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Abstract Bathymetry is a critical input to storm surge models on coastlines fronted by lagoon systems, yet
few studies explore how variations in bathymetry influence flood impacts, flooded extent, and exposed
population across these globally widespread morphologies. Here, we investigate the influence of variations in
bathymetry on storm inundation impact estimates across a continental shelf lagoon system. We explore how
flooded extents and exposed population estimates from a 1% storm for Belize vary with estimated depths by
comparing three existing bathymetries over a northern shallow, enclosed lagoon and a central deeper, open
lagoon system with a newly developed bathymetry data set, Satellite-Derived Bathymetry Enhanced Data set-
SDBED. We compare multiple bathymetric data sets to understand the influence on the flood uncertainties and
the quantity of the impact of exposed population estimates. Our results show that greater estimated lagoon
depths consistently result in lower predicted flood impacts for both lagoon systems in almost all cases.
Unexpectedly, for one bathymetry with a median depth of 2 m in the northern lagoon, we find that a reduction in
lagoon volume by 59% reduces total inundation volume by 45%. Our findings also show how vertical
uncertainties in the SDBED bathymetry propagate through the model, resulting in variations of up to 12% in
flood extents and up to 2% in exposed populations.

Plain Language Summary The depth of the ocean floor close to the coastline is a critical input for
models that predict flood extents during storms. Coastal flood models are especially sensitive to bathymetry data
on shallow ocean features such as reef atolls and coastal lagoons. Data on shallow bathymetry are often difficult
and expensive to obtain, and flood models typically rely on large-scale data sets that may not adequately
describe important features such as lagoons or reefs. Despite the importance of shallow bathymetry, very little is
understood about how differences in uncertainties, resolution, and descriptions of features within these data sets
influence predictions of flood impacts. In this study, we compare four bathymetry data sets, including one
developed in this study, and explore their influence on flood extent predictions within a coastal flood model for a
reef-fronted lagoonal coastline in Belize in Central America. We find that variations between bathymetry data
sets cause significant variations in predicted flood extents within shallow lagoons. Interestingly, our findings
suggest that in a very shallow lagoon, inland flood extents are driven by the volume of water in the lagoon. We
also find that uncertainties in these bathymetry data can cause variations in total area flooded by up to 12%.

1. Introduction

Coastal flooding due to tropical cyclones impacts hundreds of millions of people and billions of dollars of assets, and
these global social and economic costs are expected to increase in the coming decades (Dullaart et al., 2021; Krichene
et al., 2023). These projected flood damages are primarily driven by population growth and infrastructure devel-
opment within exposed floodplains in the short term (Al-Attabi et al., 2023) and aggravated by climate change and
sea-level rise over longer time periods (Barnard et al., 2019). The intensity of tropical cyclones has been increasing
since 1980 and is projected to continue increasing with a warming climate (Knutson et al., 2020). Latin America and
the Caribbean are among the most vulnerable regions globally to current and future tropical cyclone impacts, with
over 2 million people and $178 billion (USD) in expected flood exposure by 2050 (Reguero et al., 2015).
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The prediction of flood extents and damages from storm surges and waves during tropical cyclones relies on
numerical models and multiple spatial data sets as inputs, of which bathymetry is a critical requirement (Al-Attabi
etal., 2023; Dilmen et al., 2018; Menéndez et al., 2020). Variability in nearshore bathymetry and beach slopes can
significantly alter the elevation and distribution of extreme water levels at the shoreline (Weaver & Slinn, 2010)
and influence wave transformation processes (Serafin et al., 2019). Coastal structures and geomorphologic
features such as atolls, barrier reefs, and lagoons also influence surge and wave transformation processes that
impact the magnitude of wave height and reduce flooding onshore (Harris et al., 2018; Reguero et al., 2021).

Coastal lagoons are estimated to occupy 13% of the world's coastlines and up to 17% of the North American and
Caribbean coastlines (Kennish & Paerl, 2010), but are poorly understood regarding their influence on storm surge
compared to other coastal features. Coastal lagoons are shore-parallel water bodies that are separated from the
ocean by a barrier such as a reef and are typically less than a few meters in median depth (Kjerfve, 1994). Found
on all continents, including tropical coastlines such as the Caribbean, coastal lagoons are geologically relatively
young geomorphological systems that have been studied in terms of their geology (Carrasco et al., 2016), ecology
(Rodrigues-Filho et al., 2023), lagoon hydrodynamics (Lowe et al., 2010; McCabe et al., 2010), and circulation to
assess human impacts such as pollution (Garces-Ordonez et al., 2022). Nearshore lagoon systems are also
recognized as a challenge for satellite-derived and other remote-sensing bathymetric data collection approaches
due to their turbidity, caused by suspended sediments reducing water clarity, which challenges optical satellite-
derived bathymetry by limiting light penetration for optical remote-sensing bathymetry (Amrari et al., 2021).
When they are enclosed, nearshore coastal lagoons, depending on their geometry, can either reduce or increase
extreme water levels at the shoreline during storms (Lorenz et al., 2023). During a tropical cyclone, water levels in
coastal lagoons are typically driven by tropical cyclone winds and tilting of the water surface (Kjerfve &
Magill, 1989), with bathymetry becoming critical in determining water levels at the shoreline (Paugam
et al., 2021). However, the effect of variations and uncertainty in bathymetry within lagoon systems on inland
flood extents and impacts on population exposure are not well understood.

The Caribbean is home to the largest barrier reef system in the northern hemisphere, and this shoreline is among the
most vulnerable to coastal flooding from storms and climate change, with more than 150 tropical cyclone impacts
over the last 20 yrs (Jing et al., 2024; Martin et al., 2023). Belize contains over 25% of the Mesoamerican Barrier
Reef system (Gress et al., 2019). This reef system creates a highly complex nearshore zone, characterized by a
narrow continental shelf but bordered by extensive reefs. This creates a large nearshore lagoon (>4,300 km?),
separating the barrier reef system from the mainland (Figure 1a). The Belize continental shelf lagoon system is
divided into five regions based on bathymetry, with depths increasing from the shallow north, with a median depth
less than 3 m, to the deeper south with a median depth greater than 60 m: Chetumal Bay, the northern shelf lagoon,
the central shelf lagoon, the southern shelf lagoon, and the Gulf of Honduras (McNeill et al., 2010). The northern
shelf lagoon extends from the northern border of Belize south to Belize City, the largest and most populous city in
Belize, while the central shelf lagoon stretches from the southern tip of Belize City to the south (Figure 1a). During a
storm, lagoon bathymetry can greatly influence storm surge impacts on such a coastline. However, high spatial
resolution nearshore bathymetry is often unavailable in tropical coastlines, or when available, does not include key
nearshore features such as lagoon systems due to issues related to access and cost (Hsiao et al., 2016). The reliance
of numerical models on bathymetry data with limited spatial detail on nearshore features, especially on reef and
lagoon-lined coastlines, has been previously shown to reduce the accuracy of flood damage estimates by up to a
factor of 1.25 (Parodi et al., 2020). Despite recent advances in ocean bathymetry related to initiatives such as the
Seabed 2030 Initiative (Mayer et al., 2018) and the Allen Coral Atlas (ACA) (Lyons et al., 2024), coverage of the
nearshore region remains limited to the immediate vicinity of coral reefs and continues to face inherent limitations,
particularly in shallow turbid waters and sharp nearshore slopes (Gou et al., 2023; Weaver & Slinn, 2010).

Here, we explore how variations in bathymetry of shallow nearshore regions influence estimated total inundation
volumes, peak flood and wave heights, and exposed population for the lagoon-fronted coastline of Belize. We
develop a high-resolution bathymetric data set, hereafter called Satellite Derived Bathymetry Elevation Data set
(SDBED), covering the nearshore region of Belize and quantify how variations in nearshore bathymetry influence
predicted storm surge impacts from a 1% storm. The SDBED is developed by integrating a satellite-derived
bathymetry data set for clear shallow waters using ICESat-2 and Landsat imagery with data from nautical
charts for the turbid lagoon and previously published reef profile measurements (Kobara & Heyman, 2010) to
capture sharp slopes in the fore-reef zones. Using a 2-D hydrodynamic model, we predict the number of people
flooded from a 1% storm modeled after Hurricane Hattie in 1961, the strongest storm on record to make landfall in

AL-ATTABI ET AL.

2 of 16

8518017 SUOWILWIOD @A 1810 3| (dde ayy Aq pausenob afe Sapie YO ‘@SN JO SainJ 10j ARIq1T8UIUO /8|1 UO (SUOIPUOO-PUR-SLLIBYW0D A8 | ARe.q 1 U Uo//Sd1y) SUORIPUOD pue swiia | 3y} 88s *[9202/90/2Z] Uo Ariqiaulluo Ae|im ‘Aisienlun euljored 1e3 Aq 956220005202/620T 0T/I0p/wod A8 |mAreiq1putjuosqndnfe;/sduy wo.y pepeojumoa ‘¢ ‘9202 ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2025JC022956

o

DF

O

epth

a)

Belize

Northern
Shelf
Lagoon

i Shelf
i Lagoon

E Southern
1Shelf

Caribbean Sea

Hattie 1961 Track

— Coastline

R

30

Bathymetry (m)

0

<-25

05F

0.4F
03F
0.2F
0.1

15

20
Depth (m)

25

30

35

40

=
=2}
T

Probability (%)
o o o o
N w e (5]

o
o
T

—— GEBCO-SDBED | ]
—— TCARTA-SDBED
ACA-SDBED

-15

-10

-5
Difference in Depth (m)

Figure 1. Bathymetric models show differences in water depth that vary with location and geomorphology. Panel (a) shows a
satellite image of the Belize continental shelf lagoon system, highlighting the coastline (white line), the path of Hurricane
Hattie 1961 (red arrow line); the red circle shows Belize city; the gray dashed box shows the area of the model with 100 m
spatial resolution; and the yellow box shows the center of the model domain, highlighting different near/offshore features
such as the northern shelf lagoon and central shelf lagoon, reef barriers, and atoll. Horizontal white lines denote approximate
lagoon bounds. Panels (b) through (e) show bathymetric maps of Central Belize based on different bathymetry data sets:
(b) SDBED, (c) GEBCO, (d) TCarta, and (¢) ACA data sets. Panels (f, g) present cumulative distribution functions (CDFs)
and probability distributions of estimated depth for the four bathymetry data sets, respectively. In panel (f), the gray-shaded
area represents the standard error of the SDBED data sets, and the green and pink shading in panel (g) refers to the probability
distributions for SDBED+ and SDBED- relative to SDBED. The horizontal green line in panel (f) indicates a 90%
cumulative probability, vertical lines show the corresponding x-axis values for each data set, and the yellow-shaded area
reflects the 90% cumulative probability range within the SDBED standard error. Data are binned by 0.01 m.

Belize (Dunn, 1962). We compare the spatial distribution of flooded extents and population exposure between
SDBED and three other bathymetry data sets available for Belize, namely, the Allen Coral Atlas (hereafter,
ACA), the TCarta Satellite-Derived Bathymetry, and the General Bathymetric Chart of the Oceans-GEBCO. We
also investigate how vertical uncertainties in the SDBED data set and variations in population data influence
predicted flood impacts, flooded extent, and exposed population. We show that predicted flood impacts are
particularly sensitive to variations in nearshore bathymetry within the shallow, enclosed northern shelf lagoon,

whereas in the deeper, more open central lagoon, greater lagoon depths are consistently associated with lower
flood impacts across all data sets. We also show that while higher-resolution population data sets (e.g., WorldPop
at 100 m) reduce variability in exposure estimates across bathymetries, differences remain substantial (up to
40,000 people), underscoring the importance of accurate bathymetry models for vulnerable coastal regions.
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Figure 2. The flowchart summarizes the methodology followed to derive the SDBED data set.

2. Materials and Methods
2.1. Satellite-Derived Bathymetry (SDBED) for the Nearshore Regions of Belize

We developed a nautical- and slope- augmented Satellite-Derived Bathymetry data set (SDBED) up to the 200 m
depth contour for the Belize nearshore region that combines information from nautical charts, satellite-derived
bathymetry, field-based slope contours, and GEBCO data. As a first step, we delineated the coastal margins of
Belize into four distinct groups based on spectral characteristics: Land, Shallow Water, Intermediate Water, and
Deep Water. To generate this layer, we created a 20th-percentile composite of Sentinel-2 images acquired be-
tween June 2020 and June 2023, which reduces the influence of clouds and transient turbidity (Traganos
et al., 2018). We then applied a Random Forest (RF) classification model trained to the four separate categories
based on visual interpretation of the Sentinel-2 20th percentile composite. The coastal zone classification output
defines where ICESat-2 bathymetric photons can be reliably collected and identifies regions where optical
satellite-derived bathymetry is limited by turbidity and depth. This coastal margin layer provides the spatial mask
for integrated satellite-derived bathymetry within the shallow and intermediate classes but nautical charts or
GEBCO within the deep-water class (Figure 2).

We accessed ICESat-2 data for the study regions from the National Snow and Ice Data Center (NSIDC) using the
icepyx Python software (The icepyx Developers, 2023). We categorized bathymetric photons using C-SHELPh, a
Python algorithm developed by Thomas et al. (2022) to efficiently extract bathymetric photons from noise.
Following the automated processing, we perform a final visual inspection of the data to remove erroneous points
such as shallow returns in deep water from wave troughs or noise from the water column. In Belize, we observe
that ICESat-2 can penetrate to a maximum depth of ~23 m due to water quality and turbidity, which can scatter
and absorb the laser light, reducing the effectiveness of the sensor in capturing accurate bathymetric
measurements.

We acquired Landsat 8 OLI atmospherically corrected surface reflectance (Collection 2/Tier 1) scenes (over a
1-year period (2022-01-01 to 2022-12-01) for the study region via the Google Earth Engine (GEE) catalog and
preprocessed these data for satellite-derived bathymetry modeling. For these analyses, we focused on the visible
spectrum bands, including the blue (SR_B2), green (SR_B3), and red (SR_B4), and a calculated ratio of blue/
green bands. Each image was pre-processed to remove clouds and cloud shadows using standard cloud masking
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procedures (Coluzzi et al., 2018). These spectral variables were then paired with the ICESat-2 bathymetric photon
depths to train Random Forest (RF) regression models, enabling the statistical relationship between water surface
reflectance and seafloor depth. The ICESat-2 water depth data were randomly split into training and validation
data for training and test model performance. We applied two separate training/validations in order to have an
equitable distribution of points across shallow and intermediate water depths, as a large majority of points fall
within the shallow water zone. For the ICESat-2 water depth classified photons that intersected with the shallow
coastal zone, we randomly selected 5% for training and 95% for validation following similar procedures in
Thomas et al., 2022, but we did not ground-truth the predicted depths with sonar data. As a modification and to
ensure model training with deeper water depths, ICESat-2 data that intersected with the intermediate water depth
class were split into 70% for training and 30% for validation. Despite observed water depth values of ~23 m, this
process of random sampling and masking to the shallow and intermediate water zones resulted in water depth
training data from ICESat-2 that was between 0.7 and ~15.7 m. The training data were then combined with the
corresponding pixel-wise Landsat 8 spectral data for each available cloud-masked image over the 1-year period,
resulting in multiple water depth maps, one for each available Landsat eight image with valid pixels over the
coastal zones. Finally, we reduce the collection of water depth maps to a single 2022 bathymetry map using
descriptive statistics (mean, median, and standard deviation) as follows (Thomas et al., 2022). The reduction to a
single composite allows for the generation of a robust bathymetric model with high accuracy and low root mean
square error (RMSE) values. It also enables the spatial distribution of uncertainty to be mapped across the study
region at high resolution (Thomas et al., 2022).

We used publicly available nautical chart data (www.gpsnauticalcharts.com/) within the 0-200 m contour to fill
in gaps in the bathymetry that occur outside the shallow and intermediate coastal zones used in the Satellite-
Derived Bathymetry. Using the nautical charts, we hand-digitized sounding measurements across the lagoon
and tidal channels. These individual points were imported into ArcGIS Pro and used in a surface contour map to
create an interpolated seafloor map. For additional gaps along the reef edges, we used slope profiles for Turneffe
Atoll and Lighthouse Reef from Kobara & Heyman, (2010), who conducted field measurements of profile ele-
vations along multiple reef edges of the central Belize shoreline. We used the median profile for each reef atoll
and linearly extended it up to 200 m. Beyond the 200 m depth contour, we merged our data set with GEBCO. The
SDBED, nautical chart, profile, and offshore GEBCO data sets were merged into a seamless bathymetry data set
in ArcGIS Pro. In short, SDBED integrates ICESat-2-calibrated Landsat-derived depths (0—15.7 m) with nautical
charts (turbid and deeper areas) and reef profiles (sharp slopes), merged seamlessly win ArcGIS Pro using kriging
interpolation at the 0 m contour. Topography from corrected SRTM (90 m resolution, vegetation bias removed;
original SRTM is 30 m resolution) was blended with bathymetry at the coastline using bilinear interpolation to
ensure continuity.

2.2. Evaluation of Vertical Uncertainties and Comparisons With Other Data Sets

To evaluate the effect of vertical uncertainties in SDBED, we calculated the standard error for each pixel of
SDBED and created two additional data sets representing bathymetry values deeper by one standard error
(SDBED+) and shallower by one standard error (SDBED-) for each pixel. We estimated these uncertainties for
two components of the data set: the satellite-derived bathymetry and the reef profile data. To estimate uncertainty
in the reef profiles, we calculated the mean and standard deviation across all reef slopes. We compare the dis-
tribution of depths from SDBED (30 m original resolution) with two other high-resolution satellite-derived ba-
thymetry data sets—TCarta (90 m) and Allen Coral Atlas (ACA) (10 m) and one coarse, 460 m resolution
bathymetry data set—-GEBCO (Tables S1, S2 in Supporting Information S1). All data gaps in the TCarta and ACA
data sets were filled with data from GEBCO. All bathymetry data sets were resampled to the model's 100 m grid;
even post-resampling, higher original resolutions enhance nearshore feature representation, influencing flood
outcomes. While resampled to 100 m, higher original resolutions in SDBED/TCarta/ACA yield more accurate
feature representation than coarser GEBCO, highlighting the value of high-resolution inputs despite model grid
constraints.

To explore the effect of spatial resolution on nearshore feature descriptions across data sets, we upsampled the
100 m SDBED to 460 m using cubic convolution and visually compared this data set with the original 100 m
SDBED and the upsampled 460 m SDBED to GEBCO data sets.
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2.3. Modeling Wave Heights, Flood Extents, and Number of People Flooded

We used a two-way coupled flow and wave model, 2D Delft3D FM Flow and SWAN models, to simulate present-
day (2021) flooding from a ~1% storm in Belize (Figure S1, Text S1, S2 in Supporting Information S1) for
multiple bathymetry and population data set scenarios. The selection of the 1% storm was carried out first by
empirically estimating annual exceedance probabilities by sorting and ranking the maximum wind speeds of 46
historical storms between 1940 and 2023 that passed within a 100 km radius of the Belize coastline (Figures S2,
S3 in Supporting Information S1). We fitted a polynomial regression model on these events and on this basis
selected Hurricane Hattie, which made landfall in 1961. Hurricane Hattie caused $60 million in damages in 1961
USD, or $630 million in 2025 USD, and more than 262 deaths (Dunn, 1962).

For the flow module, we generated an unstructured nested grid of varying resolutions (6.4 km in the offshore
regions to 100 m in the nearshore region around central Belize and covers up the atoll offshore) from the outer
Caribbean Sea into the coastal floodplain around Belize up to a topographical elevation of 10 m above mean sea
level. The high-resolution, that is 100 m, floodplain considered in the analysis is 1,322 km?, comprising a 178 km
stretch along the Belize coastline, extending 74 km north and 104 km south of Belize City and up to 94 km
offshore, covering the Turneffe Atoll and Lighthouse reefs. For the rest of Belize, outside our region of interest,
the model utilizes a variable spatial resolution ranging from 100 m to 1.5 km (Figure S1 in Supporting Infor-
mation S1). The hydrodynamic model includes the effect of waves when computing total water levels. Wave
contributions to total water levels in each wet grid cell were computed by coupling the Delft3D flow model to the
SWAN wave model. The coupled model implicitly incorporates wave setup through radiation stress gradients but
does not compute setup or runup as explicit parameters.

Along the open boundaries of the flow module, we obtained tidal forcing conditions from the TPXO 8 global tide
model (Egbert & Erofeeva, 2002), as discussed in Supplementary Section 3. We used spatial (0.5-degree reso-
lution) and time-varying (at every 6 hr) wind vector and atmospheric pressure data sets from ERAS ECMWF
reanalysis as external force inputs for simulating the tropical cyclone between the dates 1961/10/24 and 1961/11/1
(Hersbach et al., 2020). We used global land cover data published by the European Space Agency in 2021 to
define the Manning's n friction coefficients within the domain (Zanaga et al., 2022), using class values provided
by Zhang et al. (2012) (Table S3 in Supporting Information S1). For the DEM, we used a modified version of the
global Shuttle Radar Topography Mission-SRTM 30 m data set, corrected for coastal elevations in Belize, to
account for errors due to the incomplete removal of tree cover elevations at the coastline (Sampson et al., 2016).
Systematically removing vegetation bias using satellite-derived data results in improving the vertical accuracy of
SRTM by reducing the error from 15.8 m to just 0.1 m (Sampson et al., 2016).

First, we validated the model with just the tidal signal (without tropical cyclone forcing) to calibrate the numerical
parameters such as mesh resolution, calculation time step, and friction factors (Figure S4, Table S4 in Supporting
Information S1). We then set up and calibrated the model, particularly the wind drag coefficients for Hurricane
Michael 2018 with cyclonic wind forcing (values of 0.0025 and 0.05 for O m s-1 and 100 m s-1 wind speeds,
respectively). We validated the coupled storm surge and wave model for wave heights and total water levels
during Hurricane Michael 2018 in Belize, and the model shows very good performance against measured heights
with RMSE values <0.06 m, <15% for water levels, and <0.22 m, <11% for wave heights (Figures S5, S6, and
Tables S5-S8 in Supporting Information S1). The model was validated against Hurricane Michael (2018) due to
available water level and wave observations. Later, we set up the coupled model for Hurricane Hattie 1961 and
once again validated the computed total water levels against the only available field observation of a high-water
mark (~3.8 m) recorded near the Belize city shoreline for that event (Dunn, 1962; Nancoo, 1962). The model
shows a good agreement against the high-water mark with an RMSE of 0.11 m. Peak flood heights are calculated
as the depth of water above dry land. All bathymetry, land elevations, total water level, and flood heights are
referenced to the mean sea level (MSL) vertical datum for Belize.

3. Calculating Lagoon Volumes and Flooded Populations

We used the four bathymetry data sets as inputs into a coupled storm surge-wave hydrodynamic model, Delft3D
FM FLOW and SWAN models (Booij et al., 1999; Holthuijsen, 2010; Ris et al., 1999) with a maximum grid
resolution of 100 m, and calculated for each of these bathymetry data sets the flood extents and total inundation
volume for a 1% storm modeled after Hurricane Hattie, which made landfall in central Belize in 1961 (Figure S7
in Supporting Information S1). All bathymetry data sets were resampled to the model grid resolution. To estimate
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bathymetry effects on lagoon volume, we calculated the volume of water below MSL (excluding tidal variations)
by integrating bathymetric depths over the defined lagoon area in each bathymetry data set for the two lagoons.

To understand the importance of differences in bathymetry products against other model inputs, that is, popu-
lation exposure, we compared model results in terms of total people flooded using 3 publicly available population
data sets for the region: WorldPop with a resolution of 100 m (Bondarenko et al., 2020), the Gridded Population of
the World (GPW) with a resolution of 1000 m (Warszawski et al., 2017), and Global Gridded Population
(GlobPOP) with a resolution of 1000 m (Liu et al., 2024) across all bathymetric inputs (Table S9 in Supporting
Information S1). For the 12 combinations of population and bathymetry data sets, we counted the total number of
people inside all areas where peak flood heights were greater than 0.1 m. The number of people impacted by
flooding was calculated by overlaying the flood extent with the population grid using the Tabulate Intersection
tool in ArcGIS Pro; if the flood covered more than 50% of a population cell, the entire population of that cell was
counted to provide an upper-bound exposure estimate.

4. Results
4.1. Comparison of New Satellite-Derived Bathymetry With Existing Data Sets

We developed a new bathymetric product, SDBED, that provides 30 m horizontal resolution data on seafloor
depths down to 200 m for Belize, capturing the nearshore lagoon complex, inlets, and reef slopes, as well as the
barrier and atoll reefs and their lagoons (Figure 1b). A visual comparison to high-resolution satellite imagery
shows that SDBED captures nearshore geomorphic features not present in GEBCO (Figures 1b and 1c¢) and shows
slight differences to TCarta and ACA, especially within the nearshore shelf lagoon and around the atolls (Figure
S8 in Supporting Information S1). For example, the inlet channel in the central lagoon is nearly absent in GEBCO
(Figure 1c) but is distinct in SDBED, ACA, and TCarta (Figures 1b—1d and le). However, SDBED results in
water depths up to 9 m deeper in the central lagoon and channel (see Figures 1b—1d and 1e) compared to ACA and
TCarta. The SDBED also provides more detail compared to all other data sets on the sharp reef slopes outside the
lagoon's barrier reef and around the atolls and is overall more comparable to TCarta than to GEBCO and ACA
(Figures 1d-1f).

Median vertical uncertainty in the SDBED data sets is less than +£0.28 m. However, within the northern shelf
lagoon, where most of the predicted flooding occurred, the median uncertainty is £0.15 m, which is within the
tidal range for the lagoon. Probability distributions of vertical uncertainty in SDBED show that >96% of the data
set has an uncertainty of less than 0.5 m (Figure 1g). Moreover, SDBED also exhibits differences in the prob-
ability distributions of depth compared to the other three data sets, tending to be deeper than ACA but slightly
shallower than TCarta (Figure 1g). In the northern shelf lagoon, depth values for SDBED depths are significantly
different from ACA and GEBCO but indistinguishable from TCarta (Figures 3a and 3b) (Table S10 in Supporting
Information S1).

4.2. Differences in Predicted Flood Extents and Peak Flood Heights Across Bathymetries

There is high variability between the four bathymetry data sets in terms of where flooding happens, but the
majority of onshore flooding occurs adjacent to the northern shelf lagoon, a shallow, well-enclosed basin
(Figures 3h and 3i; Table S10 in Supporting Information S1). Flood extents based on SDBED and TCarta are
nearly identical, covering an area of 1,126 and 1,127 kmz, respectively, whereas the ACA-based model resulted in
a 6.5% lower flood extent of 1,052 km?. A reduction in flood extent of 20% was found with the GEBCO model,
which flooded 896 km>. GEBCO and ACA both predict lower peak flood heights compared to SDBED, with the
90% CDF of peak flood heights reaching 1.6 m for GEBCO and <1 m for ACA, versus 2.4 m for SDBED
(Figure 4c). Peak flood heights predicted with TCarta are in good agreement with SDBED, with minor variations
up to 0.2 m with a small probability of 2% (Figure 4d).

Uncertainties in SDBED bathymetry affect flood simulations, with the SDBED- data set being shallower by one
standard error per pixel, leading to higher peak flood heights, up to 0.83 m compared to the original SDBED data
set. The deeper SDBED+ results in lower peak flood heights, up to 0.62 m lower compared to the SDBED data set
(Figure S9 in Supporting Information S1). The shallower SDBED- model thus predicts a slightly larger flooded
area of 19 km? or ~2% compared to SDBED. Conversely, the deeper SDBED+ results in a lower storm surge and
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areduced flooded area of 116.8 km? or ~10% compared to SDBED. The probability of differences shows that the
deeper SDBED+ has a higher probability of underpredicting peak flood heights compared to the shallower
SDBED (Figures 4c and 4d).

We found that lagoon volume is an important controlling factor for determining overall inundation on land
(Figure 5). Lagoon volume is estimated as the volume below MSL (excluding tidal variations), calculated by
integrating bathymetric depths over the defined lagoon area in each bathymetry data set. In the deeper central
shelf lagoon, we found consistent relationships between lagoon volume and inundation volume across all
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Figure 4. Using different bathymetry models has relatively small influence on wave height but alters peak flood outcomes.
Cumulative distribution functions (CDFs) (left; panels (a—c)) and probability distributions (right; panels (b, d)) of predicted
peak wave height (Hrms) (top row) and peak flood height (bottom row) for the four bathymetry data sets. The gray-shaded
areas represent the standard error of Hrms and peak flood height from the SDBED scenario. The yellow-shaded area
represents the 90% cumulative probability range for the standard error SDBED estimates. Data are binned by 0.01 m. Green
and pink shaded areas denote the probability distributions of differences between SDBED+, SDBED-, and SDBED
estimates. Horizontal green lines in panels (a, ) indicate a 90% cumulative probability, with vertical lines showing the
corresponding x-axis values for each bathymetry data set.

bathymetry data sets (Figures 5a—5e). Here, an increase in lagoon volume is correlated with a decrease in
inundation volume and vice versa. An increase in lagoon volume of 12% with GEBCO, compared to SDBED,
results in a decrease in onshore inundation volume by 61%. A decrease in lagoon volume of 15% with ACA,
compared to SDBED, results in an increase in inundation volume by 12% (Figures 5c and 5d). A two-sample KS
test in the central shelf lagoon found significant differences between SDBED compared to GEBCO and ACA but
no significant differences in estimated volumes between SDBED, TCarta, and the standard error SDBED- and
SDBED+ data sets (Figures S10, S11 in Supporting Information S1).

In the shallower and more enclosed northern shelf lagoon (Figures 5f-5j), the relationships between lagoon
volume and total inundation are also consistent across bathymetry data sets, except for the ACA data set, where
median lagoon depth is less than 2 m. The shallower depths estimated in ACA result in a 59% lower lagoon
volume and a 45% lower total inundation volume (Figure 5j). The GEBCO model estimates much larger lagoon
depths, resulting in a lagoon volume ~250% greater than SDBED, but in contrast to ACA, these greater depths
result in a 56% decrease in total inundation volume (Figures 5h-5j) (Table S10 in Supporting Information S1).
Here again, two-sample KS tests in the northern shelf lagoon found significant differences between SDBED
compared to GEBCO and ACA but no significant differences between SDBED, TCarta, SDBED-, and SDBED+
(Figures S12, S13 in Supporting Information S1).

4.3. Differences in Predicted Peak Wave Heights Across Bathymetries

Variations in nearshore depths also influence peak wave heights during the storm, with greater water depth
resulting in higher predicted peak wave heights. The 90% probability maximum wave height values ranged from
1.3 to 1.6 m for all four data sets (Figure 4a). The deeper GEBCO bathymetry resulted in a greater proportion of
wave heights over 2 m (6%) compared to between 2% and 2.6% for SDBED, ACA, and TCarta. Overall, SDBED
compares better to ACA and TCarta than to GEBCO, with the probability distribution of wave height differences
showing that only 10% of wave heights predicted by GEBCO match those predicted by SDBED, compared to 28%
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Figure 5. Differences in lagoon volumes have contrasting relationships with total inundation based on geomorphology for the
central lagoon (left) and northern lagoon (right). Panels (a, f) show the difference in the bathymetries; Panels (b, g) refer to the
differences in the peak flood height in m; Panels (c, h) show the percentage of difference in the lagoon volumes; Panels (d, i)
refer to the percentage of difference in the inundation volumes; Panels (e, j) refer to the diagram of difference in the inundation

and lagoon volumes.

for TCarta and 40% for ACA (see Figure 4b). Vertical uncertainties in the SDBED bathymetry data set influence
predicted peak wave heights, with a bias toward higher wave heights. The majority of wave heights estimated with
the shallower SDBED- data set are up to 0.1 m lower than the median data set, while 5% of the deeper
SDBED+ estimates are higher than the median by 0.3 m (Figure 4b).
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Spatially, wave heights calculated using SDBED differed most from the other data sets around the edges of the
reefs and reef atolls and inside the northern shelf lagoon (Figures 3d-3f). Around the edges of the reefs and reef
atolls, SDBED predicts higher wave heights compared with all other data sets. The largest differences between
SDBED and GEBCO are inside the offshore atolls and within the northern and central shelf lagoons. SDBED
produces peak wave height values that are up to 4 m lower than GEBCO in the northern shelf lagoon and up to 5 m
higher in the central shelf lagoon (Figure 3d). Peak wave heights with SDBED are lower than TCarta values
within the entire lagoon (Figure 3e), whereas they are higher than ACA in the northern shelf lagoon (Figure 3f).

4.4. Population Flooded

The higher resolution bathymetries, TCarta, SDBED, and ACA, with a data resolution of 100 m or finer, that are
interpolated within the model to the grid resolution of 100 m, result in exposed population estimates ranging from
~49,000 to ~93,000 people across all population data sets. However, the GEBCO data set with spatial resolution
of ~460 m resolution, resampled within the model to 100 m grid resolution, results in exposed population es-
timates ranging from ~37,000 to ~52,000 across all population data sets (Table S11 in Supporting Informa-
tion S1). The differences in the predicted number of people flooded are largest between TCarta and GEBCO for
all population data sets, ranging from ~13,000 to ~41,400 fewer people flooded for GEBCO (Figure 6). Aligning
with our results of inundation area, SDBED and TCarta had similar exposed populations across their respective
population data sets. This is largely a result of similar spatial flooding extents around Belize City (Figure 6). The
ACA-based flood models were consistently lower than SDBED and TCarta across all three population data sets
but greater than the GEBCO models. This is in line with the predicted flood extent of ACA (Figure 6) being lower
than that of SDBED and TCarta in Belize City (Figure 6). Vertical uncertainties in the SDBED data set propagated
through the flood models and showed a difference of ~1400-2100 people depending on the population data set
used.

Across population data sets, GPW 2020 shows the lowest number of people affected by flooding, whereas
GlobPOP 2020 consistently shows the highest number of people affected. The GlobPOP 2020 data set had the
highest variation in exposed population estimates across all four bathymetries of 41,400 people compared to
WorldPop 2020, with 26,400 people (Figure 6, and Table S11 in Supporting Information S1).

5. Discussion and Conclusions

This study explores how differences in nearshore bathymetry influence model estimates of coastal flooded extents
and populations. Using four bathymetry data sets, SDBED, TCarta, ACA, and GEBCO, our study describes how
uncertainties and variability in bathymetry translate to estimates of flooded areas and people. This study does not
address the accuracy or quality of the depth estimates from the new SDBED relative to other bathymetry data sets
but rather shows through multiple comparisons that spatial and vertical variations in nearshore bathymetry can
have a strong influence on predicted flood extents and thus population exposure estimates. Our findings also show
that differences in coastal lagoon morphologies (i.e., shallow vs. deep) play an important role in the volume of
water that can be transported onshore during storms.

This study shows that predicted flood impacts are sensitive to changes in estimated depth in the order of I-2mina
shallow lagoon. In both lagoon systems in our study, inundation volumes and impacts on land are inversely
related to lagoon depths, as shown by previous studies (Parodi et al., 2020) across all but one bathymetry data set.
We find the opposite for the shallowest bathymetry in the northern lagoon, where a reduction in depth results in
lower inundation extents on land. Although this has not been studied for lagoon systems, similar models for coral
reefs find that flood impacts are sensitive to changes in reef crest bathymetry of 0.1-1 m (Beck et al., 2018). While
flooding across lagoon morphologies has not been explored extensively, previous research suggests that in
shallow, enclosed lagoons, consistent, directional winds, such as during storms, can cause a tilting of the water
surface, a process highly dependent on lagoon depths (Paugam et al., 2021). In contrast to the central shelf lagoon,
total inundation volumes across the relatively shallow and enclosed northern lagoon are highly variable between
SDBED, GEBCO, and ACA, with a difference of 1.16 m in median depth between SDBED (2.6 m median depth)
and ACA, resulting in a 45% difference in total inundation volume. This suggests that bathymetric uncertainty is a
major component of flood extent variability in shallow lagoons with median depths <2 m. Our results are
influenced by Hattie's specific track. Flood variability in the northern lagoon is enhanced by onshore winds in
Hattie's right-front quadrant, while similarities in the southern lagoon may not hold for alternative tracks, for
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Figure 6. The estimated number of people flooded varies across data sets but is influenced by small changes in bathymetry.
Panel (a) highlights the number of people flooded >0.1 m for each of the four bathymetry data sets and each of the three
population data sets: WorldPop 2020 (blue), GPW 2020 (red), and GlobPOP 2020 (yellow). Blue lines for SDBED represent
the population estimates for + standard error data sets as labeled, and the circles represent the median SDBED estimates.
Spatial WorldPop 2020 population density (red circles) and the peak flood extent (blue-shaded region) in Belize city
predicted based on different bathymetry data sets: (b) SDBED, (c) GEBCO, (d) TCarta, and (¢) ACA data sets.

instance, southward approaches. While our model simulations demonstrate sensitivities to bathymetry for the
same hurricane characteristics, it is possible that these sensitivities are different for different hurricane tracks. Our
use of Hattie's wind speeds as a 1% event is also event-based and may not yield the true 100-year surge, which
requires response-based probabilistic modeling of multiple storms. Future work could extend this to synthetic
storm ensembles to better represent return periods and isolate bathymetric influences.

Accurate resolution of bathymetry in lagoon morphologies is challenging but important for understanding storm
surge impacts. Our study suggests that ICESat-2-based satellite-derived bathymetry is suitable for the task.
Lagoon-fronted coastlines are found throughout the Caribbean (Beddows et al., 2016; Carrasquilla-Henao
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et al., 2022; Gonzalez-De Zayas et al., 2021). Field measurements of bathymetry can be challenging given
navigational obstacles and the high cost of the platforms. We find that the two ICESat-2-derived data sets, TCarta
and SDBED, that use machine learning depth-detection approaches perform almost identically in predicting
inland flood extents and impacts. The ACA, which uses a physics-based attenuation approach (Li et al., 2019),
generally estimates lower depths in both lagoons. This results in a relative under-prediction of flood extents in the
shallow northern shelf lagoon and a relative over-prediction of flood extents in the deeper central shelf lagoon.
The similarity in peak flood heights between the two ICESat-2 data sets, one of which is limited to a depth of
~20 m, also suggests that water depths more than 20 m may not influence onshore flooding for this track and
northern location, though southern sensitivities could vary with different storm paths. Despite the minimal impact
of onshore flooding, depths beyond 20 m continue to matter for peak wave heights (Jackson et al., 2022; Kha-
narmuei et al., 2020), underlining the advantage of our approach integrating locally available nautical charts and
other depth data.

Our study presents a novel exploration of how spatially varying vertical bathymetric uncertainty propagated
through the flood model affects peak flood heights, wave heights, and inundation extent. A unique feature of the
new SDBED data set is the information on the uncertainty value per pixel for the satellite-derived and slope
profile components of the bathymetry. Publicly available bathymetry data sets used in flood modeling typically do
not provide information on spatially varying uncertainties. The globally available GEBCO bathymetry data set
has a spatial resolution of ~460 m with no information provided on spatially varying uncertainties (Jackson
et al., 2022; Khanarmuei et al., 2020). The other publicly available data sets, TCarta and ACA, report global
vertical uncertainties of ~10% with root mean square error ranges between 1.22 and 1.86 m, both outside the tidal
ranges of 0.10-0.20 m, in these lagoons (ESRI, 2025; Li et al., 2019). When these vertical uncertainties exceed the
tidal range, as is the case with TCarta and ACA in Belize, it is likely that the effect of vertical uncertainties can
cause significant over- or under-prediction in modeled flood extents. Consequently, the influence of these var-
iations on predicted inundation requires careful investigation to ensure reliable modeling in such environments
(Blain et al., 1998).

With SDBED, we also present a transferable approach to augment satellite-derived bathymetry data sets using the
optical characteristics of the coastal margins. By mapping the optical characteristics of the coastal margins, we
identify locations best suited for the Satellite-Derived Bathymetry (SDB) and locations where alternative data are
needed. The major limitation of SDB data sets is water clarity (Caballero & Stumpf, 2023), which, in our approach,
limits both the acquisition of ICESat-2 training data and quality optical satellite data on which to develop
bathymetric models. While we do not ground-truth the depth estimates for SDBED, our use of ancillary depth data
from published nautical charts and reef slope data allows us to fill data gaps in the complex Belize coastal zone that
cannot be filled using satellite-derived data alone. We do not compare the quality of depth estimates between
SDBED and the other three data sets, while noting that the ACA and free version of TCarta are both limited in their
coverage, for example, outside the coral reef areas for ACA and within the lagoon for both data sets. In contrast, our
hybridized approach allows for the use of satellite-derived bathymetry augmented with additional locally available
high-resolution data. Our SDBED workflow is open source, from bathymetry delineation to machine learning
prediction. Recent adjustments to the ICESat-2 receiver are expected to result in more and higher-quality ba-
thymetry data, and a NASA-funded data product has been released (Dietrich et al., 2024).

Our findings suggest a qualitative difference between SDBED and GEBCO in the estimates of the population
exposed to flooding. The estimates of exposed population are higher for SDBED compared to the estimates with
GEBCO bathymetry. Comparisons of the 100 m SDBED with a resampled 460 m SDBED and the 460 m GEBCO
data sets (Figure 7) suggest that these differences are likely driven not just by differences in spatial resolution but
also by differences in underlying methodologies and data sources. The resampled 460 m SDBED captures key
nearshore reef barrier and channel features that are not resolved in GEBCO. Differences in estimating the depths
of critical nearshore features also influence variations in population exposed to flooding between SDBED,
TCarta, and ACA (Figure 6). The ACA bathymetry, which estimates shallower lagoon depths relative to SDBED
and TCarta in the northern shelf lagoon, results in a relative under-prediction of ~10,000 people flooded based on
the WorldPop 2020 population data set. On the other hand, differences in estimates of people flooded based on
WorldPop 2020 are ~400 people between SDBED and TCarta, which are identical in their estimated depths in the
northern shelf lagoon. Differences in bathymetry that propagate to variability in flood impact estimates are critical
though difficult to evaluate (Vousdoukas et al., 2018), and our findings show that consideration of these un-
certainties is important for estimating flood impacts.
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Figure 7. Bathymetric map of the Northern and Central lagoons of Belize shows the differences between the data quality and spatial resolutions. (a) SDBED data set with
100 m, (b) SDBED resampled to 460 m, and (c) GEBCO data set with 460 m spatial resolutions. The blue circles in panel (b) highlight the absence of some nearshore
features (barrier reefs) due to the low resolution of the data set and the size of those features.
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This study reveals the importance of accurately estimating depths in coastal lagoon systems for future predictions
of flood impacts from storm waves and surges. As storm surge impacts become aggravated by accelerated coastal
development, rising sea levels, and the potential intensification of storms, the availability of reliable storm impact
models is crucial, especially for lagoon-fronted coastlines (Anthony et al., 2009). Based on these findings, we
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considering variations of =1 m, can help capture the potential range of storm impact estimates. Additionally, we
make our bathymetry data set for Belize and our approach for deriving this data set publicly available (Lago-
masino et al., 2025, 2026) for use in future studies exploring wave and water level transformation over coral reef
habitats, habitat distribution modeling for seagrass, or the modeling of riverine and sedimentary flows as driving
conditions for ecological and geomorphological processes along a lagoon-fronted coastline (Roelfsema
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