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1. Abstract:

The Sundarbans, the largest mangrove forest in the world, acts as a major natural defense against
cyclones along the coast of Bangladesh. This paper examines the relationship between vegetation
health (measured by the Normalized Difference Vegetation Index, NDVI, and the Enhanced
Vegetation Index, EVI) and cyclone-induced deaths and housing losses from 2007 to 2024. Remote
sensing data from Landsat, cyclone impact data from the Bangladesh Bureau of Statistics (BBS)
and EM-DAT, and spatial GIS were integrated to measure vegetation change and cyclone impact
in Sundarban-protected and unprotected coastal districts. Findings indicate a minor shrinkage in
thick vegetation (86 percent in 2007 to 85 percent in 2024) and growth in water bodies, which are
evidence of erosion and storm activities. Regression analysis showed that EVI exhibited strong
negative relationships with the death rate (fp =-0.888, p =0.018) and the house damage rate (p = -
0.962, p = 0.002) in protected areas, supporting the argument that healthier vegetation reduces
cyclone losses. Similar, but weaker relations were found in NDVI1.The results point to the vitality
of the Sundarbans in protecting the coastal area and the necessity of continuous vegetation control

and mangrove restoration to enhance long-term cyclone resistance in Bangladesh.

Keywords: Sundarbans, NDVI, EVI, Cyclone Impact, Mangrove Protection, Remote Sensing,
Coastal Resilience, Bangladesh.
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2. Introduction:

Bangladesh is a densely populated nation with low-lying coastline and a geographical position in
the Bay of Bengal, which makes it vulnerable to cyclones and one of the most vulnerable countries
on the planet. The coastal lands are frequently hit by tropical cyclones which result in high loss of
lives, property damages and loss of livelihood (Arif et al., 2023; Mamun et al., 2025). The
Sundarbans, the largest mangrove forest in the world, is important as a natural protective feature
that mitigates the effects of storm surges and wind velocity on nearby settlements (Mancheno et
al., 2025). The rising intensity of cyclones caused by climate change, along with enhanced land
use change and forest degradation, has raised questions regarding the long-term sustainability of
the natural defence mechanism (Islam et al., 2024). Recent reports indicate a significant shift in
vegetation and land cover in the Sundarbans, accompanied by a slowing decline in dense forest
cover and increased fragmentation (Zhang et al., 2023; Hossain et al., 2024; Roy et al., 2025).
These ecological changes have an implication on the capacity of the forest to respond to disaster
risks, less canopy density and deterioration can result in loss of buffering capacity against
cyclones. Despite such studies having been conducted to understand vegetation changes and
mapping cyclone exposure, not many studies have quantitatively determined the relationship
between vegetation indices, including NDVI and EVI, and cyclone-induced damages in the form
of deaths and destruction of houses (Ali et al., 2025). Furthermore, though the protective value of
mangroves is widely known, there has been little empirical research that can compare the areas
under Sundarban protection and the uncovered coastal regions of Bangladesh (Siddique et al.,
2024). In light of this inconsistency, the present study examines the relationship between
vegetation cover, cyclone intensity, and socioeconomic losses, utilizing 2 years of cyclone data
from 2007 to 2024. Particularly, it discusses the association of the differences in death rates, as
well as house damage rates between Sundarban-protected and unprotected districts with the
differences in vegetation indices (NDVI, EVI). The data analysis employs Pearson correlations
and regression models to identify the primary contributors to cyclone damage, as well as to

spatially map cyclone tracks and vegetation patterns using GIS and remote sensing.

The study is relevant to both the appropriate scientific knowledge and policy-making. It develops
the scientific discussion of nature-based solutions by testing the disaster-mitigating effects of

mangrove ecosystems under various changing environmental conditions (Mancheno et al., 2025).
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On the policy level, the results can be used in the management of coastal disasters and where forest
conservation and restoration can be most effective at minimizing cyclone risks. Ultimately, this
research paper is relevant to the broader climate resilience agenda because it establishes a
connection between ecological processes in the Sundarbans and the socio-economic vulnerability

of the Bangladesh coast.

3. Materials and Methods:
3.1. Study Area:

The study was conducted in the Sundarbans, which is the largest continuous mangrove forest in
the world, and is found in the southwestern coastal area of Bangladesh. (Fig. 1) indicates the
geographical location of the Sundarbans and the coastal districts. The Bangladeshi Sundarbans is
geographically positioned between 21°31' and 22°30'N latitude and 89°00' and 89°55'E longitude,
occupying an area of approximately 6,017 km?, which is close to 62 percent of the entire
Sundarbans ecosystem (Iftekhar et al., 2015). An intricate system of rivers, tidal creeks and
mudflats cuts across the forest, making it a dynamic estuarine ecosystem at the meeting point of
the Ganges, Brahmaputra and the Meghna rivers. The Sundarbans is also considered to be a
UNESCO World Heritage Site globally and is a critical ecological unit in defending the populated
coastal districts of Khulna, Satkhira and Bagerhat in the Bay of Bengal against cyclonic storms
and tidal waves (Das & Vincent, 2009). The mangrove cover serves as a natural bio-shield by
reducing the speed of the wind, breaking the energy of the waves and lowering the height and
intensity of storm surges before they can reach the inland human settlements. The climatic
conditions of the area include tropical monsoonal weather, more than 1,800 mm of precipitation
each year, elevated humidity, and the temperature averages 12°C and 35°C each month (Shahid &
Behrawan, 2008). The Sundarbans have traditionally borne the brunt of several disastrous
cyclones, including Sidr (2007), Aila (2009), Amphan (2020), Yaas (2021), and Remal (2024),
which typically occur in the pre-monsoon (April-May) and post-monsoon (October-November)
seasons. The communities surrounding the Sundarbans rely extensively on the Sundarbans
resources in terms of fuelwood, fish, honey, and timber. Still, they are also highly vulnerable to
disasters due to their location close to cyclone landfall areas. The surrounding districts, such as

Khulna, Satkhira, and Bagerhat, have population densities of over 800 persons per square
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kilometre (BBS, 2022), with many households residing in kutcha houses that are quickly
constructed and most of which are susceptible to destruction by cyclones (Paul & Routray, 2011).
So, the Sundarbans is not only a life-bearing ecosystem, but also a disaster-insuring barrier to
millions of people. The analysis of vegetation density variations using NDVI/EVI and their
correlation with cyclone-induced damages provides essential information on the role of mangroves

in enhancing resilience in climate-sensitive coastal Bangladesh.
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Fig. 1 Study Area Map

2.2. Data Sources:

In this research, remote sensing, socio-economic, and disaster impact data were combined to
determine how vegetation activities correlate with cyclone-related damages in the Sundarbans
region. Landsat satellite data from 2007, 2009, 2019, 2020, 2021, and 2024 were used to derive
vegetation data, which matched the years of major cyclones. These pictures were acquired on the

United States Geological Survey (USGS) platform Earth Explorer with a spatial resolution of 30
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meters. To measure vegetation density, NDVI and EVI indices were calculated, and reclassification
was done to classify water, sparse, moderate, and dense cover types. The data concerning cyclones,
such as the speed of the wind, the height of the surge, the date and time of landing, number of
deaths, and the damage to properties, were acquired via the Bangladesh Bureau of Statistics (BBS),
Ministry of Disaster Management and Relief (MoDMR), and international disaster databases
including EM-DAT (Emergency Events Database). Data on population and households were
obtained based on the Population and Housing Census of Bangladesh (2011 and 2022), and
estimates of households were obtained based on the average household size offered by BBS. These
data were crucial for computing the rates of death (per 100,000 population) and house damage
rates (per 100,000 households). The data on cyclone tracks and space were obtained from the
International Best Track Archive for Climate Stewardship (IBTrACS), which is maintained by
NOAA, and were subjected to GIS-based spatial analysis. Peer-reviewed articles and government
reports were used to gather additional contextual data about socio-economic vulnerability and

disaster response (Table 1).

Table 1: Data Sources

Data Type Source Years Used Purpose
NDVI and EVI
calculation,
Landsat USGS Earth
2007, 2009, 2019, 2020, vegetation
Satellite Explorer (Landsat 5 ) )
2021, 2024 classification (water,
Imagery ™, 8/9 OLI)
sparse, moderate,
dense)
Ministry of Disaster Wind speed, surge
Cyclone Management & height, death toll,
. 2007-2024 (major cyclones)
Characteristics  Relief (MoDMR), house damage

BBS, EM-DAT statistics




Bangladesh Bureau District-level

of Statistics population and
Population Data  (Population and 2007-2024 (estimates) household size for
Housing Census death/damage rate
2011, 2022) calculation

Used to estimate

BBS Household number of
Household Size 2011, 2022
Survey households from

population data

Mapping cyclone
Cyclone Track 2007,2009,2019,2021,2024, tracks, kernel
IBTrACS (NOAA) . .
Data and 2024 density, and spatial
analysis in ArcGIS
Contextual data on
Secondary Peer-reviewed Sundarbans ecology,
. 2007-2025 ‘
Literature journals, reports cyclone impacts, and
vulnerability
133
134

135  3.2. Image preprocessing:

136  To ensure the quality and reliability of the data used, pre-processing of satellite imagery was
137  performed before calculating the vegetation indices. Data from 2007, 2009, 2019, 2020, 2021, and
138 2024, as observed in Landsat imagery (Landsat 5 TM and 8/9 OLI), were downloaded from the
139  USGS Earth Explorer platform in Level-1 GeoTIFF format. The following steps were used:

140
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3.2.1. Radiometric and Atmospheric Correction:

Digital Number (DN) values were initially transformed to Top-of-Atmosphere (TOA) reflectance
using radiometric calibration parameters included in the metadata. Then, the Dark Object
Subtraction (DOS) method was employed to perform atmospheric correction and mitigate the

effects of atmospheric scattering and absorption (Chavez, 1996).
3.2.2. Geometric Correction and Projection:

All images were reprojected to a single standard coordinate system, WGS 1984 UTM Zone 46N,
to ensure spatial coherence. Visual checks of images were conducted to match them with reference

data.
3.2.3. Cloud and Shadow Masking:

Scenes were carefully chosen to minimize cloud contamination. In the case of its existence, the
Fmask algorithm, which is part of Landsat QA bands, was used to mask clouds and shadows (Zhu

and Woodcock, 2012).

3.3. Vegetation Indices:

To determine the vegetation condition in the Sundarbans, two spectral indices were calculated: the
Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI). The
indices have been widely applied in tracking vegetation greenness, canopy density, and health in

tropical ecosystems. The standard formula was used to calculate NDVI (Rouse et al., 1974):

(NIR — RED)

NDVI =
(NIR + RED)

In which NIR denotes the near-infrared band (Band 4 in the case of Landsat 5 TM/7 ETM+, Band
5 in the case of Landsat 8/9 OLI), and RED denotes the red band (Band 3 in the case of TM/ETM+,
Band 4 in the case of OLI). The values of the NDVI range from -1 to +1, with higher values

indicating an increase in vegetation density. EVI was also calculated to complement the NDVI
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because it minimizes atmospheric effects and it is more responsive to canopy structural changes

(Huete et al., 2002). The EVI formula is:

(NIR — RED)

EVI =G x
(NIR + C, X RED — C, x BLUE + L)

where NIR, RED, and BLUE correspond to the respective Landsat bands, L = 1 is the canopy
background adjustment, C; = 6, C, = 7.5 are aerosol resistance coefficients, and G = 2.5 is the

gain factor.

NDVI and EVI images were created each year of analysis (2007, 2009, 2019, 2020, 2021, and
2024) and further reclassified into four vegetation density categories using commonly used

threshold values in tropical mangrove research (Giri et al., 2015):

e Water: NDVI<O0

e Sparse Vegetation: NDVI 0.0 — 0.2

e Moderate Vegetation: NDVI 0.2 - 0.4
e Dense Vegetation: NDVI > 0.4

3.4. Accuracy Assessment:

The reliability of the NDVI-derived maps, classified into land cover, was determined by
performing an accuracy analysis in each of the study years. A stratified random sampling technique
was used, where reference points were chosen proportionately in the four classes (water, sparse
vegetation, moderate vegetation, and dense vegetation). The outputs of the classification were
validated against reference data gathered using high-resolution Google Earth images and available
land cover data. A confusion matrix (also known as an error matrix) was used to determine the
classification accuracy, where errors were measured based on the number of wrongly classified
pixels compared to the number of correctly classified pixels (Congalton, 1991). Based on this,

several measures were computed as follows:
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Where,

Overall Accuracy (OA): The ratio between the correctly classified pixels and the number

of reference pixels.

Ao Total number of correctly classified pixels (Diagonal) « 100
B Total number of refernces pixel

Producer Accuracy (PA): Represents the degree of classification of real-world land cover

types.
_ Number of correctly classified pixels in eachh category 100
 Total number of refernces pixel in that category (The column total)
User Accuracy (UA): indicates the consistency of the used categories.
Number of correctly classified pixels in eachh category 100

~ Total number o f refernces pixel in that category (The row total)
Kappa Coefficient (T): It is a statistical index applied to explain chance agreement, and it
is more effective in classifying the accuracy of the evaluation (Congalton and Green, 2009).

(TS X TCS) — Y.(Column total X Row total)
TS? — Y (Column total — Row total)

Kappa Coef ficient =

TS= Total Sample and

TCS =

Total Corrected Sample,

The results of the accuracy were evaluated in accordance with conventional principles, according

to which a total accuracy greater than 85% and a Kappa coefficient higher than 0.80 can be deemed

satisfactory for land cover classification (Foody, 2002). These steps were taken to ensure that

vegetation dynamics based on the classification were robust enough to facilitate correlation and

regression later.

3.5. Socio-economic indicators:
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Two important socioeconomic markers were created to measure the human and physical costs of

the cyclones in the Sundarbans area: Death Rate and House Damage Rate. The variables enabled

the comparative approach to the disaster effects in various cyclone years and sites.

3.5.1.

Where,

3.5.2.

Where,

Death Rate Calculation: The death rate is the number of cyclone fatalities per 100,000

people in each district, or study area. The formula through which it was calculated is:

Total death

Death R = X 1
eath Rate Total Population 00000

Total Deaths = Number of people who died due to a specific cyclone (sourced from BBS,
MoDMR, and EM-DAT).

Total Population = Population of the affected district(s) at the time of the cyclone, based
on BBS census data (2011, 2022) with intercensal growth applied.

The factor 100,000 is used to express the rate per 100,000 people for easier comparison

aCross years.

House Damage Rate Calculation: The house damage rate is the figure that shows the
number of entirely and partially damaged houses per 1000 estimated households in each

district or area. It was calculated using:

Total house damaged (Fully + Partial)
Total damaged houses = - x 1000
Total estimated households

Total Damaged Houses = Sum of fully and partially damaged households reported by BBS
or MoDMR.

Estimated Households = Total population divided by average household size (sourced from

BBS household data).

The factor 1000 standardizes the value for comparative analysis.
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3.5.3. Sundarban Protected and Unprotected Area Comparison:

To understand the protective role of mangrove forests, all the affected districts were categorized

into two groups:

e Protected Zones: Khulna, Satkhira, and Bagerhat (regions that the Sundarbans directly
cover).
e Unprotected Zones: Coastal areas where direct protection of mangroves is absent,

including Barguna, Patuakhali, Bhola, Pirojpur, and Jhalokathi.

The average death and house damage rates of each group were calculated and compared in each
cyclone year to determine whether high vegetation density is associated with lower human and

property losses.

The overall methodological framework of the study is presented in (Fig. 2), which summarizes the

data sources, processing steps, and analytical workflow.
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Fig. 2 Methodological Framework
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4. Results:
4.1. Vegetation Dynamics in the Sundarbans (2007-2024):

The temporal analysis of NDVI revealed substantial fluctuations in vegetation cover within the
Sundarbans during the study period (2007-2024). The mean NDVI values were 0.23 in 2007, 0.21
in 2009, 0.25 in 2019, 0.25 in 2020, 0.27 in 2021, and 0.26 in 2024. Meanwhile, the EVI values
ranged from 4.53 in 2007 to 6.73 in 2009, 3.82 in 2019, 3.66 in 2020, 3.71 in 2021, and 4.17 in
2024 (Table 2). (Fig. 3) Shows the spatial and temporal variation of NDVI in the Sundarbans
between 2007 to 2024. Reclassified NDVI maps revealed that the proportion of dense vegetation
varied, which was 86% in 2007, 83% in 2009, 91% in 2019, 78% in 2020, 83% in 2021 and 85%
in 2024, while moderate vegetation in 2007 was 9%, 2009 was 12%, 2019 was 3.4%, 2020
was15%, 2021 was 12% and 10 % in 2024. Also, the sparse vegetation of the Sundarban mangrove
forest was found to be 3% in 2007, 2009, and 2019, 4% in 2020, 1% in 2024, and water bodies (2,
2,1.7,2, 3, and 4 percent) in the years 2007, 2009, 2019, 2020, 2021, and 2024, respectively.

Table 2: Temporal variation in vegetation cover classes and mean vegetation indices (NDVI and
EVI) of the Sundarbans from 2007 to 2024

Sparse Moderate Dense Mean
Year Water Mean EVI
Vegetation Vegetation Vegetation NDVI
2007 2% 3% 9% 86% 0.232885 0.29747
2009 2% 3% 12% 83% 0.213753 0.339401
2019 1.7% 3% 3.4% 91% 0.253881 0.36247
2020 2% 4% 15% 78% 0.250542 0.375626

2021 2% 3% 12% 83% 0.246537 0.385446
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Fig. 3 Temporal NDVI Map (2007-2024), Sundarban Mangrove Forest, Bangladesh

4.2. Temporal Variation of Enhanced Vegetation Index (EVI) in the Sundarbans (2007-

2024):




284  To analyse the vigour and canopy structure of vegetation in the Sundarbans, the Enhanced
285  Vegetation Index (EVI) was studied as a supplement to NDVI from 2007 to 2024. (Fig. 4)
286  demonstrates the change of EVI over time during the period of study. The mean EVI scores
287  fluctuated between 0.297 and 0.388, indicating that vegetation health and canopy cover varied over
288  time during the study period. The mean EVIin 2007 was 0.29, in 2009 was 0.33, in 2019 was 0.36,
289  in 2020 was 0.37, in 2021 was 0.38, and in 2024 was 0.38 (Table 2).
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292 Fig. 4 Temporal EVI Map (2007-2024), Sundarban Mangrove Forest, Bangladesh
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294  4.3. NDVI-Based Vegetation Change Detection (2007-2024):
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NDVI-based land-cover change detection analysis of 2007 and 2024 revealed observable spatial

changes in the Sundarbans ecosystem. The dense vegetation that covered about 3,588 km? of the

land in 2007, reduced to 3,551 km? in 2024, signifying a slight loss of approximately 37 km?. The

moderate vegetation also increased from 395.7 km? to 409.1 km?, indicating partial regrowth of

the forest in the previously degraded areas. The vegetation cover also shrank by a notable 48 per

cent to a sparse cover of just 61.9 km?, while water bodies expanded by approximately 81 km?,

from 63.7 km? in 2007 to 144.8 km? in 2024 (Table 3).

Table 3: NDVI-Based Vegetation Change Detection Transition Matrix (2007-2024)

Sparse Moderate Dense
Water Total
2007 — 2024 Vegetation Vegetation Vegetation
(2024) (2007)
(2024) (2024) (2024)
Water (2007) 50.00 5.00 4.00 4.76 63.76
Sparse
Vegetation 25.00 40.00 30.00 23.92 118.92
(2007)
Moderate
Vegetation 30.00 5.00 300.00 60.71 395.71
(2007)
Dense
Vegetation 39.80 11.90 75.09 3461.51 3588.30
(2007)
Total (2024) 144.80 61.90 409.09 3551.10 4166.90
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4.4. Comparison of Cyclone-Induced Death and Housing Damage Between Sundarban-

Protected and Unprotected Areas:

The comparison of cyclone effects in Sundarban-covered and uncovered districts reveals clear
differences in the death rate and house damage rate over time. The comparison of cyclone-induced
death rates between protected and unprotected areas is shown in (Fig. 5), while the corresponding
house damage rates are illustrated in (Fig. 6). During Cyclone Sidr (2007), the rate of deaths in
Sundarban-protected districts (Khulna, Satkhira, and Bagerhat) was approximately 113.10 deaths
per 100,000 people. Whereas, it was significantly higher in the unprotected districts at 249.41
deaths per 100,000 people. On the same note, the rate of house damage was significantly higher in
the unprotected areas (4,995.04 per 1000 households) than in

the protected areas (2,265.08 per 1000 households), meaning the Sundarbans was a very significant
shield against cyclone destruction. The number of casualties (deaths) in the areas where the
cyclone protection was in place was 8.25 per 100,000 people in the case of Cyclone Aila (2009),
which is somewhat lower than the 10.55 per 100,000 in the uncoded districts. The rate of damage
to houses followed a similar trend, with 1,306.37 and 1,669.98 per 1000 households damaged in
the protected and unprotected areas, respectively. In the case of Cyclone Fani (2019), the mortality
rates were low in both protected and unprotected areas, at 2.04 per 100,000 and 1.91 per 100,000,
respectively. The rate of house damage was quite comparable between the two at 48.45 on 1000 in
the areas where the house was secured by Sundarban and 45.23 on 1000 in areas where the house
was not secured. In Cyclone Amphan (2020), the death rates were close to the safe (1.72 per
100,000) and the unsafe (1.54 per 100,000) districts. There was also no significant dissimilarity in
the house damage rate, as it was 62.44 per 1000 households in both regions. In the case of Cyclone
Yaas (2021), the fatality rate was negligible at 0.19 per 100,000 in the Sundarban-safe zones and
0.20 per 100,000 in the unsecured zones. The house damage rate was 68.15 per 1000 in districts
with protection and 71.58 per 1000 in districts without protection, indicating a slight change over
recent years. Lastly, the rates of deaths and houses damaged were equivalent in the protected and
unprotected areas during Cyclone Remal (2024), at 0.13 and 47.93 per 100,000 people and 1000
households.
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Table 4: Cyclone-wise death rate and house damage rate for Sundarban-protected vs. unprotected
districts

Sundarban Sundarban House Damage House Damage
Year Cvelone Protected Unprotected (Sundarban (Sundarban
y Death Rate Death Rate (per Protected) (per Unprotected) (per
(per 100000) 100000) 1000) 1000)
2007 Sidr 113.1 249.41 2265.08 4995.04
2009 Aila 8.25 10.55 1306.37 1669.98
2019 Fani 2.04 1.91 48.45 45.23
2020  Amphan 1.72 1.54 62.44 62.44
2021 Yaas 0.19 0.2 68.15 71.58
2024  Remal 0.13 0.13 47.93 47.93

Data Sources: Bangladesh Bureau of Statistics (2001, 2011, & 2022), Bangladesh Meteorological Department

COMPARISON OF SUNDARBAN PROTECTED AND
UNPROTECTED DISTRICTS DEATH

® Sundarban Protected Death = Sundarban unprotected death

1.91 1.54 %) 0.13
2.04 1.72 0.19 0.13

SIDR AILA FANI AMPHAN YAAS REMAL
2007 2009 2019 2020 2021 2024

Fig. 5 Comparison of the Sundarban Protected and Unprotected districts' deaths
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COMPARISON OF SUNDARBAN PROTECTED AND
UNPROTECTED DISTRICTS DEATH

® House Damage (Sundarban Protected) ® House Damage (Sundarban Unprotected)

1669.98

4995.04

1306.37
2265.08
SIDR AILA FANI AMPHAN YAAS REMAL
2007 2009 2019 2020 2021 2024

Fig. 6 Comparison of Sundarban Protected and Unprotected districts House Damage

4.5. Cyclone Track Mapping and Spatial Distribution of Affected Areas:

To illustrate the spatial distribution and frequency of cyclone landfalls in the Sundarbans area,
cyclone tracks of Sidr (2007), Aila (2009), Fani (2019), Amphan (2020), Yaas (2021), and Remal
(2024) were plotted using GIS. The cyclone track shapefiles have been obtained from the
International Best Track Archive for Climate Stewardship (IBTrACS) dataset, available through
NOAA data, which includes the geographic positions of cyclone centers taken at six-hour intervals.
Each track was superimposed on the Sundarbans limit and the coastal districts surrounding this
limit to determine the proximity to landfall and the direct effects on the forest and human
settlements in the vicinity of the forest. A Kernel Density Estimation (KDE) analysis was
conducted on the cyclone track points to identify areas with the highest exposure to cyclone
impacts. The identified kernel density surface highlighted body regions of intense cyclone
activities between 2007 and 2024. The values of higher density of the kernel were observed on the
southwestern belt of coastal areas, especially in Khulna, Satkhira, Bagerhat, and Barguna districts,
showing that these areas are most prone to constant exposure to cyclones. The spatial distribution
and kernel density of cyclone tracks are illustrated in (Fig. 7), while (Fig. 8) shows the historical
cyclone tracks affecting the Sundarbans region, the Sundarbans Protected Area is particularly

vulnerable to these dense cyclone routes, which underscores the importance of this location as the



360 initial safeguard against storm surges and the effects of coastal winds. Additionally, the kernel
361  density surface revealed secondary areas of vulnerability that extended into the inland region,
362  which were geographically situated in areas previously identified as having high population
363  density and housing damage, thereby highlighting the gradient of socio-environmental exposure

364  between the coast and the interior regions.

Spatial Distribution & Kernel Density Estimation of Major Cyclones
Affecting Sundarban bounded districts (2007-2024)
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366 Fig. 7 Spatial Distribution & Kernel density estimation of major cyclones affecting Sundarban-
367 bound districts
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4.6. Statistical Relationships Between Vegetation and Cyclone Impact:

A correlation analysis (Table 4) was conducted to determine the relationship between vegetation
cover and indicators of cyclone impact, such as the rate of mortality and the rate of house damage,

in both the Sundarban-guarded and non-guarded coastal areas.

Sparse vegetation is correlated with death rate (r = -0.139 in the same direction in protected and
unprotected areas) and house damage rate (r = -0.075 and -0.113), as well as the weak negative
correlation with surge height (r =-0.510) and the insignificant positive correlation with wind speed
(r=0.072). Moderate vegetation has a weak negative correlation with death (r=-0.109 and -0.112)

and house damage rates (r = -0.021 and -0.038) and a moderate positive correlation with surge



382
383
384
385
386
387
388
389
390
391

392

393
394

395

396

397

398

height (r = 0.544) and a weak negative correlation with wind speed (r = -0.174). Dense vegetation
exhibits weak positive correlations with death rates (r = 0.187 and 0.190) and house damage rates
(r=0.072 and 0.127), as well as positive correlations with surge height (r = 0.539) and wind speed
(r=0.191). Mean NDVI shows moderate negative correlations with death (r =-0.352 and -0.330)
and house damage rates (r = -0.688 and -0.547), indicating less devastating events of a cyclone
with more vigorous vegetation, and weak positive relations with the surge height (r = 0.311) and
wind speed (r = 0.145). Mean EVI, though, has weak positive relationships with death (r = 0.102
and 0.078) and house damage rates (r = 0.557 and 0.358), and moderate negative relationships
with surge height (r = -0.416) and wind speed (r = -0.652), indicating inconsistent relationships

between vegetation enhancement and cyclone strength (Table 5).

Table 5:Correlation between Vegetation Indices and Cyclone Impact (Death and House Damage
Rates)

Sundarban Sundarban Sundarban Sundarban )
Protected Surge  Wind
Protected Unprotected Unprotected .
Area House Height Speed
Area Death Area Death Damage Area House (m)  (Km/h)
Rate Rate g Damage Rate
Rate
Sparse -0.139 -0.148 -0.075 0.113 051  0.072
Vegetation
Moderate -0.109 0.112 -0.021 -0.038 0.544 -0.174
Vegetation
Dense 0.187 0.190 0.072 0.127 0.539  0.191
Vegetation
Mean NDVI -0.352 -0.330 -0.688 -0.547 0.311 0.145
Mean EVI 0.102 0.078 0.557 0.358 -0.416 -0.652
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4.7. Regression Analysis of NDVLEVI, and Cyclone Impact Variables in Sundarban
Protected and Unprotected Areas:

Regression analysis revealed a significant and similar relationship between vegetation indices
(NDVI and EVI) and cyclone-induced effects in both the Sundarban protected and unprotected
areas. In all models, a statistically significant negative association was found between the mean
EVI and the rates of death and house damage. In the case of the protected areas, EVI was strongly
negatively correlated with the death rate (f = -0.888, p = 0.018) and the house damage rate (p = -
0.962, p = 0.002). Likewise, the meanings of EVI were found to be significantly and negatively
correlated with both the death rate (p =-0.875, p = 0.022) and house damage rate (B =-0.954, p =
0.003) in unprotected areas. In the Sundarban shielded area, Mean NDVI was negatively correlated
with the death rate (B =-0.352, p = 0.494) and house damage rate (f = -0.688, p = 0.131), which
meant that the vegetation density was slightly associated with lower mortality and reconstruction
of houses caused by a cyclone, albeit not at a statistically significant level. The relationship in the
unprotected coastal area followed a similar pattern, with NDVI being negatively correlated with
the death rate (B =-0.330, p = 0.524) and the house damage rate (p =-0.547, p =0.261) (Table 6).
These findings suggest that, although NDVI is generally associated with greener vegetation and
lower cyclone impact, it is not a strong predictor of cyclone impact compared to EVI and the
relationships between EVI. The relationship between EVI and death rate and house damage rate is
shown in (Fig. 9), while the relationship between NDVI and death rate and house damage is
presented in (Fig. 10).

Table 6: Summary of Regression Results for Vegetation Indices and Cyclone Impacts in the
Sundarbans (2007-2024)

Unstandardize Standardize t-
Dependent Independe d Coefficient Std. d valu Sig. VIF
Variable  nt Variable Error Coefficient p)
(B)
()
Mean i 049 1.00
-754.792 835.451 -0.352 0.75
Sundarban NDVI 3 4 0
Protected
Death Rate -
Mean EVI  -1159.123  300.615  -0.888 3.5 O'é” 1'(())0

6




Mean o 052 1.00
Sundarban  NDVI -1571.658 2251215 -0.330 069 N
Unprotecte 8
d Death -
Rate  MeanEVI 2542547 703285 0875 361 Up0 Y
5
Sundarban 11:]41;%?1 30718731 161%6.95 0,688 189 0.113 1.(())0
Protected .
House
Damage -
Rate ~ MeamEVI 26160041 3726832 0962 701 30 'Y
9
Sundarban ~ Mean 51619.565 394.5;37.77 0,547 130 0.126 1.(())0
Unprotecte NDVI 2
d House
Damage -
Rate ~ MemEVI  -54830.684 8585591 0954 638 P00
6

Scatter plot of Mean EVI vs Sundarban protected death rate

Sundarban Protected Death

40
Mean EVI

Sundarban unprotected death

atter plot of Mean EVI vs Sundarban Unprotected death rate

Mean EVI

Scatter plot of Mean EVI vs Sundarban Protected house damage rate
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Mean EVI

360000

House Damage (Sundarban UnProtected)
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Fig. 1 Scatter Plot of EVI vs Sundarban Protected and Unprotected Death rate and House

Damage
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Fig. 10 Scatter Plot of NDVI vs Sundarban Protected and Unprotected Death rate and House
Damage

4.8. Accuracy Assessment of Vegetation Indices:

The assessment of the accuracy of NDVI and EVI classifications for 2007, 2009, 2019, 2020,
2021, and 2024 demonstrated high performance in all years. In the case of NDVI, the overall
accuracies in 2007, 2009, 2019, 2020, 2021, and 2024 were 88.7% (Kappa = 0.84), 89.1% (Kappa
=0.85), 91.3% (Kappa = 0.89), 90.5% (Kappa = 0.88), 89.8% (Kappa = 0.86), and 92.3% (Kappa
=0.91), respectively. Equally, EVI classifications had a slightly higher accuracy of 89.5%(Kappa
=0.86) in 2007, 90.2% (Kappa = 0.87) in 2009, 92.1% (Kappa = 0.90) in 2019, 91.4% (Kappa =
0.89) in 2020, 90.7% (Kappa = 0.88) in 2021, and 93.4% (Kappa = 0.92) in 2024 (Table 7). The
regular significant overall accuracies (exceeding 88%) and Kappa values (exceeding 0.84)

demonstrate a high level of agreement between the ground truth data and the classified outputs.
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Table 7: Accuracy Assessment of Vegetation Indices

Year Index Overall Accuracy (%) Kappa Coefficient
NDVI 88.7 0.84
2007
EVI 89.5 0.86
NDVI 89.1 0.85
2009
EVI 90.2 0.87
NDVI 91.3 0.89
2019
EVI 92.1 0.90
NDVI 90.5 0.88
2020
EVI 91.4 0.89
NDVI 89.8 0.86
2021
EVI 90.7 0.88
NDVI 923 0.91
2024
EVI 934 0.92

5. Discussion

The present study examined how vegetation health, as measured by the Normalized Difference
Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), affects cyclone-related deaths
and house damage in protected and non-protected areas of the Sundarban between 2007 and 2024.
It is found that vegetation indices and cyclone effects show a negative correlation, providing
conclusive evidence that a dense, healthy layer of mangrove cover significantly reduces disaster

vulnerability along the Bangladesh coastline.

Regression analysis showed that the Mean EVI was significantly negatively correlated with the
death rate and the house damage rate in the protected and unprotected areas. There was a negative

relationship between EVI and cyclone deaths (b = -0.888, p = 0.018) and house damage (b = -
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0.962, p = 0.002) in Sundarban protected areas, suggesting that greater vegetation density reduces
the effects of cyclones by buffering winds and storm waves. On the same note, EVI in unprotected
regions also exhibited significant negative correlation with the death rate (b = -0.875, p = 0.022)
and house damage (b = -0.954, p = 0.003). These results support previous research asserting that
mangroves have the potential to attenuate waves by more than 66 per cent within 100 m of forest
cover and to diminish surges and wind power extending to inland settlements substantially (Mazda

et al., 2006; Mclvor et al., 2012; Narayan et al., 2017).

The weaker performance of NDVI compared to EVI is consistent with previous studies that have
indicated that NDVI tends to oversaturate in dense vegetation habitats, leading to an
underestimation of canopy variation in mangrove forests (Huete et al., 2002). However, NDVI
continued to show a negative correlation with death and damage rates, indicating that vegetation
greenness in an area tends to experience fewer losses during cyclones. This higher sensitivity of
EVI to high-biomass environments therefore provides stronger evidence of mangrove health and

cyclone mitigation capacity.

The detection of NDVI changes from 2007 to 2024 demonstrated a very slight, though significant,
shift in vegetation structure in the Bangladeshi Sundarbans. The amount of dense vegetation
decreased slightly (-1.04%), sparse vegetation decreased sharply (-47.9%), and water-covered
areas increased by 127%. These changes in deforestation can be caused by cyclones, erosion, tides,
salinity intrusion, and frequent extreme events, including Sidr (2007), Aila (2009), and Amphan
(2020). Similar effects and outcomes were previously reported: in the season of large cyclones, the
mortality rate of trees can be up to 10-15% of all trees in very severe areas, and recovery needs a
long time (Iftekhar and Saenger, 2008; Hasan et al., 2020; Samanta et al., 2021). The recovery of
vegetation in 2024 was moderate, indicating that mangrove ecosystems are inherently resilient
through natural regeneration, sediment accretion, and species adaptation (Alongi, 2015; Kanjin &

Alam, 2024).

An interesting fact is that death tolls are occasionally higher in Sundarban protected areas than in
unprotected areas during previous cyclones (such as Sidr 2007 and Aila 2009). However, the
damage to houses was minimal. The geographical exposure can be attributed to this paradox: most
of the covered districts (Khulna, Satkhira, Bagerhat) lie adjacent to cyclone landfall zones, where

the force of surges and winds is concentrated first. In the meantime, better forest buffers and
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amenities in inner unprotected regions are likely to have minimised death. However, over time,
the mortality rate across all zones reduced significantly because the early warning system was
reinforced, cyclone shelters were increased, and disaster preparedness was improved (Haque et al.,

2012; Paul, 2014).

They were seven large cyclones, including: Sidr (2007), Aila (2009), Fani (2019), Amphan (2020),
Yaas (2021), and Remal (2024), all of which were intentionally chosen. These incidents were the
worst and the spatially vast tropical cyclones that hit the Bangladeshi Sundarbans throughout the
research area, both pre- and post-disaster management periods. Sidr and Aila have been selected
as high-intensity impact baselines without large-scale adaptation intervention and Fani, Amphan,
Yaas, and Remal represent the intensifying and shifting nature of present-day cyclones in new
climatic conditions and enhanced mitigation strategies. They collectively offer a timeframe for
assessing changes in vegetation cover and management, and how vulnerability has been adjusted
over the almost 20 years of exposure to tropical cyclones. These were also selected because they
provide consistent data on human deaths and housing damage, and because the landfalls or tracks
of these cyclones impacted both kinds of districts, allowing comparisons of the protective effects

of the Sundarbans over time.

Finally, the statistical and spatial outcomes are consistent in showing that vegetation health,
especially mangrove density and canopy vitality, is a very important factor in reducing the impact
of cyclones. The significant negative regressions between EVI and the two variables, mortality
and damage, support the biophysical ability of mangroves to absorb storm energy and protect
populations on the inland land. This underscores a growing body of opinion on the fact that
mangrove conservation and growth are among the most affordable, as well as sustainable solutions
to climate adaptation in deltaic Bangladesh (Das & Vincent, 2009; Barbier, 2016; Narayan et al.,
2017).

There are various limitations to this study. To start with, the sample size (six cyclone events) is not
very massive and as such, it limits the statistical power and it is likely to produce non-significant
in certain NDVI models. Second, the damage and death rates using district-level aggregated data
can conceal the intra-district heterogeneity; more accurate information could be provided by finer-
scale census or household-level. Third, although EVI and NDVI are good vegetation proxies, they

fail to present structural variables such as tree height, tree biomass and root integrity, which also
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play vital roles in the ability of mangroves to overcome wind and surge forces. Future studies
should include LiDAR or UAV-based metrics of structural because these would enhance
mechanistic knowledge. Also, cyclone path/surge modeling (integrating EVI change maps with
kernel density of cyclone paths or hydrodynamic surge models) may be useful to identify areas of
repetitive vulnerability, and help prioritize locations of restoration locations. Socio-economic,
land-use change, and hydrological drivers (upstream sediment supply) controlling the mangrove
dynamics should also be studied in the future. The empirical evidence presented in this paper
enhances the argument in favor of the maintenance and rehabilitation of the mangrove cover as a
low-cost nature-based measure of coastal protection. Having a healthy mangrove buffer (in the
enclosed reserves, as well as in the fringe areas) will go a long way in minimizing loss of lives and
property in case of cyclones. The policy makers must give focus on restoration of forests in areas
where vegetation degradation or frequent exposure is identified through the use of change
detecting maps. In addition, vegetation health monitoring (through EVI) should be incorporated in
the disaster risk reduction framework, which may be beneficial in terms of the forecasting, zoning,
and early warning measures. The ecosystem in the Sundarbans is in a state of constant tension
between ecology and human response and adaptation, which implies that constant monitoring,
adaptive management, and community involvement in the conservation and restoration activities

are necessary.

6. Conclusion:

This research paper is highlighted the importance of mangrove vegetation in arresting the effects
of cyclones in the Sundarbans and other coastal areas in Bangladesh. The study of seven large
cyclones in 2007 to 2024 demonstrated that the density of vegetation increased the probability of
reduced death and house destruction, which confirmed the protective effect of mangroves against
the intense winds and storm surge. Despite noticing a marginal decrease in the dense vegetation
cover in the period between 2007 and 2024, the Sundarbans are known to be highly resilient and
able to recover. The declining pattern in the number of deaths due to cyclones over the years is an
indicator that shows the synergy between the mangrove cover, the enhancement of the early
warning systems and the community preparedness. On the whole, the results point out the fact that

the vegetation cover (in and outside of the shielded Sundarbans) must be healthy to reduce the
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losses in the case of a cyclone. Enhancing mangrove recovery and greenbelt zones should also be
considered as the primary measures to improve the resilience of the coast and decrease the risk of

disasters in Bangladesh.
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