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ABSTRACT

Coastal zones are susceptible to increasing pressures from urban development and natural hazards, such as storm events, climate
change, and rising sea levels. The GIS-based enhanced bathtub model (eBTM) enables the identification of areas at risk of flood-
ing as a baseline for disaster management and coastal adaptation. This study aims to establish the methodological robustness of

the eBTM for coastal flood modeling, by analyzing eight sites flooded during a recent storm event in Table Bay, Cape Town by

comparing eBTM outputs with observed flood extent data collected after the storm. The validation showed that for 74% of the

332 validation points the spatial modeling error was < 6m and for 56% below 3 m. The root mean square error for the model was
4.88 m, indicating an acceptable level of accuracy of the eBTM outputs for coastal risk assessments where more sophisticated

models are unavailable.

1 | Introduction

Coastal zones present a dynamic interface between land and sea
and are subject to the influences of both natural processes and
human activities (Crossland et al. 2005; Rutledge et al. 2022;
Saravanan, Parthasarathy, and Vishnuprasath 2019), housing
approximately 44% of the world population (UN Atlas of the
Oceans 2016). Beyond their demographic significance, coastal
regions provide crucial economic and livelihood resources.
Coasts encompass a rich tapestry of ecosystems, spanning from
sandy beaches to cliffs and wetlands, hosting an abundant bio-
diversity (Baztan et al. 2015; Williams, Dodd, and Gohn 1995;
Skowno et al. 2019). The escalating trends in development and
associated pressures on coasts are a cause for concern, threat-
ening natural ecosystem functioning and putting an increas-
ing amount of people, infrastructure and livelihoods at risk of
damage from natural hazards (Goschen 2011; Wepener and
Degger 2019). Climate change, predicted to lead to increasingly

frequent and intense storm events, sea level rise and a potential
shift in weather patterns, is exacerbating existing hazards and
risks in the coastal zone, specifically the impact of coastal flood-
ing and erosion (Intergovernmental Panel on Climate Change
[IPCC] 2019, 2021, 2022; Sink et al. 2012).

In South Africa, in 2015 about 466,148 people were living
in coastal areas between 0 and 10m above sea level, consti-
tuting about 8.5% of the country's total population (CIESIN
et al. 2024). South Africa’s 3100km long coastline borders the
southern Atlantic and the Indian oceans, both regular sources
of storm events already leading to significant economic losses
(Dube, Nhamo, and Chikodzi 2022). According to Theron and
Rossouw (2008) the densely populated coasts of the Northern
False Bay, Table Bay (both within the City of Cape Town),
Saldanha Bay, the South Cape coast, Mossel Bay, Port Elizabeth,
and parts of the KwaZulu-Natal province, stand out as partic-
ularly vulnerable to the impacts of climate change-induced
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flooding and erosion in South Africa. Given their high coastal
population density, the City of Cape Town and the province of
KwaZulu-Natal experienced the highest number of flood and
storm-related disasters between 1980 and 2022 on South Africa’s
coast (Bopape et al. 2024).

South Africa in general has limited capacity for implement-
ing complex hydrodynamic models to provide coastal flood
risk predictions as baseline information for coastal spatial
planning, disaster preparedness and for climate change ad-
aptation. In response, Williams (2020) developed the GIS-
based enhanced bathtub model (eBTM) to address this gap.
GIS-based bathtub models have been used in many studies
for determining areas at risk of flooding in the context of sea
level rise (e.g., Li, Grady, and Peterson 2014; Fitchett, Grant,
and Hoogendoom 2016; Almaliki et al. 2023; Carneiro-Barros
et al. 2023). The eBTM differs from the common simple bath-
tub model by introducing hydrological connectivity, thereby
minimizing false positives for disconnected areas, and also
considering slope and surface roughness (or complexity) as
factors for water distribution (Williams 2020). However,
being a GIS-based model, there are known limitations such
as its inability to incorporate spatiotemporally dynamic
data such as wind speed and wave direction (Williams and
Liick-Vogel 2020).

The eBTM is an explanatory model, developed for estimating
coastal flood extent under circumstances where more sophis-
ticated modeling technology, such as hydrodynamic modeling,
or the required input data are not available. The eBTM there-
fore fills an important methodological gap in data and tech-
nology scarce countries such as South Africa. Subsequently,
the eBTM has been applied by Kouakou et al. (2023) to
model flooding by sea level rise in Cdte d'Ivoire, Nguyen and
Kuleshov (2023) in Australia and Jennath and Paul (2024) in
India. However, these studies do not undertake any rigorous
localized validation of their model results relative to previous
flood events.

The quality of model input data is known to affect the model
output (Gesch 2009; Quinn et al. 2014; Vousdoukas et al. 2018;
Rohmer et al. 2021; Williams and Liick-Vogel 2022). However,
the overall robustness of coastal flood and vulnerability
models, that is, the performance across different areas and
different environments, is becoming an increasing focus of
research as modeling outputs are increasingly used to inform
adaptation with real-world cost implications (Clasing et al
2023). The establishment of the methodological robustness of
the eBTM model is therefore critical if the outputs are used as
baseline for effective coastal protection and climate adapta-
tion action.

This study assesses the robustness of the eBTM model using
the same topographic input data as per Williams and Liick-
Vogel (2022) and the wave run-up heights that resulted in a re-
cent flooding event that occurred in Table Bay, Cape Town on
16 September 2023. The performance of the model was assessed
using ground validation data collected on eight sites in Table Bay
immediately after the storm event. The outcomes of this valida-
tion therefore provide insights into the applicability of the eBTM
for planning purposes.

2 | Data and Methods
2.1 | Study Area

The study area selected for this research was Table Bay on the
coast of the City of Cape Town, at the southwestern tip of South
Africa (Figure 1). Table Bay's coastline of about 40km length
encompasses sandy beaches, rocky shores, and coastal wet-
lands. Its urban coastal landscape is complex, blending residen-
tial, commercial, and industrial areas with vital infrastructure
such as a major port, roads, bridges, and utilities, on a diverse
geomorphology. The climate is Mediterranean, characterized by
hot, dry summers and cool, wet winters, with strong southeast-
erly winds in summer, and northwesterly winds in winter. The
predominant wave direction is from the southwest (Figure 1).

Table Bay was selected due to its history of past flooding events.
The urgency for accurate flood modeling in this region is under-
scored by the occurrence of four major floods within a 4-month
period in 2023, occurring on 14 June 2023, 16 September 2023,
24 September 2023, and 21 October 2023. This study focusses on
the storm that occurred on 16 September 2023. On 16 September
2023, the South African Weather Service issued a critical Orange
Level 5 Alert in response to a powerful storm approaching from
the South Atlantic which resulted in heavy winds and rainfall, a
storm surge, compounded by the occurrence of equinox spring
tides. The two virtual buoys VT03 and VTO05 located in Table
Bay (Figure 1) measured significant wave heights (HM,) of 3.82
and 5.26 m, respectively, during the peak storm (Figure 2).

The average wind speed, as measured at the Cape Town Port's
entrance during the peak storm event, was around 10 m/s with
maximum winds speeds reaching about 18 m/s and a general
wind direction of east-southeast (around 250°). This event pro-
vided a chance to collect sufficient ocean and ground data at
eight distinct sites in Table Bay as input for the eBTM and to
validate its outputs. The eight sites were selected based on safe
accessibility for data capturing. The sites, listed from North
to South, are Melkbosstrand North, Melkbosstrand South,
Bloubergstrand, Lagoon Beach, Mouille Point, Sea Point, Camps
Bay, and Bakoven Beach (Figure 1a-h). All sites have experi-
enced coastal flooding in the past. Each subarea was considered
in terms of its morphology (see Appendix A), leading to a broad
classification of the site, as described in Table 1.

2.2 | Input Data

To run the eBTM, the following input data needed to be sourced
or created: a high-resolution elevation model, a reference coast-
line, local wave heights, and the land surface roughness.

2.2.1 | High-Resolution Topographic Data

Inundation modeling needs accurate high-resolution topo-
graphic data (Gesch 2009; Williams and Liick-Vogel 2020,
2022). For this study, LIDAR data were made available by the
City of Cape Town in the LAS point file format with a point
density of about 10 points per m2. For the southern study area
between Bakoven Beach and Mouille Point, relatively recent
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FIGURE 1 | Location of study subareas in Table Bay with poststorm impressions. (a) Melkbosstrand North, (b) Melkbosstrand South,
(c) Bloubergstrand, (d) Lagoon Beach, (¢) Mouille Point, (f) Sea Point, (g) Camps Bay, and (h) Bakoven Beach.
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FIGURE 2 | Significant wave height of the virtual buoys over the storm period.

TABLE1 | Classification of study sites subareas.
Study subarea Morphology
a Melkbosstrand North Shallow wide sandy shore + reef
b Melkbosstrand South Shallow narrow sandy shore

¢ Bloubergstrand
d Lagoon Beach
e Mouille Point

f Sea Point

g Camps Bay

h Bakoven Beach

Shallow narrow sandy shore + reef
Shallow narrow sandy shore with estuary mouth
Highly modified shore + reef
Highly modified shore + reef
Shallow wide sandy shore

Steep rocky shore

data from February 2023 were available. For the study area fur-
ther north, only LiDAR data acquired in November 2021 were
available.

To generate a digital surface model (DSM) of the study area, the
first-return points of the LiDAR datasets were used. The DSM,
in contrast to a digital terrain model, accounts for the presence of
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vegetation and manmade structures, both of which can signifi-
cantly affect the flow of water during flooding events (Williams
and Liick-Vogel 2020). The resulting DSM had a horizontal res-
olution of 1 X 1m and a vertical resolution of 0.01 m. The projec-
tion was Transverse Mercator Lol9, with South African Land
Leveling Datum as vertical datum.

2.2.2 | Reference Coastline

The eBTM requires a polyline water source as input which
marks the starting point for the model's execution. This line is
typically represented by the coastline (Williams 2020). A coast-
line polyline shapefile (ESRI GIS proprietary data format) at the
required spatial and temporal accuracy was digitized manually
from recent high-resolution Google Earth imagery, using the
visible wetline as reference. It was confirmed that the result-
ing reference coastline intersects the LiDAR-derived DSM for
proper model execution.

2.2.3 | Ground Data on Flood Extent

The morning after the storm, that is, 17 September 2023, field
data were collected in the form of georeferenced photographs
for accessible study subareas, documenting the extent of the
flooding. Figure 1 provides examples of these photographs.
The photographs were used to locate and mark the maximum
flood extent visible as wet and/or debris line in the photographs,

resulting in 340 data points. To correct for potential location
errors caused by the oblique field photographs, high-resolution
recent Google Earth imagery was used to better pinpoint the lo-
cation of the wetlines.

2.2.4 | Wave Run-Up Height

“Wave run-up” refers to the vertical elevation attained by the
leading edge of a wave as it advances up a shoreline, measured
relative to the still water line (Roux 2015). The first approach
for assessing wave run-up was using the measured wave
heights at the two virtual buoys in Table Bay (see Figure 1).
However, these data turned out not to be representative for the
complex coastline of Table Bay with an interplay of refractive
and dissipative and steep rocky and flat sandy shores, which
resulted in very different wave run-up on the study subareas.
It was therefore decided to use the DSM elevation at one ran-
domly selected ground-recorded floodline point within each
subarea as wave-run-up input for the eBTM model. The result-
ing wave run-up heights for each subarea, ranging from 2.92m
at Melkbosstrand to 5.59m at Mouille Point, are illustrated in
Figure 3.

2.2.5 | Roughness Coefficient

The roughness or smoothness of the terrain influences water
movement, with water moving faster and further on smooth
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FIGURE 3 | Wave run-up height per subarea with location of ground validation data.
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surfaces such as sand or tar than on rough surfaces such as
vegetated areas or coarse rock revetments. In the eBTM, the
roughness coefficient relates more to a subjective assess-
ment of the surface complexity, rather than conforming to the
Manning roughness coefficient used in hydrodynamic models.
The roughness data range with values between 0 (indicative of
hydraulically very rough surfaces) and 1 (representative of very
smooth surfaces) allows the user to choose a roughness value
most representative across the study area (Williams 2020). As
the sites affected by flooding in the study area primarily con-
sisted of smooth sandy terrain or lawns and tarred or paved
urban developments, a roughness coefficient value of 1 was
used for all model runs.

2.3 | Flood Modeling

The eBTM model was executed for each of the eight sites sepa-
rately, given the substantially different observed wave run-up
heights between the areas (Figure 3). The model was obtained as
part of a Toolbox (ArcCoastTools [https://catalogue.saeon.ac.za/
records/10.15493/DEFF.10000001]) and added as such to ArcMap
10.4.1, under inclusion of the Spatial Analyst extension. The
LiDAR-derived high-resolution elevation model, the digitized ref-
erence coastline, the respective local wave run-up established for
the flood event that occurred on 16 September 2023 and the land
surface roughness were used as input data for each area.

The first processing step in the GIS-based eBTM model is the
elimination of all areas in the DSM which are lying higher than
the subarea-specific input water level elevation as those areas
are assumed to be safe from flooding. For the area lower than
the input water level height, the cost-distance module exam-
ines the slope angle of the land to understand how water might
flow and calculates the cost of moving through various areas.
This information is combined to determine the progression of
inundation from the coastline, considering pathways that fa-
cilitate water movement and the potentially dampening effect
of the local surface roughness. Unconnected low-lying areas
will be excluded from short-term flooding relating to flooding,
which is one of the major advantages of the eBTM compared to
the commonly used standard bathtub model which only con-
siders topographic elevation but not hydrological connectivity.
The output of the eBTM is a binary flood mask showing the
final flood extent. Inundation depth is also generated by the
eBTM model but was not used for this study (Williams and
Liick-Vogel 2020).

2.4 | Accuracy Assessment

For an estimation of the accuracy of the eBTM outputs, the
distance of the modeled floodlines to the respective nearest
validation point was measured, using the Near Tool in ArcGIS
Pro. The root mean square error (RMSE) of these distances was
calculated for each site and overall to assess the accuracy and
uncertainty of the model, along with an analysis of the error
distribution. Furthermore, a qualitative visual assessment of the
outputs was conducted to determine where the eBTM over- and
underestimated the actual flood extent.

3 | Results and Discussion
3.1 | Spatial Modeling Accuracy of the eBTM

For an insight into the magnitude of the observed modeling er-
rors, for all validation points, the distance of the modeled flood
line to the actual flood line indicated by the validation points
was measured and plotted as a histogram with 3m classes
(Figure 4). The histogram shows that for 188 points out of the
total 332 points (56.63%) the modeled flood extent was within a
distance of 3.00m to the nearest validation point. For 57 points
(17.17% of points), the distance was between 3.01 and 6.00m,
leading to a total of 73.8% of all points being modeled with
a spatial error below 6.00m. For 53 points (15.96%), the error
distance was >9m. The average RMSE for all points is 4.88m.

3.2 | Qualitative Assessment of Results

Table 2 provides a more differentiated picture of the model per-
formance across the eight subsites with the site-specific total
number of validation points, RSME, and the percentage and
number of points with an error distance below and above the
mean RSME of 4.88 m. The table shows that 69.9% of all points
have error distances below the mean RSME of 4.88 m, with the
percentage of points with error distance below 4.99m per site
ranging between 58.41% and 100%.

For Bloubergstrand, a wave run-up height of 3.3m was used
when running the eBTM and 113 validation points were col-
lected after the storm. Figure 5 shows that for a high number
of validation points, the flood extent was drastically underesti-
mated, with 8 points being off between 15 and 22 m which con-
tributed to the high local RSME of 7.61m. The reason for the
underestimation might be the strong easterly winds recorded
during the storm which might have pushed the flood water fur-
ther inland, as those areas indicated in Figure 5 are somewhat
funnel shaped.

For Mouille Point (Figure 6), the model was run with a wave
run-up of 5.59m, the highest run-up among all the sites. This part
of the coast is highly modified, characterized by a shallow rocky
shore and a wide paved/tarred promenade at the water's edge,
without a seawall, but with a low (about 1 m) vegetated berm on
the landward side of the western stretch of the Sea Point. The
berm is interrupted by parking areas and walkways (Figure 6a).

The observed overestimation of the flood extent in this area by
up to 22m, leading to the highest RSME of 8.68m of all sites,
is likely related to modeled water flowing through these gaps
and flooding the hinterland and excluded effects of high sur-
face roughness of vegetated areas. Underestimations might be
related to the model's omission of wind push.

In the case of the Sea Point site (Figure 7), a wave run-up height
of 5.1 m was used as input. Here, the coast is also highly mod-
ified, characterized by shallow rocky reef, overlaid with partly
wide sandy areas in the nearshore. The water's edge was devel-
oped into a wide paved promenade, with an about 1 m high con-
crete seawall on the seaward side. The seawall ends at the little
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FIGURE 5 | Modeled flood extent and validation points for Bloubergstrand; (a) areas of underestimation; (b) areas of correct model outputs; (c)
areas of under- and overestimation.

beach in the northeastern part of the image. Drastic under- and ~ The seawall is likely the reason for the high amount of false
overestimation of up to 13m from the recorded flood line took ~ model outputs, as in parts gaps in the seawall led to (unrealistic
place in this subarea (Figure 7a,b). extensive) flooding of the hinterland (Figure 7a), while in other
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TABLE2 | Rootmean square error (RSME) per site and average, as well as number and percentage of points with error distances below and above

the RSME.
No of val. Subarea No. below No. above % below
No. Subareas points RMSE (m) 4.88m 4.88m 4.88m
1 Melkbosstrand North 35 6.52 24 11 68.57
2 Melkbosstrand South 40 4.54 33 7 82.50
3 Bloubergstrand 113 7.61 66 47 58.41
4 Lagoon Beach 13 1.04 13 0 100.00
5 Mouille Point 47 8.68 29 18 61.70
6 Sea Point 40 6.07 26 14 65.00
7 Camps Bay 26 3 23 3 88.46
8 Bakoven Beach 18 1.61 18 0 100.00
Total 332 4.88 (RMSE 232 (69.9%) 100 (30.1%)
average)

400

600 800
T T

Modelled flood extent
A Observed flood extent

FIGURE 6 | Modeled flood extent and validation points for Mouille Point; (a) areas of overestimation; (b) areas of underestimation.

areas the wetting of the hinterland due to overtopping waves
(Figure 7b) was not picked up. The ignored dampening effect
of the vegetation and the rocky reefs might have played a role in

the overestimation as well.

Figure 8 presents the output for the Bakoven Beach subarea.
The residential development in this area is located on a rock
shelf that extends 25 to 70m seawards and protects this other-
wise very exposed area from the immediate energy of waves.
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Modelled flood extent
A Observed flood extent

FIGURE 7 | Modeled flood extent and validation points for Sea Point; and validation points and validation points (a) areas of overestimation; (b)

areas of underestimation.

Consequently, this area only experienced a wave run-up height
of 3.06m during the investigated storm event. The eBTM pro-
duced the most accurate outputs for this sub-area, with an RSME
of 1.61 m. The largest error distance in this area was 4.18 m, that
is, below the overall RSME of 4.88 m. This indicates that for this
area probably factors such as wind push, surface roughness and
date of the elevation model were negligible. Potentially, also the
small size of this subareas reduces the variability in wave run-up
heights, contributing to more precise model predictions than the
other subareas.

The modeling outputs for the other subareas are likely to be
affected to some extent by the same factors as the four subar-
eas described above, such as the dampening effect of the pres-
ent vegetation on flood leading to flood overestimation and not
considered windpush leading to underestimation. Furthermore,
for the northern part of False Bay, only a 2021 DSM was avail-
able, which might, particularly for the soft and dynamic coastal
stretch in the vicinity of the Sout River estuary (Melkbosstrand
North subarea, Appendix B.1), not have reflected accurately the
coastal topography at the time of the storm anymore.

Another factor that might have led to overestimation of flood
extent is that the eBTM does not consider local nearshore
bathymetry and geomorphology. For Melkbosstrand South
(Appendix B.2), the flood extent was overestimated by up to
17m, especially in the area of the parking lot in the south.

However, shallow rocky reefs to the south and shallow wide
beaches to the north of the parking lot might have dampened
the wave run-up.

At Lagoon Beach, the flood extent for all 13 validation points
was modeled correctly (Appendix B.3). This site was modeled
with a wave run-up height of 3.04m.

In the case of Camps Bay (Appendix B.4), the model was run
with a wave run-up value of 3.04m. The overall accuracy in
this subarea was 77%, where for five validation points out of 26
points the flood extent was underestimated and overestimated
for one point. The maximum error distance for this area was
6.8 m.

Further consideration was given to the RMSE relative to the
individual site morphology to determine whether there was a
general trend in the applicability of the eBTM (Table 3). It ap-
pears that for the study sites where intertidal or subtidal reefs
are present, the RMSE for the individual sites are above the
average (4.88m). This may indicate that reefs have a damp-
ening effect on the flooding extent that the eBTM cannot
account for. Furthermore, the eBTM uses a reference coast-
line as its starting point, which is landward of these reefs and
hence cannot consider their influence. The eBTM may there-
fore be more applicable to areas where wave propagation is
uninterrupted.
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Modelled flood extent
A Observed flood extent

FIGURE 8 | Modeled flood extent and validation points for Bakoven Beach.

TABLE 3 | Study subareas morphology and site-specific RSME.

Study sites Classification Local RSME
a Melkbosstrand North Shallow wide sandy shore + reef 6.52
b Melkbosstrand South Shallow narrow sandy shore 4.54
¢ Bloubergstrand Shallow narrow sandy shore + reef 7.61
d Lagoon Beach Shallow narrow sandy shore with estuary mouth 1.04
e Mouille Point Highly modified shore + reef 8.68
f Sea Point Highly modified shore + reef 6.07
g Camps Bay Shallow wide sandy shore 3.0
h Bakoven Beach Steep rocky shore 1.61

4 | Conclusions and Recommendations

This study aimed to establish the robustness of the GIS-based
eBTM for storm-related coastal flood modeling. Previously,
the eBTM has only been used to model statistical storm
and future-dated sea-level rise scenarios which made it im-
possible to conduct any form of accuracy assessment on the
model outputs for the South African coast (DEFF 2020). To
circumvent the inherent insecurity of the future-dated input
scenario used there, here, we evaluated the eBTM model out-
puts at eight sites to test against the observed flood extent
that occurred in Table Bay, Cape Town, South Africa during a

storm event on 16 September 2023. For this storm event, wave
run-up, wind direction, and speed, as well as inundation ex-
tent were known.

The results show that the eBTM produced flood extents with an
RSME of 4.88m, established using 332 validation points across
the eight sites in Table Bay, with 232 points (69.9%) of all valida-
tion points having an error distance of <4.88m. The RSME for
the individual eight test sites ranged between 1.61 and 8.68 m.
For 188 points out of the total 332 points (56.63%), the modeled
flood line was within 3.0 m to the nearest ground observed flood
line. For 57 points (17.17%) the error distance was between 3.01
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and 6.0m, leading to a total of 73.8% of all points being modeled
with a spatial error below 6.0 m. For 53 points (15.96%), the error
distance was >9m, and for 6 points, the error distance was be-
tween 20 and 24 m.

Considering the classifications, the higher error distances
occurred in areas that had local reefs present, which would
dampen wave run-up and serve as natural protection for the
receiving environment, notwithstanding that the eBTM is run
landward of these reefs.

The results showed that across all 332 validated points in Table
Bay the model output accuracy is within an acceptable range.
However, at a local-scale, factors such as wind push and overtop-
ping, backflooding and microrelief, nearshore bathymetry, and
geomorphology (rocky reefs) led to locally larger error margins
in the model outputs. Furthermore, it is likely that microscale
wave dissipation dynamics played a role in the observed nonlin-
ear coastal flooding of Table Bay.

The results indicate that the eBTM, which in its current version
does not account for the above-mentioned local-scale factors, is
best used in subregional applications. The results also show that
the use of locally derived wave run-up heights led to an accept-
able overall RSME of 4.88m for the entire Table Bay test area.
However, the substantial variation of spatial errors between
individual validation points indicates that the eBTM outputs
should not be used to inform locally explicit flood adaptation
measures, especially if derived, as in our case from one individ-
ual storm event.

If no other coastal flood modeling solutions are available to in-
form coastal spatial planning, disaster preparedness and for cli-
mate change adaptation, the results of this study suggest that
the application of a buffer on the modeled floodline outputs is
advisable to account for the inherent input data insecurities
and unaccounted local-scale factors. The achieved local RSME
could be used to determine the needed buffer width.

The demonstrated impact of the complexity of the Table Bay coast
and the small-scale factors driving coastal flood propagation lo-
cally provide valuable insights on the weaknesses of the current
eBTM version and on development areas which might improve
modeling outputs on a local scale within the limitations of a GIS
environment. These could include the consideration of a spatially
more differentiated surface roughness, potentially extending into
the intertidal area, the duration of the storm as proxy for the total
amount of water available for hinterland flooding (to reduce un-
realistic flood results of vast hinterland areas), and an empha-
sized flood propagation direction as proxy for wind direction.

However, local-scale wave data generation primarily relies
on hydrodynamic modeling, a process known to be expert-
dependent and resource-intensive which currently creates a
bottleneck in coastal flood modeling, especially in data and ca-
pacity scarce developing countries, such as South Africa, even if
GIS tools such as the eBTM itself are easily and freely accessible,
albeit based on proprietary software.

In conclusion, the results of this study foster a more compre-
hensive and evidence-based approach to coastal flood risk

assessment, laying the groundwork for improved strategies for
safeguarding coastal areas, and enhancing resilience in the face
of climate-related risks, although more insights from further
local applications of the eBTM are desirable.
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Appendix A | Description and Classification of the Study Subareas.

Study subareas Site description

Classification Image (source: Google Earth)

Shallow sandy shore with vegetated dunes
and small estuary, has a parking area next

a Melkbosstrand to the small estuary with a few small trails
North R .
connecting it to the beach. A prominent
subtidal reef is present in the central site area
Shallow sandy shore with interspersed
b Melkbosstrand vegetated dunes and grassy hinterland,
South confined by road infrastructure. The far south

coastline has a flat rocky substrate

Rocky shoreline interspersed with sandy
patches and featuring intertidal and
subtidal reefs, adjacent to Bloubergstrand's
residential area. The coast is lined with
rugged rocks, particularly prominent in the
north, transitioning to long sandy beaches
with vegetated dunes to the north and dune
rehabilitation areas to the south. A small break
wall is visible behind the rocky beaches where
houses are close to the waterline

¢ Bloubergstrand

Curved sandy shoreline with a small estuary,
partly stabilized with revetments. Behind
the revetments, there is a walking path with
another wall directly behind it, leading to a
narrow grassy recreational area. The area is
mostly confined by residential development in
the hinterland, with the beach easily accessible
from the modern coastal complex

d Lagoon Beach

Shallow, wide (> 50m) sandy
shore with small reef

Shallow, narrow (< 50 m)
sandy shore, partially with
reef

Shallow, narrow (< 50 m)
sandy shore + reef

Shallow, narrow (< 50 m)
sandy shore with estuary
mouth

(Continues)
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Appendix A | (Continued)

Study subareas Site description

Classification

Image (source: Google Earth)

Rocky coastline featuring intertidal reefs with
a concrete promenade and a low seawall along
the shore. The area features a narrow grassy
strip and a walking path, with residential and
commercial buildings lining the road that runs
parallel to the promenade

e Mouille point

Rocky coastline featuring a concrete
promenade with a low seawall along a rocky
shore, interspersed with small sandy pocket

beaches. The promenade runs parallel to

a major road and is bordered by a grassy

f Sea point recreational area on the inland side, with
parking areas and outdoor swimming pools

directly bordering the seawall. The rocky
shoreline bears both subtidal and intertidal
reefs and transitions to these sandy pockets

further along the coast

Wide sandy beach with a steep slope toward
the vegetated dunes, transitioning into a
grassy recreational belt, with a road running
parallel to the beach

g Camps Bay

Highly modified, narrow
(<50m) shore + reef

Highly modified, narrow
(<50m) shore + reef

Shallow, wide (> 50 m) sandy
shore

(Continues)
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Appendix A | (Continued)

Study subareas Site description Classification

Image (source: Google Earth)

Rocky coastline with small sandy coves at
Bakoven and Beta Beach, characterized by
large granite boulders and a wide rock shelf Steep, wide (> 50m) rocky
that extends 25 to 70 m seaward. This rock shore
shelf not only provides some natural protection
but also directs wave energy toward the shore

h Bakoven Beach

Appendix B | Maps of Subarea Flood Modeling Results Not Discussed in Detail in the Text.

B.1 | Melkbosstrand North

0 20 40 80 120 160

Modelled flood extent
A Observed flood extent

Modeled flood extent and validation points for Melkbosstrand North; (a) Areas of overestimated flood extent; (b) Areas of over- and underestimation.
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B.2 | Melkbosstrand South

Modelled flood extent
A Observed flood extent

Modeled flood extent and validation points for Melkbosstrand South; (a) Areas of overestimated flood extent: (B) Areas of correct model outputs.
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B.3 | Lagoon Beach
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Modeled flood extent and validation points for Lagoon Beach; (a) Detail of modeled flood extent result.
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Modeled flood extent and validation points for Camps Bay; (a) Area where modeling errors occurred.

B.4 | Camps Bay
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