data from the
September 2022 flood event, obtained from project partners at KNUST
after the initial model setup in 2024. A comparison between observed
and simulated flood extents (Fig. S4) demonstrates strong spatial
agreement which supports the reliability of the model outputs.

2.4.2. Development of NbS implementation scenarios

The approach to creating the wetland NbS implementation scenarios
was strategic, grounded in a tiered approach to how NbS may be
implemented based on the degree of ecosystem change (conserve,
restore or create) [41]. This tiered approach reflects the real-world
continuum of ecosystem degradation in GKMA and the varying poten-
tial for intervention. It acknowledges that different parts of the land-
scape—or urban environments more broadly—exist at different stages of
ecological integrity and therefore require contextualised strategies.
Moreover, it aligns with the principles of adaptive management that
underpin effective NbS implementation.

First, the baseline situation was assessed, focusing on conservation to
evaluate how beneficial it would be to prevent further degradation of
existing water-related ecosystems in the GKMA. In this study, ‘floodplain
restoration’ refers to reinstating the natural flood-retention functions of
existing floodplains by removing encroachments and restoring hydraulic
connectivity. Second, a floodplain restoration approach was adopted,
grounded in the regulation in Ghana that prohibits development within
the 100 m buffer of floodplains in the country [108]. Moreover, previous
research has emphasised the importance of defining restoration objec-
tives based on hydrological and spatial connections [112], which has
proven vital in mitigating flood hazards [53]. Based on this, two sce-
narios were examined, one where the entire river network was to be
restored to assess the maximum restoration potential and another where
the inundation hotspots were to be prioritised to reflect a more realistic
implementation strategy. These scenarios were operationalized using
the Buffer tool in ArcGIS Pro 3.2 to delineate 100 m buffers along the
river network, with restoration constrained to wider river channels
[104]. The third approach was the landscape approach, which explored
the creation of wetlands. ‘Wetland creation’ as used here refers to the
establishment of new wetland ecosystems in suitable non-wetland areas
to enhance flood regulation. In this scenario, a multi-factor criteria
framework following methods of Mubeen et al. [79] was used to identify
suitable locations for siting the wetlands within the catchment. Suitable
locations had to be:

- Non-built-up lands with bare land, grass or sparse vegetation.

- Either of the soil types in the catchment (lithosols and orthic
acrisols).

- Be within the lowest 5 % of the elevation of the catchment.

- Be within 1 km proximity of the river network.

- And at least 20,000 m? in area.

The Raster Calculator (Spatial Analyst) in ArcGIS Pro 3.2 was used to
create an expression to filter areas that meet the defined conditions in
the multi-factor criteria framework. Subsequently, a hotspot analysis
was performed using the Hot Spot Analysis (Getis-Ord Gi*) tool to
identify locations with the highest potential based on statistically sig-
nificant clustering of suitable sites for wetlands creation (Fig. S1) [52,
75]. Since some of the suitable sites identified were larger than the
minimum threshold set (20,000 mz), different sizes of wetland NbS were
created in the landscape scenario. The respective characteristics of these
wetland NbS measures, including surface area, depth and volume, were
represented in the TELEMAC-2D model (Table 3). They included engi-
neered aspects for design purposes but grounded in NbS principles to
mimic natural wetland characteristics. Broadly, two distinct measur-
es—vegetated stormwater retention ecosystems and eco-hydrological
retention basins—were implemented based on size to ensure the in-
terventions remained as natural as possible while providing effective
flood mitigation and water retention capabilities [21,101]. The com-
bined scenario involved combining the restoration (prioritized) and
landscape approaches (Fig. 3).

2.4.3. Evaluating NbS implementation scenarios

Discharge (flow) was used as a primary metric to assess flood dy-
namics, as it incorporates both water depth and velocity, providing an
effective evaluation of flood risks without detailing many parameters.
Peak discharges and flood durations were compared for various storm
events (Fig. S2) between 1986 and 2023 to examine temporal shifts in
flood intensity and dynamics. The TELEMAC-2D model outputs were
analysed by comparing these parameters under different scenarios
against the status quo. Flow curves illustrated the magnitude and timing
of peak flows, enabling a thorough evaluation of each scenario’s effec-
tiveness in reducing discharges and delaying flows. Heat maps also
provided spatial visualisations of peak flow reductions to offer clear
representations of each intervention’s efficacy. Fixed temporal scales
were used across all scenarios to maintain comparability.

3. Results

3.1. Temporal changes in the spatial extent of water-related ecosystems
and impact on flooding

The spectral indices (MNDWI, NDVI, NDBI) analysis observed the
spatial change in water-related ecosystems and built-up areas between
1986 and 2023 to evaluate the extent of the ecosystem degradation and
its implications for flood hazards.

From 1986 to 2023, water-related ecosystems (wetlands, streams
and other aquatic habitats sustaining hydrological and ecological
functions) in the Aboabo basin decreased from 5.2 % to 2.2 % of the
catchment area. MNDWI values narrowed from -0.74 to 0.12 in 1986 to
—0.38 to —0.01 in 2023 (fig. 4), reflecting a substantial decline in
detectable water bodies likely due to urbanisation, ecosystem degrada-
tion and sedimentation rather than climate factors.

NDVI analysis showed a general decline in vegetation, with localised
improvements insufficient to offset widespread wetland loss. Built-up



K.B. Enu et al.

Nature-Based Solutions 7 (2025) 100236

Wetland NbS implementation scenarios

Restoration_prioritized Restoration_ambitious

25 25
—Kilometers C—Kilometers

Bl River network El Restored floodplain

Bl Vegetated stormwater
retention wetlands

Combined

Landscape

25 {1 25
—IKilometers —Kilometers

Eco-hydrological retention
basins

) Outlet

Fig. 3. Wetland NbS implementation scenarios.

areas increased dramatically, from 38.3 % in 1986 to 89.4 % in 2023
(Fig. 5). NDBI values narrowed from -0.21 to 0.67 in 1986 to -0.18 to
0.23 in 2023. This indicates stable or slightly reduced dense urban areas
but a significant increase in low-density built-up areas.

On the impact of the ecosystem changes, the hydrological response
analysis revealed consistently higher peak discharge values across all
storm durations in 2023 compared to 1986. For a 2-h storm, peak
discharge increased by 21 % (from 44.2 m3/s in 1986 to 53.4 m?/s in
2023). The 6-h, 12-h and 24-h storms saw increases of 16 %, 15 % and 9
%, respectively.

Despite these higher peaks, cumulative discharge — the total volume
of water flowing out over the duration of a storm — declined by 17 % to
85 %, with the most pronounced reduction observed during the 2-h
constant rainfall event. This suggests that stormwater is being tempo-
rarily stored in urban depressions, retained in designated storage areas
or infiltrating into modified soils before contributing to surface runoff or
drainage discharge. These changes indicate a shift in the timing and
pathways of stormwater movement, resulting in faster peak flows but
reduced sustained discharge. Consequently, the catchment’s diminished
drainage capacity increases the risk of flash flooding and local water
accumulation. Flood duration curves further illustrate this trend and
show shorter but more intense flood events in 2023, characterised by
steeper rising limbs and faster recession times (Fig. 6). This shift high-
lights a flashier hydrological response driven by urbanisation and
ecosystem degradation, both of which amplify flood hazards.

3.2. Flood reduction potential of wetland NbS under different
implementation scenarios

The NbS scenarios were analysed using TELEMAC-2D model outputs,
focusing on peak flow reductions and flood timing delays under different
storm durations. The results showed that the restoration_ambitious sce-
nario consistently stands out as the most effective scenario for reducing
both flow and peak flood volume across all storm durations (2 h, 6 h, 12
h and 24 h) (fig. 7). Flow reductions ranged from 7.8 % to 9.5 % across
all storm durations, with the most substantial peak flow reductions seen
in the 2-h storm, achieving up to 24.4 % reduction. This restor-
ation_ambitious scenario achieved the highest reduction across both short
and long storm durations. However, its effectiveness decreases slightly
during more prolonged storms, though it still maintains the highest re-
ductions compared to other scenarios.

The combined and restoration prioritized scenarios also showed sub-
stantial flood reduction potential. For instance, the restoration prioritized
achieved flow reductions between 5.3 % and 6.6 %, with peak flow

reductions ranging from 14 % to 17 % across storm durations. While
these reductions are not as high as restoration ambitious, they still offer
considerable flood mitigation benefits, especially during prolonged
storms.

On the other hand, the landscape scenario consistently showed the
smallest reductions, with 0.6-1% reductions in flow and peak flow re-
ductions between 2.7 and 5.4 %. Its impact on flood reduction is mini-
mal compared to the other scenarios, highlighting its limited potential
for effective flood mitigation (Fig. 8).

The restoration_ambitious scenario, thus, offers the best flood miti-
gation potential across both short and long storm durations, while the
combined and restoration prioritized scenarios provide significant, albeit
lesser, reductions. The landscape scenario is the least effective and has
minimal impact on both flow and peak flood volume reduction.

3.3. Temporal dynamics of flow reduction

Regarding temporal dynamics and the ability to delay and reduce
peak flow, the combined scenario was the most stable across all storm
durations and periods. It maintained steady flow reductions across both
short and long-duration storms, making it exceptionally reliable for
extended storm events. For example, it achieved a peak flow reduction
of 18.7 % in the 12-h storm and 16.6 % in the 24-h storm, particularly
during the middle and end stages (Fig. S5).

On the other hand, the restoration ambitious scenario demonstrated
the highest peak flow reductions in short-duration storms, especially in
the 2-h storm (24.4 %). However, its performance declines more sharply
in prolonged storms compared to the combined scenario despite main-
taining the highest overall flow reduction across all durations. Hence,
while the restoration ambitious scenario is highly effective for short,
intense storms, its effectiveness is not as strong as the combined scenario
during more extended events.

The restoration_prioritized scenario also offered moderate reductions,
with peak flow reductions of 16.33 % in the 12-h storm and 14.3 % in the
24-h storm (Fig. 9). Its effectiveness was more evident during prolonged
storms and show a delayed but stable impact on peak flow reduction,
particularly in the later stages of the storm.

The landscape scenario shows limited capacity to mitigate peak flow,
with a 2.3-2.7 % reduction across all storm durations and stages. Its
overall effectiveness remains consistently the weakest and offers mini-
mal impact on both peak flow reduction and overall temporal dynamics.

The combined scenario is generally the most stable and reliable,
including for long-duration storms. Restoration ambitious, however, re-
mains the most effective for reducing flow during short-duration storms,
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Fig. 4. Spectral indices showing the spatial change in water-related ecosystems, vegetation and built-up areas in GKMA (a) MNDWI (b) NDVI (c) NDBI. (In the case of
MNDWI, “extract” represents the areas identified as water, while for NDVI and NDBI, it highlights the built-up areas).

but its effectiveness declines more sharply for longer durations. The
restoration_prioritized scenario offers a balanced performance between
flow reduction and consistency, especially for extended storms, while
the landscape scenario is the least effective for flood mitigation since it
offers limited consistency and reduction potential.

4. Discussions

Our study focused on the Aboabo catchment within the GKMA in
Ghana to explore how NbS can reduce flood hazards. We evaluated the
spatio-temporal changes in water-related ecosystems and assessed the
effectiveness of various NbS implementation scenarios in mitigating
flooding. The findings provide insights into the ongoing degradation of

water-related ecosystems and other forms of natural capital, as well as
the potential of NbS to enhance urban resilience to flooding GKMA and
similar rapidly urbanising (SSA) cities.

4.1. Temporal changes in the spatial extent of water-related ecosystems
and impact on flooding

Regarding the first objective focused on how water-related ecosys-
tems have changed over time, the results showed a significant and
ongoing decline in their spatial extent since 1986 (59 % loss), while
built-up areas increased drastically (134 %). These findings align with
earlier assessments that used GKMA'’s boundaries rather than a catch-
ment, which showed that the spatial extent of wetlands reduced from 70
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km? in 1986 to 29 km? in 2016 [33] and floodplains severely degraded The results also revealed a narrowing of the NDBI range. This reflects
[108], including 100-year flood zones [91]. The loss of these ecosystems the reality that, although the built-up areas in the catchment area have
in the city is driven by unregulated urbanisation and encroachment on increased, the urban expansion is occurring through dispersed devel-
sensitive areas, and these issues have not been addressed despite being opment rather than through the general intensification of existing built-
raised several years ago [13]. This further loss of natural capital implies up areas. This pattern is typical for cities expanding outwards into the
that the window for instituting interventions is closing, and floods may surrounding sub-urban or undeveloped areas, such as in most cities in
continue to increase in severity. Europe during the mid-1950s, in China between 1990 and 2010 [61]
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and more recently in SSA cities like Kampala and Dar es Salaam [80,94],
giving rise to a more diffused urban footprint. This emergence of
dispersed settlements highlights a growing need for a more compre-
hensive and landscape-based approach to flood control, like wetlands
creation, as modelled in the landscape scenario.

The TELEMAC-2D model successfully simulated flood dynamics
despite data limitations, marking one of the first applications of the
model in assessing flood hazards and NbS effectiveness under the spe-
cific conditions of rapid urban growth in SSA. The modelling results
confirm heightened flood hazard in the GKMA due to rapid urban
growth [3,91]. Despite stable rainfall volumes, peak discharges have
significantly increased over time, while cumulative discharge has
decreased. This indicates temporary stormwater storage within urban
depressions, overwhelmed infrastructure or modified soils before
eventual runoff or drainage [11,32]. These findings highlight changes in
stormwater pathways due to urbanization. Increased built-up areas have
reduced infiltration and natural storage, leading to faster runoff and
intensified peak flows [19,57]. Meanwhile, reduced cumulative
discharge reveals inefficiencies in stormwater systems, with trapped
water worsening flooding. Impervious surfaces and degraded ecosys-
tems accelerate water movement and strain hydrological resilience,
which creates a flashier flood regime with shorter, higher-intensity
events [22]. Such a shift has driven the transition in GKMA from iso-
lated floods before the 2000s to continuous flooding in the past 12 years
[1,100]. Without restoring natural water-retaining features like wet-
lands, GKMA faces worsening flood risks but integrating NbS into urban
planning will offer a critical opportunity to prevent such challenges,
restore hydrological balance and sustain resilience against future flood
hazards.

4.2. Flood reduction potential of wetland NbS under different
implementation scenarios

We explored different implementation scenarios for wetland NbS,
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comprising conservation (status quo), restoration (ambitious and priori-
tised), wetland creation (landscape approach) and a combined scenario
(comprising floodplain restoration and wetlands creation). This pro-
vides a pioneering quantitative assessment of the potential of NbS for
reducing flood risks in urban SSA contexts—a region with limited NbS
research [31,45] —filling a critical gap in understanding their role in
such rapidly urbanising areas. Also, unlike most scenario-based studies,
which predominantly assess NbS under varying climate conditions (e.g.,
[74]1), our research focused on implementation scenarios for NbS,
focusing on their spatial configurations and effectiveness in reducing
flood risks. Hence, this study also makes a meaningful contribution to
the emerging global body of scenario-based NbS analyses (e.g., [116,
126]).

The results of the scenario analysis from GKMA were compelling:
restoration_ambitious and combined scenarios emerged as the most
effective strategies. Specifically, the restoration ambitious scenario per-
formed best in managing shorter, high-intensity storms. This indicates
that ambitious restoration efforts focused on restoring floodplains and
other degraded water-related ecosystems can offer benefits for
addressing flood events. This will be important for addressing the pre-
sent high flood risk that has impacted all suburbs of GKMA [43]. Based
on sustained peak flow reductions, the combined scenario outperformed
the other scenarios. Understandably, the combined scenario offered room
for stormwater runoff regulation across all storm durations, both in the
floodplain and the landscape, significantly enhancing flood resilience
[98]. Thus, adopting an ambitious approach to NbS implementation and
utilising both large-scale and decentralised small or medium-scale
measures (effectiveness of localised measures demonstrated by Wiib-
belmann et al. [116] and Zolch et al. [126]) like wetlands in the com-
bined scenario will be the most effective approach for peak flow
mitigation for both short and long-duration flood hazards. This finding
suggests that achieving long-term flood resilience in GKMA and rapidly
urbanising cities may require more than simply restoring degraded
ecosystems. Given the rapid urban environmental change, creating new
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ecosystems and restoration efforts should be seriously considered.
Moreover, the more ambitious these efforts are, the more effective they
will enhance flood resilience.

Contrary to initial expectations, the landscape scenario, which
involved the creation of wetlands based on land availability and physical
conditions, was the least effective scenario for peak flow reduction

11



K.B. Enu et al.

Nature-Based Solutions 7 (2025) 100236

Middle
100 0 100 0
b)
% 80f 150 80f 150 g
E ol <
S S
o= ©
2 40} s
O 20t a
0
0
100
% 80 g
T £
) 60} IS
past ©
£ 40f 3
0 20t a
0 1 L 1
0 5 10 15 20 0 10 20 30
Simulation time [hours] Simulation time [hours]
Ending
100 0 100 0
@ 801 'g'
E oo} <
y 60 S
T ©
% 40t >
R §
[m) 20+ o
0
0
100
% 80 g
€ £
5 60} IS
® ®
% 401 =
R §
O 2ot a
0 - . 0 .
0 5 10 15 20 25 0 10 20 30 40

Simulation time [hours]

Simulation time [hours]

Fig. 8. (continued).

across all storm durations and stages. This outcome appears to result
from a combination of site selection criteria, limited spatial scale and the
implementation strategy itself. In this scenario, we applied a novel
multi-criteria framework to identify suitable sites for implementing
these measures, mainly based on land availability and physical condi-
tions (slope, soil and proximity to rivers) and also considered hotspot
areas [79]. The implementation was, thus, limited to few dispersed lo-
cations where sufficient space was available within the landscape. Be-
sides, the nature of urban expansion in the catchment—characterized
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more by sprawl than densification—made such an approach justifiable.
Hence, we expected better results than were reported in the landscape
scenario. This finding implies that to achieve flood resilience using NbS,
following an opportunistic approach where measures are implemented
solely in locations where there is space may not be sufficient, even if this
may be the most feasible way to implementing NbS in the real-world
sense (Castellanos [30]). However, it is important to note that the
landscape approach could potentially be more effective in other catch-
ments with different characteristics, such as more uniform topography,
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lower urbanisation levels or those with a higher capacity for large-scale
wetland implementation or when implemented across the entire catch-
ment area rather than a few isolated sites[109].

4.3. Temporal dynamics and implications for flood mitigation planning

As seen in this study, although the effectiveness of NbS may depend
on multiple factors [107], the level of ambition in their implementation
plays a significant role. For the case of GKMA, this may mean relocating
squatter settlements and removing structures built within floodplains.
67 % of the structures in most floodplains in GKMA are slums built with
wooden materials. In comparison, 33 % are permanent structures used
for residential and commercial purposes (e.g., scrap metal dealing, auto
mechanics and grocery shops) [7,34]. Even more, advancing the com-
bined scenario where wetlands are created alongside floodplain resto-
ration will likely require compensating private landowners to use their
lands for flood regulation besides the actual costs of NbS implementa-
tion (e.g., removing concrete channels, revegetation) [125]. These re-
alities are complex to manage due to the social justice implications and
impact on transformative socio-economic development [9]. Hence, in
the interim, adopting a strategic approach to implementing NbS for
flood risk mitigation in GKMA and similar rapidly growing cities
through ecosystem conservation and restoration efforts can yield
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immediate significant results for addressing flooding [111]. This will be
more feasible financially in the short term. But as it will not be sufficient
for addressing flooding, it can then be complemented by the phased
introduction of payment for ecosystem services schemes to also support
the creation of new ecosystems like wetlands in non-state-owned lands.
Payment for ecosystem services schemes are financial mechanisms in
which beneficiaries of ecosystem services compensate landowners or
resource stewards for sustainably managing, restoring or making their
lands available for ecosystem creation, including areas designed to be
intentionally flooded, in ways that sustain or enhance those services
[70]. To ensure inclusivity, these schemes should also address the needs
of squatters or informal settlers who may be most affected by relocation
but do not hold formal land ownership, potentially through livelihood
restoration programs or other forms of equitable compensation. As 78 %
of lands are non-state owned in GKMA and Ghana [4], such schemes
could offer sustainable ways for promoting NbS to create more room for
stormwater regulation and to help improve flood resilience in the long
term.

The analysis showed that even the most promising NbS imple-
mentation scenarios (combined and restoration_ambitious) would not be
sufficient for providing adequate flood protection across all storm du-
rations, as highlighted by reports in the literature. While the combined
scenario, involving floodplain restoration with wetland creation,
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achieved reductions of up to 19 % for 12-h storms and 17 % for 24-h
storms, these reductions remain below the 24-42 % discharge re-
ductions cited in other regions (e.g., [59,115]) (see section 4.4 for more
details). In contextualizing this result from GKMA within the broader
SSA region, we observe for instance that, a study in Kampala, Uganda,
utilizing the PCSWMM model to evaluate blue-green infrastructure op-
tions, reported a 10-20 % reduction in pluvial flood peaks [81]. Our
findings therefore align with regional studies. It is important to note,
however, that this study’s analysis focused on (peak) flow reductions
and did not directly quantify overall flood risk, which includes vulner-
ability and exposure [40]. As such, although NbS offer practical flood
mitigation benefits, their ability to address flooding in GKMA across
diverse storm scenarios remains uncertain and warrants further inves-
tigation, particularly with more ambitious and coordinated
interventions.

In this regard, there is an imminent need for a hybrid approach to-
ward integrating NbS with conventional engineering measures to
effectively manage the present runoff volumes within the GKMA for
immediate flood risk reduction. Furthermore, the temporal lag in
wetland NbS effectiveness reinforces the need for a phased approach to
flood mitigation. NbS, like wetlands, typically take years to realise their
full capacities of managing stormwater and flood mitigation benefits
[20,113]. In such a case, conventional engineering solutions, such as
retention basins and stormwater channels, could provide immediate
protection against floods, reducing vulnerability by allowing some time
for NbS to come into maturity [54,68]. Moreover, this dual approach is
vital in the GKMA context given the urgent need for effective flood risk
management. However, implementing such hybrid approaches would
realistically involve combining strategically located engineered reten-
tion basins and stormwater channels with targeted floodplain restora-
tion and wetland creation. While technically feasible, the success of this
integration is challenged by high land acquisition or compensation
costs, fragmented governance structures and the need for sustained
community buy-in, especially from customary landowners and informal
settlers. Consequently, the feasibility of hybrid approaches depends not
only on technical capacity but also on aligning financial resources,
institutional coordination and equitable stakeholder engagement
mechanisms.

Lastly, the link between urbanisation and land cover changes driving
increased flooding in the GKMA highlights the urgent need for inte-
grated planning to effectively manage urban sprawl. Land-use policies
must prioritise the preservation of wetlands, vegetative buffers and
other water-retaining natural assets, while balancing these effectively
with development needs. Strategies like promoting green belts and
higher-density development in suitable areas can help prevent un-
checked sprawl [37]. Existing legal frameworks, such as the Buffer Zone
Policy, Wetland Management Regulation and National Land Policy
[47]), already support nature conservation and restoration, and the
growing public acceptance of wetland NbS in GKMA offers promise for
such efforts [44]. However, robust enforcement mechanisms are
essential to prevent further ecosystem degradation and ensure the
implementation of NbS. Broad stakeholder engagement will be central
to advancing NbS adoption. Community involvement can foster stew-
ardship and ensure the long-term sustainability of flood mitigation
measures [64]. Other stakeholders, including government agencies,
non-profits and research institutions, can provide the necessary exper-
tise to advance NbS [8]. Also, meaningful engagement with customary
land-owning institutions will be crucial to address their apprehensions
and financial interests (e.g., with payment for ecosystem services and
recreational benefits which are highly valued in GKMA [39]).

4.4. Potentials and limitations of the methodology
While the use of spectral indices (MNDWI, NDVI, NDBI) provides a

systematic and cost-effective approach to land cover mapping, several
limitations potentially affect the accuracy of model outputs. Spectral
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confusion—particularly in urban areas where impervious surfaces or
dense vegetation may resemble water signals—alongside the moderate
spatial resolution of Landsat imagery (30 m), can lead to misclassifica-
tion, especially for small or fragmented water-related ecosystems. Sea-
sonal variability, such as temporary flooding or dry conditions, also
introduces uncertainty, as ground-truthing was limited to a specific
period (March 2023). Although atmospheric correction (e.g., Dark Ob-
ject Subtraction) and field validation were applied [89,118], some
classification errors may persist. Additionally, hydrological parameters
such as roughness coefficients and CN values were derived from litera-
ture and conceptual assumptions due to limited soil and runoff data; but
sensitivity checks confirmed only minor influence on peak flow, sup-
porting the reliability of the results for comparative scenario assessment.
Rainfall inputs were derived using a robust disaggregation method
validated through the FURIFLOOD project and comparable studies in
other SSA cities (e.g., [80]). Still, the analysis does not currently quan-
tify the uncertainty of rainfall extremes. In future studies, rainfall un-
certainty could be addressed through extreme value analysis with
bootstrapping techniques to estimate confidence intervals for precipi-
tation return levels. Despite these limitations, the scenario-based com-
parison of NbS strategies remains robust for assessing relative
effectiveness under a consistent framework for informing policy and
guiding further research.

The effectiveness of wetlands for mitigating peak flow was quantified
using the TELEMAC-2D model, with the highest peak flow mitigation
potential reaching about 24 % under the restoration ambitious scenario.
While the model was constrained by limited input data—particularly the
absence of observed river discharge and detailed soil information—it
was partially validated using a documented flood event to improve
confidence in its predictive performance. The scenarios, however, did
not account for unanticipated land-use changes driven by socio-
economic dynamics. Comparatively, studies using TELEMAC-2D in the
Eagle Creek watershed in the United States, where more extensive input
data were available, reported reductions of 42 % in peak flow, 55 % in
flood areas and 15 % in water velocities [59]. Other models, such as the
1D stormwater management model and the Delft3D FLOW and WAVE
models, showed reductions in peak flow of 23 % and 37 %, respectively
[48,67]. The results of our model align with these findings and
demonstrate TELEMAC-2D’s utility in evaluating NbS under data-scarce
conditions.

The study also did not establish the extent of inundated urban areas
under different scenarios, such as how changes in peak and total
discharge translate into changes in flood risk. This limitation arose from
the focus on hydrological modelling to evaluate the relative effective-
ness of NbS scenarios. Due to the significant computational and data
requirements, incorporating detailed inundation modelling and expo-
sure analysis was beyond the study’s scope [62]. However, the
discharge-focused analysis provides an essential first step for planners in
understanding the potential of NbS strategies for peak flow reduction
and serve as a precursor to more detailed risk assessments. Altogether,
while subject to certain uncertainties that may affect absolute pre-
dictions, the results provide a reliable basis for comparative analysis.

While discharge data offers a strong foundation for evaluating NbS
effectiveness by focusing on flow magnitude and timing, future research
should also explore spatial variations in flood depth and velocity to
better understand how NbS influences flood dynamics. Incorporating
these hydrodynamic parameters would provide a more comprehensive
understanding of interactions between landscape elements and flood-
waters. To enhance model robustness, future studies should prioritise
validation using deployed water loggers in critical catchment areas and
compare the performance of TELEMAC-2D with alternative 2D hydro-
dynamic models, such as HEC-RAS 2D. Furthermore, integrating inun-
dation modelling and exposure assessments would provide planners and
policymakers with clearer insights into the spatial and socio-economic
implications of NbS implementation. Participatory research involving
local stakeholders in co-assessing the suitability and acceptability of NbS
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locations could further improve the feasibility and local relevance of
interventions. Finally, combining adaptive modelling frameworks like
TELEMAC-2D with real-time hydrological and land-use data could
enhance the optimisation and resilience of NbS interventions in rapidly
urbanising areas. These advancements would improve flood mitigation
outcomes and deepen understanding of the interplay between urbani-
sation, ecosystem degradation and flood resilience and offer a roadmap
for sustainable and context-specific strategies.

5. Conclusions

In this study, we applied the TELEMAC-2D model to evaluate the
effectiveness NbS—specifically floodplain restoration and wetland cre-
ation—in mitigating flood hazards in the rapidly urbanising GKMA, with
a focus on the Aboabo basin. This research provides one of the first
quantitative assessments of NbS for flood mitigation in SSA and con-
tributes to the growing body of scenario-based NbS studies by testing
diverse, context-sensitive implementation approaches. Between 1986
and 2023, the Aboabo catchment experienced a 59 % decline in water-
related ecosystems and a 134 % increase in built-up areas, leading to a
substantial loss of natural flood-regulating capacity (17-85 %). These
changes have intensified flood hazards, marked by steeper peak flows,
faster runoff and a more abrupt hydrological response. This highlights
the urgent need to restore ecological buffers and integrate NbS into
urban planning to re-establish hydrological balance.

Beyond their technical value, spectral indices (MNDWI, NDVI, NDBI)
were instrumental in quantifying long-term land cover changes and
visualising urban encroachment. In a context where consistent ground-
based monitoring is limited, these indices offered a strategic, replicable
means of identifying ecosystem loss and informing spatial priorities for
NbS implementation. The study also demonstrates the value of coupling
remote sensing with hydrodynamic modelling, like TELEMAC-2D, to
capture the dynamics of flood hazards and evaluate the performance of
NbS under varying scenarios. TELEMAC-2D proved highly adaptable to
the data-limited and complex urban conditions of SSA cities and can
serve as a robust tool for planners and hydrologists for simulating in-
teractions between natural and built environments.

Overall, the findings demonstrate that NbS can significantly reduce
peak flows, particularly when applied in a coordinated manner across
both floodplain and urban landscapes. Their effectiveness, however, is
influenced by scale, spatial integration and catchment-specific condi-
tions. Opportunistic, space-driven implementation is unlikely to deliver
sufficient impact on its own, whereas ambitious restoration—especially
when combined with targeted wetland creation—offers a more consis-
tent and adaptable strategy. These results support a phased, hybrid
approach that combines NbS with conventional infrastructure to provide
both immediate protection and long-term resilience in rapidly urban-
ising cities like the GKMA. By restoring degraded ecosystems and
enhancing flood resilience, the study supports progress toward Sus-
tainable Development Goals 11 (Sustainable Cities), 13 (Climate Action)
and 6 (Clean Water and Sanitation).

Finally, the findings offer transferable insights for other SSA cities
facing similar pressures of urban expansion and ecosystem degradation.
They can inform local authorities and communities in shaping land-use
regulations, enhancing risk preparedness and integrating NbS into
municipal planning frameworks using tools such as zoning and payment
for ecosystem services.
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Environmental: Ambitious floodplain restoration effectively reduces
peak flood discharge, mitigating flood risks.

Economic: Integrating floodplain restoration with decentralised,
targeted wetland creation could deliver cost-effective and stable flood
mitigation across varied storm durations.

Social: Wetland restoration and creation efforts should equitably
address the needs of displaced squatters through compensation or live-
lihood restoration programs.
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