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Abstract

The Ganges—Brahmaputra-Meghna (GBM) delta is one of the most densely populated
and flood-prone regions in the world. Identifying the exposure patterns of settlement
expansion under different flood hazard levels in the GBM delta is of significant importance
for enhancing the delta’s regional resilience. This research regionally screens settlement
flood exposure by overlaying the Global Urban Expansion Simulation Dataset and the
Aqueduct Floods Hazard Map at a 1 km spatial resolution. To account for inter-model
variability, this study utilized the ensemble mean of five global climate models for fu-
ture projections in 2030 and 2050 under SSP2-4.5 and SSP5-8.5 scenarios. Flood hazards
were categorized into four specific levels based on inundation depth, namely low-hazard
(0-0.15 m), medium-hazard (0.15-0.5 m), high-hazard (0.5-1.5 m), and highest-hazard
(=1.5m). The study employed spatial overlay analysis and excluded missing pixels to
avoid statistical bias from incomplete data. The findings indicate that under historical and
future socioeconomic scenarios, both high- and highest-hazard zones exhibit significant
settlement expansion, and the expansion rate within highest-hazard zones (270.9-357.1%)
is expected to increase substantially compared to the historical baseline, reaching 1.57-1.85
times the expansion rate of flood-safe zones. Within the high- and highest-hazard cate-
gories, the contribution rate of fluvial and coastal flood coincidence zones reaches 21%
to 22%. Furthermore, approximately 87% of the settlements within these fluvial-coastal
coincidence zones are exposed to high-hazard levels or above. This study characterizes the
variation characteristics of settlement exposure within fluvial-coastal flood coincidence
zones under future socioeconomic scenarios. These results provide a first-order regional
screening and macro-scale support for identifying broad exposure trends and establishing
a baseline for future high-resolution assessments in the GBM delta.

Keywords: Ganges-Brahmaputra—Meghna delta; settlement expansion; hazard level;
fluvial—coastal flood coincidence

1. Introduction

Deltas are one of the most critical human—natural systems globally, providing di-
verse ecosystem services including fertile soils and vast aquaculture potential, and also
functioning as international trade and transportation hubs [1,2]. Due to superior natural
conditions and abundant resources, deltas have undergone rapid economic development
and significant population growth over the past century. Consequently, these regions have
become focal points for urbanization, fostering mega-cities such as the Yangtze, Pearl River,
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Mississippi, and Ganges-Brahmaputra-Meghna (GBM) delta [3-5]. As deltas are situated
at the boundaries between rivers and oceans, multiple types of flood risks (such as fluvial
and coastal flooding) severely threaten deltaic inhabitants and social development, and
their increasing flood risk is recognized as the greatest threat to delta survival [6]. Given the
immense contributions of deltaic systems to population, agriculture, and fisheries [1,7,8],
deltaic flood exposure assessment has become a research hotspot.

The IPCC defines flood exposure as “the presence of people; livelihoods; species or
ecosystems; environmental functions, services and resources; infrastructure; or economic,
social or cultural assets in places and settings that could be adversely affected” [9]. On
a global scale, scholars have explored the variation trends and distribution disparities of
flood exposure [10-13]; it is noteworthy that across various studies employing multiple
methods, there is a consensus that flood exposure in Southeast Asia is relatively higher
than in other regions [10,11,14]. Specifically, under a 100-year flood event, approximately
1.24 billion people in South and East Asia are directly exposed to a threat of inundation
exceeding 0.15 m [15].

Located in South Asia, the GBM delta, including Bangladesh and West Bengal in India,
is the largest deltaic system on Earth, where three major rivers (Ganges, Brahmaputra, and
Meghna) gather 75% of the runoff from the Himalayan range [16]. Approximately 80%
of the annual precipitation in this region occurs during the monsoon season from June to
September [17-19]. During this period, these three main rivers receive a volume of water
equivalent to 90% of the concurrent total rainfall [20,21]. Meanwhile, the delta is situated in
a focal region for global cyclonic activity, where storm surge heights can reach 1.5-10 m [12].
Furthermore, human disturbances such as urban expansion and hydropower station con-
struction will lead to land subsidence and sediment starvation in the delta [4,7,22,23], which
will further exacerbate flood exposure. All these factors influence the flood exposure and
their variations in the GBM delta [12,22,24-26]. While much of this research focuses on
exposure variations influenced by changes in inundation extent [24,26,27], analyses that
consider the difference in exposure under varying inundation depths remain inadequate. A
quantitative description of the exposure patterns of settlement exposure in the GBM delta
under different flood hazard levels is still vague.

In this research, we map the flood exposure of settlement areas across varying hazard
levels in the GBM delta across historical (1992-2020) and future periods (2030 and 2050
under SSP2-4.5 and SSP5-8.5 scenarios). We integrate the Global Urban Expansion Sim-
ulation Dataset (GUESD) with the Aqueduct Floods Hazard Map (AFHM). It should be
noted that the indirect influence on settlement exposure is not considered herein. For exam-
ple, exposure affected by subsidence or dynamical interaction between fluvial floods and
coastal floods is not considered. Thus, this study focuses only on the first-order exposure
assessment of delta flood exposure resulting from urban expansion, without considering
the additional impacts of urban expansion or the dynamic interactions between different
flood types. The findings may serve as a macro-level data reference for regional-scale
flood risk screening and broad strategic planning in the GBM delta within the context of
socioeconomic change.

2. Area, Data, and Method
2.1. Area

Located at the northern edge of the Bay of Bengal [22], the GBM delta is a low-lying
region with a dense network of rivers (Figure 1). Its severe exposure to flooding is exacer-
bated by both climate change (such as altered precipitation and intensified tropical cyclones)
and human activities (such as urban expansion and hydropower station construction). The
average elevation of its low-lying areas is only 1 to 2 m, leading to most of these regions
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being exposed to natural inundation [22]. The delta is highly prone to flood disasters,
primarily fluvial and coastal flooding [4,26], and, being periodically exposed to intense
tropical cyclones, two-fifths of the global impact area of storm surges (triggered by tropical
cyclones) occurs here [28].The majority of the population lives near the coasts and rivers,
where the population density reaches a maximum of 4194 people per km? [29].
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Figure 1. Studied area of the GBM delta. (a) Elevation. (b) Slope. (c) Tropical cyclone track density.
(d) River proximity. (e) River density. (f) Impervious surface ratio. (g) LULC. (h) River. (i) Average
annual rainfall.

2.2. Data

In this research, we perform a spatial overlay analysis to regionally screen settlement
flood exposure. Urban expansion data are provided by the GUESD, while the flood
hazard data are sourced from the AFHM. The applicability of the AFHM dataset is further
discussed in the Discussion Section.

The AFHM [30] is a global risk dataset developed by the WRI alongside Deltares,
VU Amsterdam, and Utrecht University. It integrates various high-precision data sources,
utilizing the Global Tide and Surge Model (GTSM) to simulate coastal inundation, while the
PCRaster Global Water Balance (PCR-GLOBWB) and CaMa-Flood models are employed to
simulate global runoff, river routing, and overtopping processes. With a spatial resolution
of 1 km, the dataset covers a historical baseline (simulated based on 1960-1999 historical
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data) and future projections for 2030, 2050, and 2080 under the RCP4.5 and RCP8.5 climate
scenarios. While AFHM provides multiple return periods (2, 5, 10, 25, 50, 100, 250, 500,
and 1000 years), this research focuses solely on settlement exposure under a 1-in-100-year
flood event. This study utilizes sea-level rise projections under the 95th percentile scenario
(with the 5th and 50th percentiles as the other two available scenarios). Although land
subsidence is also recognized as an important factor influencing flood risk in the GBM
delta, multiple studies show that land subsidence is a complex process influenced by
human activities such as urban expansion [31], hydropower station construction [32], and
groundwater extraction [33], together with factors of climate change such as sea-level
rise [7] and rainfall [34]. In this study, we exclude the impact of land subsidence, as this
allows for a clearer quantitative analysis of how settlement expansion independently leads
to increased flood exposure. The AFHM dataset has been widely applied to analyze flood
hazards in both historical and future contexts [14,35-39].

The GUESD [40] was jointly developed by teams from Sun Yat-sen University, Peking
University, and other institutions. Based on historical land-use data (such as MODIS
and GAIA) and SRTM DEM, GUESD utilizes the Future Land Use Simulation (FLUS)
model to generate urban expansion processes under five shared socioeconomic pathways
(SSP1, SSP2, SSP3, SSP4, and SSP5). The dataset features a spatial resolution of 1 km and
provides temporal coverage for the periods 1992-2020, 2030, and 2050. The accuracy of
GUESD has been rigorously validated by comparing simulated 2020 urban extents with
observed data. Globally, the dataset achieves a Kappa coefficient of 0.88 and a Figure
of Merit (FoM) of 0.23. Specifically, for the GBM delta region, the Kappa coefficients for
India and Bangladesh are 0.82 and 0.78, respectively, while the FoM values are 0.22 and
0.28. While acknowledging the inherent uncertainties in land-use projections, these metrics
demonstrate the high reliability of GUESD in capturing the spatial distribution of urban
expansion within the study area, thereby establishing a robust foundation for subsequent
flood exposure assessment.

The importance of fluvial-coastal flood coincidence zones is further identified by
the Global Flood Database (GFD). The GFD is an independent, remote sensing-based
flood inventory. Developed by Cloud to Street (currently Floodbase) in collaboration with
the University of Arizona, the Dartmouth Flood Observatory (DFO), and Google, the
GFD provides a high-resolution global atlas of flood inundation [14]. Powered by the
Google Earth Engine (GEE) platform, this dataset was generated through the automated
classification of tens of thousands of multi-temporal MODIS satellite images with minimal
cloud cover. With a spatial resolution of 250 m, the database records the actual inundation
extents, durations, and population impacts of 913 major flood events globally from 2000 to
2018. For the purposes of this study, we extracted the cumulative flood inundation extents
and inundation frequency data for all recorded events spanning the period from 2000 to 2015.

2.3. Method

The flood exposure of settlement areas across varying hazard levels in the GBM delta
was conducted by overlaying urban expansion data and flood hazard data. In this spa-
tial overlay analysis, the urban expansion grids are obtained from the GUESD, and the
flood hazard layers are provided by the AFHM. Firstly, the multisource spatial data were
preprocessed using Python 3.9 to create a unified analysis dataset with a 1 km spatial resolu-
tion. Then, to maintain spatial domain consistency across the comparative analysis, pixels
identified as ‘no-data’ in either the GUESD or AFHM datasets were excluded, ensuring
that the results are based on a unified geographical coverage. Thirdly, to ensure scenario
consistency between the socioeconomic and climate layers, we adopted the standard Sce-
nario Matrix Architecture established for CMIP6 [41]. Specifically, we paired the SSP2
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and SSP5 socioeconomic pathways from the GUESD with the RCP4.5 and RCP8.5 climate
forcing from the AFHM dataset, respectively. This spatial pairing explicitly aligns with
the marker scenarios of CMIP6 (i.e., SSP2-4.5 and SSP5-8.5). Under this framework, the
AFHM provides the physical climate hazards by specific radiative forcing levels (RCPs),
while the GUESD provides the corresponding settlement exposure footprints by compatible
socioeconomic narratives (SSPs). By employing this scenario harmonization approach,
we ensured underlying logical consistency between the climate/physical hazards and the
socioeconomic trajectories of urban expansion.

Through the spatial overlay of AFHM and GUESD (Figure 2), flood hazards were
categorized into four specific levels based on the maximum inundation depth following
the classification criteria established by Rentschler et al. [15,42]. These levels are defined as
low- (0-0.15 m), medium- (0.15-0.5 m), high- (0.5-1.5 m), and highest-hazard (>1.5 m) [41].
These thresholds demonstrate that inundation depths exceeding 0.15 m begin to pose sig-
nificant risks to human safety and mobility [42]; meanwhile, Rentschler et al. [42] identified
depths above 0.5 m as high-impact flooding capable of causing severe structural damage
and threatening human lives. We characterized the spatial distribution characteristics
of settlement exposure for the historical baseline (1992-2020) and future socioeconomic
scenarios (the SSP2-4.5 and SSP5-8.5 scenarios for 2030 and 2050). For future projections, the
ensemble mean of five independent global climate models (NorESM1-M, GFDL-ESM2M,
HadGEM2-ES, IPSL-CM5A-LR, and MIROC-ESM-CHEM) was utilized to reduce single-
model bias, and the standard deviation (SD) was calculated and explicitly visualized in
our results. For future socioeconomic scenarios, the study further characterized settlement
exposure within fluvial-coastal flood coincidence zones for 2030 and 2050, as well as the
distribution patterns of flood hazard levels within these spatial overlap areas.

Inundated Urban/Building Layer

T

Flood Layer

ot

Urban/Building Layer

Figure 2. Overlay analysis based on geographic information layers and flood information layers.

This 1 km resolution is only suitable for first-order regional screening, and the analysis
herein is inherently too coarse to capture complex local morphological features, such as
embankments and polders. Consequently, our methodology is designed to map the spatial
distribution of flood exposure at a macro scale. The uncertainties from the urban expansion
model and flood hazard dataset, and limitations from hazard thresholds and exclusion of
subsidence are discussed in the Discussion Section.

3. Results
3.1. Expansion of Exposed Settlement Area

Under future socioeconomic scenarios (the SSP2-4.5 and SSP5-8.5 scenarios for 2030
and 2050), the inundated settlement area showed a significant increase compared to the
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historical period (1992-2020) (Figure 3a; Table 1). In 2030, the inundated settlement area
increased by 45.7% (SSP2-4.5 scenario) and 57.9% (S5P5-8.5 scenario) relative to 2020, and by
2050, these growth rates reached 109.0% (SSP2-4.5 scenario) and 145.3% (SSP5-8.5 scenario).
This expansion of settlements potentially affected by flooding occurred across all regions of
the delta, particularly in the central and southwestern regions (Figure 3b,c).

(a) Historical and Projected Inundated Settlement Area.
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Figure 3. Temporal variation and spatial distribution of flood-exposed settlements in the GBM delta
(1992-2050). (a) Historical (1992-2020) and projected (2030, 2050) distribution of total inundated set-
tlement area under SSP2-4.5 and SSP5-8.5 scenarios. (b) Spatial distribution of inundated settlements
in 1992. (c) Spatial distribution of inundated settlements in 2050 (SSP5-8.5 scenario).

Table 1. Historical (1992, 2020) and projected (2030, 2050) inundated settlement areas categorized by
inundation depth under SSP2-4.5 and SSP5-8.5 scenarios (km?).

History Scenario SSP2-4.5 Scenario SSP5-8.5 Scenario
Inundation Depth (m)
1992 2020 2030 2050 2030 2050
0-0.15 29 73 74+5 89 £10 109 + 4 122 +10
0.15-0.5 54 181 194 £+ 36 197 £ 37 227 £ 34 290 £ 37
0.5-1.5 36 181 349 £ 45 364 £71 480 £ 65 577 £71
>1.5 23 70 118 £ 11 147 £ 41 190 & 30 250 £ 41
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3.2. Expansion in High-Hazard Level

Under historical and future socioeconomic scenarios, both high- (inundation depth
0.5-1.5 m) and highest-hazard (inundation depth > 1.5 m) zones exhibit significant settle-
ment expansion. Specifically, during the historical period (1992-2020), distinct expansion
rates were observed across different hazard levels. For instance, the settlement expansion
rate in high-hazard zones reached 402.8%, approximately 1.99 times the rate of flood-safe
zones (202.1%), while the growth rate in highest-hazard zones (204.3%) was comparable to
that of safe zones (1.01 times). Under future socioeconomic scenarios (2020-2050), although
the expansion rate in high-hazard zones is projected to moderate (265.3-318.8%) (under
SSP2-4.5 and SSP5-8.5 scenarios, respectively), it remains 1.54-1.65 times the rate of flood-
safe areas (172.2-193.8%). Meanwhile, the expansion rate within highest-hazard zones
(270.9-357.1%) is expected to increase substantially compared to the historical baseline,
reaching 1.57-1.85 times the expansion rate of flood-safe zones (Figure 4).
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Figure 4. Growth rates of inundated settlement area by flood hazard category and their multiples
relative to the growth rate in the flood-safe category under historical and future scenarios (SSP2-4.5
and SSP5-8.5).

3.3. Expansion in Fluvial-Coastal Flood Coincidence

In total, 27-33% of the deltaic area consists of fluvial-coastal flood coincidence zones
(Figure 5a). As for the inundation extent under different flood hazards, 21-22% of high-
and highest-hazard deltaic settlements are in the coincident areas (Figure 5b), and the
proportion for medium- (inundation depth 0.15-0.5 m) and low-hazard (inundation depth
0-0.15 m) is 2-6%.
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(a) Settlement Area in Fluvial-Coastal Flood (c) Spatial Coincidence of Fluvial and Coastal Flood
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Figure 5. Characteristics and spatial distribution of settlement exposure within fluvial-coastal flood
coincidence zones. (a) Total inundated settlement area within hazard coincidence zones (defined
as the spatial overlap of fluvial and coastal floods) across four hazard levels. (b) Contribution
and internal composition of fluvial-coastal flood coincidence zones (mean values under different
future scenarios). (c) Spatial coincidence of fluvial and coastal flood hazard extents and settlement
distribution in 2050 (SSP5-8.5 scenario).

Furthermore, within these fluvial-coastal flood coincidence zones, settlements exhibit
pronounced characteristics of the high- and highest-hazard categories (Figure 5a,b). Specif-
ically, areas classified as high-hazard account for the largest share (approximately 58%),
followed by highest-hazard zones (approximately 38%), while low- and medium-hazard
zones together comprise less than 4% of the total.

4. Discussion
4.1. Uncertainties of Different Models

Due to the inherent uncertainties in model predictions, we utilized the simulation
results from five global climate models (NorESM1-M, GFDL-ESM2M, HadGEM2-ES, IPSL-
CMb5A-LR, and MIROC-ESM-CHEM). Under both socioeconomic scenarios (SSP2-4.5 and
SSP5-8.5), all five models projected that future inundation areas would be significantly
higher than the AFHM historical baseline (Figure 6; Table 2). The inter-model consistency
indicates that the trend of intensifying flood hazards is a shared projection across different
models, rather than an incidental outcome from a specific model. While this study relies on
the global AFHM dataset, previous studies have demonstrated its reliability in capturing
large-scale inundation patterns in major deltas [35-40]. Nevertheless, we acknowledge the
inherent scale limitations; incorporating diversified flood inundation datasets from various
modeling frameworks [43-45] in future work will be essential for further refining localized
flood predictions.
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Figure 6. Comparison of inundation flood area between the historical baseline and five global climate
models across historical and future scenarios (SSP2-4.5 and SSP5-8.5) for 2030 and 2050.

Table 2. Historical baseline and projected 1-in-100-year flood-inundated area under SSP2-4.5 and
SSP5-8.5 scenarios (10° km?).

Year SSP2-4.5 Scenario SSP5-8.5 Scenario
Historical baseline 63.64 63.64

2030 67.71 +£1.32 69.13 £ 45

2050 68.98 + 3.22 72.61 +4.41

4.2. Uncertainties of Other Factors

The preceding analysis is based on the 100-year flood event; however, the exposure
of settlements to the risk of inundation and the respective impacts of fluvial and coastal
flooding differ depending on socioeconomic scenarios and the return periods. Under the
SSP2-4.5 scenario, the growth of the inundated settlement area (47.4-54.0%) exceeded the
total settlement growth rate (37.4%), while in the SSP5-8.5 scenario, the growth rates of the
inundated settlement area (41.4-51.6%) and total settlement area (45.1%) were almost level,
depending on the flood return period (Figure 7a,b). The growth rates in both scenarios are
significantly higher than the global average growth rate projection (5% between 2020 and
2050) [26].

In addition, under extreme flood scenarios, coastal flooding has a greater impact on
settlements. For example, in flood events with a scale less than or equal to a 1-in-100-
year event, the proportion of settlements inundated by fluvial flooding (48.9-76.2%) is
consistently larger than that of coastal flooding (18.9-36.6%) (Figure 7c), whereas in extreme
flood scenarios (1-in-500-year), the proportion of settlements affected by coastal flooding
(43.9-48.1%) is greater than the impact caused by fluvial flooding (29.8-34.8%) (Figure 7d).
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(a) Settlement Area Exposed to Fluvial Hazards (b) Settlement Area Exposed to Coastal Hazards
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Figure 7. Future settlement exposure to fluvial and coastal flood hazards across different return
periods and socioeconomic scenarios. (a) Total settlement area (km?) exposed to coastal and fluvial
floods in 2030 under various return periods (RPs). (b) Total settlement area (km?) exposed to
coastal and fluvial floods in 2050 under various return periods (RPs). (c) Percentage composition of
settlement exposure by flood source under SSP2-4.5, categorized into fluvial hazards, coastal hazards,
and fluvial-coastal flood coincidence zones. (d) Percentage composition of settlement exposure by
flood source under SSP5-8.5, categorized into fluvial hazards, coastal hazards, and fluvial-coastal
flood coincidence zones.

4.3. Limitations

The first-order regional screening of settlement exposure in the GBM delta identifies
the distribution of settlements across different flood hazard levels under both historical and
future socioeconomic scenarios. In addition to the aforementioned uncertainties caused
by the adopted data, there are other influencing factors that lead to limitations in our
findings. First, because the 1 km resolution global dataset used cannot capture micro-scale
features such as embankments, polders, and local drainage systems, this study is unable to
precisely identify local variations in flood exposure. Second, due to the simplifications of
the methodological approach, our analysis did not account for the effects of land subsidence,
nor the complex interactions between fluvial and coastal flood processes. Moreover, the
selection of hazard level thresholds also affects the quantification of settlement flood
exposure. If these effects were taken into account, the actual exposure extents would likely
exceed our current understanding.

The observed spatial co-location between settlement expansion and highest-hazard
zones is consistent with documented socioeconomic pressures in the GBM delta. Given
that the GBM delta is predominantly low-lying and densely populated [16,22], flood-
safe land has become an extremely scarce resource. The existing literature indicates that
persistent economic agglomeration has attracted substantial inward migration, and an
additional 1.5 million people have become concentrated in river-adjacent areas exposed
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to high flood hazards [46]. For example, within the Dhaka Metropolitan Area, 75% of the
annual population growth is absorbed by intra-urban informal settlements [47], among
which 63.06% of households exhibit high vulnerability to flood exposure [48].

The high-risk exposure characteristics within fluvial-coastal flood coincidence zones
could be partially certified by analyses based on observed inundation records. We compared
the simulated historical flood areas with historical observational records from the GFD
(2000-2015) (Figure 8). By calculating the actual inundation frequencies, we found that the
proportion of area experiencing high-frequency inundation (21-45 times) within the flood
coincidence zones reached 21.4%, which is significantly higher than that in areas affected
solely by fluvial (16.5%) or solely by coastal (9.4%) flooding. This comparison indicates
that these identified zones have historically endured more frequent inundation, and also
highlights the necessity of improved inundation data analysis, which may take the complex
interactions between fluvial and coastal flood processes into consideration.

7 #2727 Only Fluvial Flood
Only Coastal Flood
° “_ " Fluvial-Coastal Coincidence

8000 < 100

6000

60

Inundation Area (km?)
s
S
|

40

RN
\

\\\

2000

Proportion of Inundated Area (%)

1-20 21-45

Inundation frequency

Figure 8. Comparison of historical inundation area and frequency across different flood zones based
on the GFD (2000-2015).

The first-order identification of exposure within fluvial-coastal flood coincidence
zones presented in this study provides a baseline for future regional risk assessment,
helping to delineate broad areas that require more detailed, site-specific study.

5. Conclusions

This study characterizes the spatial patterns of settlement exposure in the GBM delta
across historical (1992-2020) and future periods (2030 and 2050, under SSP2-4.5 and SSP5-
8.5 scenarios). Specifically, the settlement area within high- and highest-hazard zones
exhibits significant expansion across both historical and future scenarios. Under future pro-
jections, the expansion rate within the highest-hazard category is expected to substantially
exceed that of flood-safe areas. As a first-order regional screening, the quantitative analysis
of settlement exposure within fluvial and coastal flood coincidence zones emphasized its
importance. These coincidence zones account for over one-fifth of the inundated settle-
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ments categorized at the high-hazard level or above. Notably, approximately 87% of the
settlements located within these areas of spatial overlap are exposed to high- or highest-
hazard levels. This study indicates a significant increase in settlement exposure within
these overlapping zones. The findings provide data support for the future development of
fluvial—coastal flood coincidence zones, and integrating these overlapping areas into the
broader framework of the GBM delta’s overall development strategy helps alleviate these
intensifying risks.
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