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Abstract

The southwestern coastal region of Bangladesh experienced severe environmental disruption due to Cyclone ‘Remal’-
induced storm surges, intensifying salinity stress in soil and freshwater systems. The study provides a post-cyclone evalu-
ation of salinization in Sarankhola combining field and laboratory data, geospatial analysis, multivariate analysis, and
indices obtained through satellite analyses to measure the extent and spatial variability of the salinity effect. Water quality
analysis showed extensive saline intrusion, with average electrical conductivity of 3,273 pS/cm and peak values reaching
10,021 pS/em, accompanied by elevated chloride (CI°, 4250 mg/l) and Total Dissolved Solids (TDS, 6500 mg/1); 13 times
higher than WHO’s guideline. Salinity in the soils was widespread, and the average EC was 3,481 puS/cm, with a maxi-
mum of 8,486 uS/cm. The disruption of biogeochemical processes was evident from excessive nutrient enrichment, as
soil nitrogen (N) and phosphorus (P) concentrations reached 599 mg/kg and 936 mg/kg, respectively. Principal component
analysis (PCA) showed salinity parameters (EC, TDS, Na*, Cl") explained 83.7% of water variance, while soil salinity
and nutrients accounted for 70.8% of variance. Satellite-based indicators derived from Sentinel-2 imagery, including the
Normalized Difference Vegetation Index (NDVI), Normalized Difference Salinity Index (NDSI), and Soil Salinity Index
(SI-ASTER), revealed vegetation loss of 104 km?, a 50% expansion of high-salinity water zones, and a 17.6% rise in
very highly saline soils. The results demonstrate that cyclone-induced storm surges act as a reinforcing mechanism for
salinity persistence rather than transient disturbances, providing spatially explicit insights to support coastal management,
embankment planning, disaster preparedness, and climate adaptation in vulnerable deltaic regions.
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Introduction severely degrade freshwater resources and agricultural
land. Soil and water salinization are two major problems

Coastal lands around the world are confronted with the chal-  in the coastal regions of Bangladesh. Excessive water and

lenge of low-lying land being exposed to both storm surges
and saltwater intrusion due to tropical cyclones. Bangla-
desh’s vast, low-lying terrain and long coastline make it vul-
nerable to severe storm surges caused by cyclones. Storm
surges carrying salty coastal water into low-lying habitats
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soil salinization result in serious long-term environmental
issues in coastal and deltaic locations, notably in heavily
populated tropical deltas. Increased soil salinity hinders
plant and crop growth, exacerbates soil sterility, and leads
to poor seed germination (Mukherjee and Siddique 2022).
Salinity adversely affects other income-generating activi-
ties such as pottery by rendering saline clay unsuitable for
ceramics (Saha 2017). Salinized water also introduces toxic
ions, severely impacting households that rely on freshwater
ponds for irrigation and fishing (Mukherjee and Siddique
2022). Understanding the impacts of cyclones on saliniza-
tion is crucial for mitigating adverse effects on livelihoods
and ecosystems in Bangladesh. Bangladesh’s coastal regions
are vulnerable to various natural hazards because of their
nearly leveled terrain and strategic location at the mouth
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of the “funnel-shaped” Bay of Bengal (Baten et al. 2015).
The devastation caused by Cyclone ‘Remal,” which struck
Bangladesh in May 2024, underscores the vulnerability of
these regions. Cyclone ‘Remal’ caused storm surges that
destroyed freshwater and agricultural resources, collapsed
embankments, and flooded large areas, forcing thousands
of people to leave their homes (Bangladesh Meteorological
Department 2024; IFRC 2024; Hossen et al. 2025). Storm
surges triggered by Cyclone ‘Remal’ severely destroyed the
sanitation infrastructure and water sources in the impacted
districts (IFRC 2024; Hossen et al. 2025). Sundarbans, the
largest mangrove forest in the world, suffered significant
damage to its flora and fauna, adding to the long-term eco-
logical strain. Cyclone ‘Remal’ caused Tk 722.17 crore in
losses to Khulna’s shrimp sector, and its long-term conse-
quences on soil, water quality, and livelihoods are still unre-
solved and require further study (Hossain 2024). In recent
research, similar trends of topography and water salinization
in the post-cyclonic aftermaths of major cyclones in Ban-
gladesh, including Sidr and Amphan, have been reported,
showing that their effects are long-term on crop and fresh-
water productions (Hoque et al. 2016; Akhter et al. 2024).
These results align with the trends found in this study, and
hence there is a need to include spatially explicit assessment
and mitigation analysis. However, despite various studies
conducted to explore the effects of cyclones and related
water and soil salinization processes, there is still no detailed
spatial study combining remote sensing and geographic
information systems (GIS) to measure the changes in soil
and water salinities in the aftermath of significant cyclone
events. Furthermore, available literature is relatively rarely
able to evaluate the effectiveness of post-cyclone mitigation
response measures, which constitutes a significant gap in the
understanding of long-term resilience processes. The speci-
fied gaps limit the ability to create specific interventions to
support the coastal areas in Bangladesh, hence making this
study necessary and timely. The research aims to assess the
impact of storm surges caused by Cyclone ‘Remal’ on soil
and water salinization and evaluate the subsequent effects
on agriculture and freshwater resources in a coastal region
of Bangladesh. It seeks to develop spatial maps to assess
salinization levels in soil and water post-cyclones and to
identify mitigation strategies to evaluate their effectiveness
in reducing the impacts of salinization in the study area. To
address long-term effects, this study will use remote sens-
ing, field sampling, and GIS analysis to gather longitudinal
data, ensuring a thorough evaluation of salinization trends
over time. Besides the research gap on the effectiveness of
the existing mitigation strategies in reducing soil and water
salinization after cyclone strikes, one of the hypotheses of
this research is that the effective role of storm surges induced
by Cyclone ‘Remal’ resulted in the severe salinization of the
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soil and water, causing a decline in the agricultural produc-
tivity and freshwater supply of the post-cyclone coasts. In
contrast to the previous cyclone salinity studies on major
cyclones such as SIDR, AILA, AMPHAN, and YAAS,
which concentrated on either field sampling or remote sens-
ing indices, the current study employs a hybrid approach
that combines Sentinel-2—derived salinity and vegetation
indices (NDVI, NDSI and SI-ASTER), GIS-based spatial
analysis, and empirically calibrated EC measurements. The
above integration across multiple disciplines enables high-
resolution mapping and strict validation of salinity distribu-
tions, making it affordable to undertake a more thorough
evaluation of the processes of cyclone-induced salinization
and its resulting ecological impacts. Unlike previous stud-
ies, the study also evaluates the effectiveness of mitigation
interventions after cyclones by putting salinization paths in
relation to agricultural production and the accessibility of
freshwater resources. Such contributions provide practical
information applicable to resilience planning for vulnerable
coastal communities.

Materials & methods
Study area

Sarankhola Upazila, a sub-district of Bagerhat district in
Bangladesh, is the study area (between 22°13°-22°24° N
and 89°46°-89°54° E). This area was largely devastated
by severe cyclone ‘Remal’ (on 26 May 2024), also devel-
oped as the most expensive tropical cyclone recorded in
Bangladesh for May 2024. It was the first cyclonic storm
and depression of the North Indian Ocean cyclone season
of 2024. At the southernmost point of the Bagerhat dis-
trict, four unions make up Sarankhola Upazila. Located
on the banks of the Baleshwar River and in the foothills
of the Sundarbans, near the mouth of the Bay of Bengal,
this coastal upazila is highly vulnerable to cyclones. The
Baleshwar and Bhola rivers’ influence causes the study
area to be open to the sea and susceptible to wave and
river activity, even though there are mangroves border-
ing some of its southern boundary (Nadiruzzaman and
Paul 2013).

In addition, there are a lot of natural and physical
resources in the area that are susceptible to harm from storm
surges, flooding, and severe winds (Hoque et al. 2016). As
this study has been conducted based on both qualitative and
quantitative analysis, the detailed map of the study is given
here. The field study was conducted in Sarankhola Upazi-
la’s four unions, shown in Fig. 1(b). The whole Sarankhola
Upazila has been studied for the Remote Sensing method,
shown in Fig. 1(a).
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Fig.1 Study area, Sarankhola Upazila under Bagerhat district in Bangladesh (a) Sarankhola Upazila & (b) four inter-coastal Unions of Sarankhola

Upazila

Cyclone ‘Remal’

The most recent severe storm, ‘Remal’ (pronounced Re-Mal),
struck Bangladesh and West Bengal in May 2024. It was a
tropical storm of moderate intensity and fatality. The Bangla-
desh Meteorological Department reports that on the evening
of May 25, it evolved from a deep depression into a cyclone.
The Oman word for ‘sand’ is where the term ‘Remal’ origi-
nated (The Indian Express 2024). On the evening of May 25,
it strengthened from a deep depression into a cyclone (Ban-
gladesh Meteorological Department 2024). At 8:30 p.m. on
May 26, the cyclone made landfall as a strong storm on Sagar
Island in the Sundarbans Delta of West Bengal (Fig. 2).

Soil and water sampling

Soil and water samples were collected between the 8th and
12th of October, 2024 at the four unions. This timeframe was

chosen to measure salinity levels after the monsoon when
cyclone-induced salt intrusion most likely persists. Water
samples were collected in 20% nitric acid-equipped bottles
soaked overnight and then rinsed with deionized water to
avoid contamination. Sample bottles were sealed right after
collection to avoid exposure to air.

In order to be reliable and representative, a combina-
tion of three subsamples collected within a 5-meter radius
on each soil and water sampling point and later homog-
enized to create a composite sample was used. The pH,
EC, and TDS were measured in situ in duplicate using a
calibrated multiparameter meter (Hanna HI98194). The
calibration of the instruments was performed before every
sampling session. Quality assurance measures included
the repeated measurement of 10% of samples, addition of
reagent blanks, and testing with standard solutions to con-
firm accuracy of instruments. The determination of sodium
(Na"), chloride (CI), and bicarbonate (HCOs") was done
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Fig.2 Cyclone ‘Remal’ (2024) trajectory and affected areas

in the laboratory according to the protocols of the Depart-
ment of Public Health and Engineering (DPHE), including
duplicates and calibration standards to maintain the ana-
lytical precision.

Twelve soil samples were collected from riverbanks,
ponds, and agricultural fields across four unions of Sarank-
hola Upazila (Dhansagar, Khantakata, Rayenda, and South-
khali) using a hand auger at a depth of 10-15 cm. The
soil multi-sensor (One-Stop loT Provider) was standard-
ized for calibration and cleaning, after which in situ soil
analyses were conducted for soil pH, EC, total nitrogen
(N), potassium (K), and phosphorus (P). Samples were then
sent to the Geochemistry Laboratory of ESE, JKKNIU,
where the samples were kept in dry, clean, and cool places.
The sample size (12 soil samples and 12 water samples) is
quite small; nevertheless, it was established by the small
geographical scope of the research area and the available
resources. Systematic sampling was used to achieve spatial
representativeness by using consistent intervals, as is done
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in other studies of cyclone impacts. Table 1 shows the loca-
tions and land use data for the soil samples, whereas Table
2. shows the data for the water samples, and the spatial map
of the collection sites is shown in Fig. 3 below.

Table 1 Water sampling points with GPS coordinates

Union Sampling ID Geographical location
Latitude Longitude
Dhansagar WS-1 22.339 89.792
WS-2 22.349 89.769
WS-3 22.379 89.807
Khantakata WS-4 22.348 89.871
WS-5 22.364 89.855
WS-6 22.329 89.834
Rayenda WS-7 22.305 89.799
WS-8 22.322 89.856
WS-9 22.271 89.831
Southkhali WS-10 22.257 89.829
WS-11 22.233 89.811
WS-12 22.272 89.808




Arabian Journal of Geosciences

(2026) 19:120

Page 5 of 23

120

Table 2 Soil sampling points with GPS coordinates

The HCOs™ concentration was calculated as

Union Sampling ID Geographical location
Latitude Longitude
Dhansagar SS-1 22.339 89.792 HCO; +HCl HgCOg + Cl-
SS-2 22.349 89.769
SS-3 22.379 89.807
Khantakata SS-4 22348 89.871 HyCOs Hy0 + CO;
SS-5 22.364 89.855
SS-6 22.329 89.834
Rayenda SS-7 22.305 89.799 v g
X
SS-8 22.307 89.852 S[HCO*} _ YHCI HCI
$S-9 22.271 89.831 3 Vsample
Southkhali SS-10 22.257 89.829
SS-11 22.233 89.811
SS-12 22.272 89.808

Soil and water sample analysis

chloride (AgCl). The reaction follows:

Agt +Cl™ AgCl

Standard procedures were used to analyze the main chemi-

cal components of soil and water and their quality aspects.

Parameters such as soil temperature, pH, EC, N, P, and K were

measured with a soil multi-sensor. Excel and SPSS were used

CI” concentration was calculated as

Vagno, X Sagno,

Sici-] =

to analyze the data for correlation checks and visualization.
ArcGIS was used to create spatial distribution maps.

After collecting, water samples were taken to the central
laboratories of the Department of Public Health Engineer-
ing to test the CI” and HCO3". Titrimetric analysis was used
to measure the bicarbonate and Cl™ concentrations of the

water samples.

Fig. 3 Spatial map of sampling

VSample

HCOs™ concentration was determined via titration using
0.1 N hydrochloric acid (HCI). The reaction follows:

CI" concentration was measured via titration with 0.1 N sil-
ver nitrate (AgNOs), forming a white precipitate of silver

The concentration of Na® was determined using flame
atomic absorption spectroscopy (AAS) at 589.0 nm. Stan-
dard calibration was performed using Na* solutions of 1
mg/l, 5 mg/l, and 10 mg/l. Turbid samples were filtered

before analysis. Absorbance was measured and converted
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into Na* concentration using the calibration curve. The final
Na" concentration was calculated as.

Na*Concentration(mg/l)
= Measured Concentration
x Diluted Factor

Statistical analysis

Using IBM SPSS 25, the findings of the soil and water sam-
ples were analyzed using Pearson’s correlation coefficient.
By considering the covariance and the standard variations
within the two data sets, Pearson’s correlation coefficient,
a linear correlation model, generates a value, r. This is the
formula for calculating the standard Pearson’s Correlation:

L E@ D1
VE @ -2 Sy - )’

Unless otherwise indicated, Microsoft Excel 19 was used
for most of the calculations.

Principal component analysis (PCA)

Principal Component Analysis (PCA) was used as a tech-
nique of dimensional reduction, as well as to determine
the most influential factors in water and soil quality in the
cyclone-affected region. PCA is a multivariate method used
to reduce the number of variables in a certain dataset into a
smaller collection of components that are uncorrelated, yet
they maintain most of the variance within their dataset.

To ensure the comparison of the measurements, all vari-
ables were standardized (mean=0, standard deviation=1).
This analysis was based on the correlation, and the com-
ponents whose eigenvalues exceeded one were kept as
stipulated by the Kaiser criterion (Ahamad et al. 2020). The
suitability of the number of components was also supported
through the Scree test. To implement the PCA, R (Version:
2025.09.2+418) was used, and the resulting component
structure was shown in biplots showing the variable load-
ing and sample clustering. In the case of the water samples,
the variables that were used included pH, EC, TDS, HCOs™,
CI, and Na", and for soil samples, the variables included
pH, EC, temperature, N, P and K.

The Principal Component Scores (PCS) are derived from
a normalized data matrix Z of dimensions N x n, with each

Table 3 Information of satellite image datasets

row representing an individual case i and each column cor-
responding to a variable j. Each entry z;; denotes a value
for a physical or derived variable.

Each observation z;; can be represented as

Zz’j = Z:n:1 fim Amj

Where:

f,, = score of observation i on component m.

ap; = loading of component m on variable j.

r=number of retained components (<n).

The standardized data matrix Z (with n variables and N
observations) can be expressed as:

Z =FA"

Where:
F= matrix of PC scores.
A= matrix of loadings.

Satellite data analysis

Sentinel-2 imagery (10 m resolution) acquired from the
Copernicus Open Access Hub was used to assess pre- and
post-cyclone conditions. To ensure a precise representation
of salinity intrusion and terrain changes brought on by the
cyclone, these images were chosen based on surge condi-
tions, proximity to the cyclone event, and the cloud cover.
Two images (May 16 and June 7, 2024) were selected based
on minimal cloud cover (Table 3).

The images were prepared using tools from ArcMap
10.8. The study area’s shapefile was taken from Bangla-
desh’s administrative map. The shapefile and composite
picture were transformed into the same projection system,
UTM ZONE WGS 1984.

NDVI calculation & image classification

NDVI measures vegetation health using near-infrared (NIR)
and visible red (R) reflectance:

NIR — RED
NDVI = ————
v NIR + RED

For Sentinel-2, the formula looks like this:

B8 - B4

NDVI = 52781

SINo Satellite Instrument  Image type Processing Level ~ Acquisition Date  Spatial Resolution (m)  Cloud Coverage (%)
01 Sentinel-2  MSI Multi-spectral  Level 2 A 16 May, 2024 10 15.008
02 Sentinel-2  MSI Multi-spectral ~ Level 2 A 7 June, 2024 10 16.63
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Here, B8 =Near Infrared light; B4 =Visible Red light. NDVI
values help classify land cover types (as shown in Table 4).

NDSTI calculation & image classification identifies soil
salinity using Red and NIR bands:

RED — NIR

NDSl = ————
S RED + NIR

For Sentinel-2, the formula looks like this:

B4 — B8

NDSI= 5753

Here, B4=Visible Red Light; B8 =Near Infrared Red. NDSI
ranges are used to classify soil salinity levels (as shown in
Table 5).

SI_ASTER calculation & image classification

The SI_ASTER index, originally developed with ASTER
imagery, was later adapted for use with Sentinel-2 to take
advantage of its higher spatial resolution (10-20 m) and
frequent revisit period, features that are important when
monitoring post-cyclones in small areas of coastline. Senti-
nel-2 also provides Short-Wave Infrared (SWIR) and Near-
Infrared (NIR) spectral bands, namely Band 11 (SWIR) and
Band 8 (NIR), which have spectral features that are simi-
lar to ASTER, and thus allow effective application of the
SI ASTER formalism.

SI ASTER (Soil Salinity Index) utilizes ASTER bands
sensitive to soil salt content:

The formula used to determine the Study Area’s SI
ASTER is as follows:

SWIR; — SWIRg»
SWIR; + SWIR,

SI_ASTER =

Table 4 NDVI values

Class NDVI values
Water/Snow/Cloud -1-0
Barren Land/Built-up/Rock -0.2
Vegetation 0.2-1

Source: (Alex et al. 2017)

Table 5 Feature classes according to NDSI ranges

For Sentinel-2, the formula looks like this:

B11 — B12

NDSI = ——
S B11 4 B12

Here, B11=Shortwave Infrared (SWIR,); B12=Shortwave
Infrared (SWIR,).

The classifications of salinity in soil and water were
based on the existing standards and previous studies about
salinity on the coast (Hoque et al. 2016; Mukherjee and
Siddique 2022; Akter et al. 2025). In the case of soil, the
EC values less than 4 dS/m were considered as non-saline,
4 to 8 dS/m as moderately saline, and 8 dS/m and above
as highly saline. In the case of water, EC values less than
2 dS/m were considered fresh, values between 2 and 4
dS/m as slightly saline, and values beyond 4 S/m as highly
saline. This was used to apply these thresholds to remote-
sensing-obtained salinity indices (SI_ASTER, NDSI) and
compare them to in-situ EC measurements collected in the
field through field sampling (as shown in Table 6). Since in
this research the conductivities were first measured in uS/
cm, they were then converted to dS/m to allow some con-
sistency with the accepted classification limits. The valida-
tion was done by comparing the classified salinity zones
with ground EC readings that showed good concordance,
therefore establishing the reliability of the classification
methodology.

Area calculation

The reclassify tool in ArcMap 10.8 was used to carry out
the reclassification. The following formula was used to get
the feature area because the resolution of the image was 10
pixels; thus, the cell size was 10 m:

Feature Area = {{10 x 10 x (Count)} + (1000 x 1000)} sq.km

This methodological framework generated accurate and
reliable results in evaluating soil and water quality attri-
butes. It enables spatial assessment of the salinity distribu-
tion and changes in vegetation cover after cyclone ‘Remal,’
which provided critical information regarding its induced
salinization (as shown in Fig. 4).

Table 6 Feature classes according to SI ASTER ranges

Class NDSI Ranges Class NDSI Ranges
No Salinity <0 Non-Saline <-1.0-0.1
Very Low Salinity 0-0.2 Slightly Saline 0.1-0.3

Low Salinity 0.2-04 Moderately Saline 0.3-0.5
Moderate Salinity 0.4-0.6 Highly Saline 0.5-0.7

High Salinity >0.6 Very Highly Saline >0.7

Source: (Gerardo and De Lima 2022)

Source: (Gerardo and De Lima 2022)
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Fig.4 Materials and methods
flowchart of the study
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Result
Water salinization

Water salinity is influenced by various dissolved salts pres-
ent in water. The dissolved salts cause salinity, resulting
from natural processes like seawater encroachment due
to cyclonic storm surges (Ashrafuzzaman et al. 2022). To
assess water salinity, water samples were tested for param-
eters contributing to salinity and compared with standard
values. Key physicochemical parameters include pH, EC,
TDS, temperature, Cl-, HCOs~, Na*, etc. The salinity of the
water measurements from Supplementary Table 1 has been
summarized here to make it clear. On the whole, the ECs
of the soil were in the range of 306 to 10,021 uS/cm of the
soil, with more than 60% of the samples being found to be
moderate to highly saline. The water TDS ranges were in
the range of 170 to 6,500 ppm, which indicated high intru-
sion of salinity in infested water. In the worst affected loca-
tions, Na* was detected up to 5,040 mg/l and CI" up to 4,000
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mg/l, which is way beyond the WHO and ECR regulations.
The results of the spatial analysis indicated that Southkhali
and Khantakata were the most important salinity hotspots,
with relatively lower values observed in Dhansagar. The full
datasets are presented in Supplementary Table 1.

Physicochemical parameters
pH

pH measures the hydrogen ion concentration, indicat-
ing water’s acidity or alkalinity. The optimal pH range for
drinking water is 6.5-8.5 (ECR, 2023 and WHO). Our study
found that 58% of the samples were within this range (Fig.
5). Some samples were slightly acidic, with the lowest pH
recorded at 6.31. The average pH was 6.73, which is 3.8%
lower than the lower WHO limit of 6.5, and 42% of the sam-
ples fell outside the recommended range.

Water with a pH of less than 6.5 can damage aquatic
ecosystems, lower crop yields, and impact drinking water
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Fig.5 A line chart of pH values
of water samples with optimum
pH

7.51
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quality (Miah et al. 2024). The pH of water found in the
study area was almost in the optimum range except for 5
samples. The possible causes of the mild acidity (pH<6.5)
could be organic matter breakdown, seawater intrusion, or
acidic substances introduced by post-cyclone run-off.

TDS

The total concentration of dissolved ions (metals, salts, and
minerals) in water is measured by TDS, expressed in mg/l
or ppm. High TDS affects water taste and influences aquatic
organisms’ health and spawning conditions. Figure 6 shows
a spatial map of the study area with TDS values found at
each sampling point. According to the map, it is clear that
the red marking zone governing WS-11 (6200 mg/l) and
WS-12 (6500 mg/l) has a very high concentration of TDS
available. The highest TDS concentration (6,500 mg/l) was
13 times greater than the recommendation of the World
Health Organization (WHO) (500 mg/l); the overall mean
TDS concentration (1,984.6 mg/l) was 297% above the
limit. The average TDS was 1,984.6 mg/l, indicating saline
intrusion in some areas, particularly in Southkhali Union, as
shown by the red marking zone on the spatial map. Accord-
ing to a study that examined Landsat 8 imagery from 2014
to 2018, there was a notable increase in salinity levels after
cyclones, with a 28.9% decrease in water areas with TDS
levels between 100 and 600 mg/l and a 32.7% increase in
places with TDS levels above 1200 mg/l (Ferdous et al.
2019). There are no major industrial sources in the study
area, so the range of TDS values in some samples with high
levels is probably due to soil erosion, organic matter break-
down, and seawater intrusion, not industrial activity. High
TDS reduces crop yield by increasing osmotic stress and
makes water unsuitable for freshwater fish breeding (Das-
gupta et al. 2015).
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Fig. 6 Spatial map for TDS (mg/l) availability of water in study area

EC

The amount of dissolved salts in water is known as salin-
ity, and it is commonly measured in parts per thousand
(ppt) or EC in puS/cm. The concentration of dissolved ions
determines conductivity; higher salt concentrations result in
higher conductivity, which indicates salinity level. Figure 7
shows the overall spatial changes in water salinity. WS-12
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Fig. 7 Spatial map for water EC (us/cm) availability in study area

had the highest EC of 10,021 uS/cm, whereas WS-11,
WS-4, and WS-5 also had notable values.

The average EC of 3273 uS/cm was recorded, highlight-
ing severe salinity in Southkhali and parts of Khontakata.
This amount represents a 118% increase compared to the
safe irrigation threshold (1,500 uS/cm). High salinity sig-
nificantly impacts crops, soil quality, and drinking water,
creating water scarcity. A study of surface water salinity
during 2001-2005 and 2006-2010 revealed that cyclones
Sidr (2007) and Aila (2009) increased surface water salin-
ity (EC>1,500 uS/cm) in southwestern coastal Bangladesh,
moving the freshwater contour 11-28 km northward and
4-22 km eastward (Haq et al. 2024). High EC impacts crop
growth by inducing osmotic stress, reducing water uptake,
and degrading soil structure, while also harming freshwater
fish spawning (Tsai et al. 2024). Increased salinity is indi-
cated by elevated EC values in Southkhali and Khontakata,
most likely due to their proximity to the shore rather than
industrial activity, as no industrial zone has been found.

HCO;™ concentration
HCOs™ concentration can impact water alkalinity and soil

sodicity. A few samples (WS-2, WS-4, WS-10, WS-11,
and WS-12) exceeded WHO guidelines (Fig. 8). High
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Fig.8 Spatial map for HCOs™ (mg/) availability of water in study area

HCO:s™ levels are probably caused by saltwater intrusion as
a contributing factor. Saltwater brings dissolved salts when
intrudes into freshwater sources. It contains HCOs™, although
its concentration is lower than that of Cl”~ or Na*. The com-
plex reaction between freshwater and saltwater might be the
reason behind the increasing concentration of HCOs™. If the
highly concentrated HCOs~ water is used for irrigation pur-
poses, it can lead to soil sodicity, which means the presence of
a high proportion of Na* ions. According to research evaluat-
ing the water quality of coastal rivers, 67% of sampling sites
had HCOs™ concentrations above acceptable levels through-
out the pre-monsoon and post-monsoon seasons (Uddin et al.
2024). As agricultural activities have been detected in Khon-
takata, increased HCOs™ levels may be the consequence of
fertilizer and irrigation use; in Southkhali, however, they are
most likely the consequence of seawater intrusion, the break-
down of carbonate minerals, and decreased freshwater inflow.

CI' concentration

Most water bodies naturally contain Cl™ ions, one of the main
anions in salt water, which are produced when rocks and soil
minerals dissolve. The elevated concentration of C1” represented
in Fig. 9 suggests that the water samples from WS-4, WS-5,
WS-6, WS-10, WS-11, and WS-12 have high concentrations of
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Fig.9 Spatial map for Cl- (mg/l) availability of water in study area

CI', with WS-12 recording 4250 mg/1. The average value of the
CI concentration of Sarankhola Upazila is 1212.83 mg/l, which
is around six times greater than the standard value. WS-12 CI’
concentration (4,250 mg/1) was 7 times higher than the WHO
limit (600 mg/1). The reason behind this high CI” concentration
might be saltwater, as there is no industrial activity found in
that area that causes this salinity. Cl~ are abundant in seawater,
usually present at concentrations of 19,000 mg/l, which is sig-
nificantly higher than that of freshwater. According to a study,
groundwater salinity is still high eight years after a storm surge,
especially in low-lying locations, which impacts both surface
and drinking water sources (Tsai et al. 2024). The increased CI°
levels are likely caused by tidal effects and seawater intrusion
rather than industrial effluents because there are no industrial
sources present.

Na* concentration

Both fresh and saltwater frequently include Na" ions, which
are very soluble. In saline water sources, they are among the
primary cations. With maximum concentrations of 5040 mg/1
and 4700 mg/l in Southkhali union, WS-4, WS-5, WS-6,
WS-7, WS-10, WS-11, and WS-12 surpass standard limits
(Fig. 10). Na" levels in WS-12 (5,040 mg/1) exceeded the stan-
dard by 10 times. The average value found is also significantly

higher than the standard value. This indicates that salinity has
an impact on water sources. Elevated salt levels harm crops,
deteriorate soil quality, and are harmful to health, especially
for those who have high blood pressure. According to a study,
cyclone impacts caused a significant shift in salinity profiles,
with pre-monsoon salt levels rising from 21.2 ppt in 2017 to
32.6 ppt in 2021. Cyclones like Fani, Bulbul, Amphan, and
Yaas were blamed for the seawater intrusion that led to the
rising salinity trend (Chowdhury et al. 2023).

Soil salinization

It is essential to analyze some of the soil parameters, includ-
ing EC, N, P, K, and pH, to evaluate soil quality and nutrient
availability, measure the salinity extent and status, and iden-
tify the potential impacts of salinity on agriculture (Khanam
et al. 2020). Low atmospheric pressure causes storm surges
that allow saltwater intrusion, which degrades soil quality.
The soil samples were tested for the parameters that imply
the soil salinity and compared with the standard values to
evaluate the extent. The detailed soil quality measurements
of Supplementary Table 2 have been summarized here to
make them clear. The EC of the soil was between 647 and
8486 nS/cm, and Southkhali had the highest salinity level,
which was highly above the standards of SRDI (20004000
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puS/cm). The mean soil EC was recorded to be 3480.67 uS/
cm as a mean of all the sites, which reflected that there was
general salinity stress. The pH of the soil was found to be
between 6.11 and 7.10, and the majority of the samples were
slightly below the optimum level (6.5 to 7.5). There was
a significant discrepancy in nutrient concentrations; N, P,
and K were found in the ranges of 48-599 mg/kg, 64—936
mg/kg, and 118-1622 mg/kg, respectively, with the most
extreme values occurring in Southkhali. Such results high-
light intense salinity encroachment and imbalance of nutri-
ents in regions that are impacted by the cyclone. The full
datasets are presented in Supplementary Table 2.

Soil pH

Soil can be categorized into three main classes depending
on pH: acidic soil (pH<6.5), normal soil (pH 6.5-7.8), and
alkaline soil (pH>7.8) (Kadam 2016). While six sampling
stations (SS-2, SS-3, SS-6, SS-9, SS-10, and SS-11) were
within the ideal range, six others showed acidic conditions.
For the majority of agricultural activities, a pH of 6.5 is
suitable. According to the spatial map (Fig. 11), the most
acidic areas are SS-2, SS-6, and SS-10, which are situated
in Dhansagar, Khontakata, and Southkhali Union. The fact

89°45'20"E 89°4T'20"E 89°49'20"E
s s " L " L 1 "

_ Soil pH

89°51'20"E 89°53'20"E

22°23'20"N
|
L]
|
22°23'20"N

g

22°21°20"N
n L

T T T
22°21°20"N

22°19'20"N
[ ]
22°19'20"N

- & 2z
£ £
=) e
& ~
1 ~
r -
o o
e $S-12 889 o
[ ] ®
i - Legend Mz
8 ; &
in '“ P Acidic Fin
- | -
8 ] [ slightly Acidic 8
“ . ! Moderate
Z L] | Near Neutral rz
=) ! o
~ [ Neutral N
™7 wd
5 Sarankhola Y
J0 07515 3 45 6 3 . L
= Kil s ® Sampling Points N
89°45'20"E 89°4T'20"E 89°49'20"E 89°51'20"E 89°53'20"E
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that different places have different pH values emphasizes
how saltwater intrusion affects soil acidity.

Soil salinity (EC)

The EC of soil determines how well it conducts electricity.
EC is a key indicator of soil nutrient availability and fertil-
ity. The EC shouldn’t be too high, like most other things
in the soil, because too many nutrients, particularly Na*
and Mg, can harm soil health. Soil EC should therefore be
between 110 and 570 mS/m (Kamran et al. 2024), whereas
the study area exhibits elevated EC values. In Southkhali
Union, SS-10 had the highest EC (8486 uS/cm), while SS-8
had the lowest (647 uS/cm). Southkhali’s soil EC (8,486
uS/cm) was 2.4 times higher than SRDI’s upper limit (3,500
puS/cm). Although the average EC (3480 uS/cm) indicates a
modest salinity throughout the region, there are a few places
where the salinity is higher than what is acceptable for plant
growth. The most salinized area on the spatial map (Fig. 12)
is SS-10, which is associated with tidal waves and storm
surges that introduce dissolved salts into the soil. Reduced
agricultural productivity and drought stress result from high
EC, which interferes with plants’ ability to absorb water
(Dasgupta et al. 2015).
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From the spatial map (Fig. 13), it is observable that 67% of
the sampling points are highly abundant with N, and only
one sampling point has N deficiency, which is only 48 mg/
kg. The majority of the sampling locations—especially
SS-10, SS-11, and SS-12 in Southkhali—show high levels
of N, making them unsuitable for agriculture. This excess
of N can be related to the breakdown of organic matter,
domestic wastewater, and restricted plant uptake because of
saltwater. Elevated N levels further hinder plant growth by
exacerbating osmotic imbalance and salt stress.

P

The ideal range of P availability is between 150 and 200 mg/
kg, with SS-10 having the highest content (936 mg/kg) and
SS-8 having the lowest (50 mg/kg). P in SS-10 (936 mg/kg)
was 4.6 times higher than the optimum range (150-200 mg/
kg). There might be multiple reasons for P abundance, one
of which is agricultural runoff and sediment deposition from
rivers. Spatial analysis confirms the high P enrichment of
SS-10 and SS-11, potentially leading to nutrient imbalances
and disrupting microbial activity. Mycorrhizal fungi help
accumulate nutrients from the soil, but high salinity can
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Fig. 13 Spatial map for soil N (mg/kg) availability in study area

stress these fungi, preventing them from assisting in P accu-
mulation and thereby disrupting P availability for plants (as
shown in Fig. 14).

K

The majority of sampling sites have noticeably elevated
K levels, with SS-10 having the highest value (1622 mg/
kg). A high abundance of K might hamper other nutrient
availability. Additionally excess K causes clogged pore
space in soil, which retards water infiltration and leads to
water logging. Almost 90% of the sampling points have
high concentrations of K. Only one sample is in an opti-
mum range, which is SS-8. SS-10 has the most abundance,
which is 1622 mg/kg. The lowest among the ranges is 275
mg/kg, which was found in SS-9. K buildup is probably
influenced by the intrusion of seawater and the breakdown
of mangrove plants. High salinity and excess K exacerbate
osmotic stress, reducing plant water intake and interfer-
ing with enzyme function. Declining soil health negatively
impacts agriculture, as indicated by elevated EC, acidic pH,
and high NPK levels. According to a spatial study, the most
affected area is the Southkhali Union, especially SS-10. We
need adaptive agricultural techniques and sustainable soil
management to address these issues (as shown in Fig. 15).
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Principal component analysis (PCA) However, the Sundarbans’ greenery suffered severe damage in

return. The overall NDVI change and increase in water bod-
To identify the dominant factors influencing the water and  ies provide insight into the changes. NDVI, a remote sensing
soil quality, PCA was performed on the datasets. The water ~ method that uses visible and near-infrared (NIR) reflectance to

Fig. 16 PCA biplots for water (2) PCA Biplot of Water Samples by Location (b) PCA Biplot of Soil Samples by Location
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PCA biplot of water samples, (b)
PCA biplot of soil samples

PC1 PC1

Table 7 PCA loadings and variance for water parameters
EC PC1 PC2 PC3 PC4 PC5 PC6

0.44 0.13 0.07 —0.55 —0.45 —0.52
TDS 0.44 0.16 0.12 —0.31 —0.07 0.82
pH -0.3 091 -0.28 —0.06 —0.01 0.01
Na* 0.43 0.26 0.25 0.76 —0.33 —-0.06
HCOs~ 0.38 -0.14 -0.91 0.14 0.01 0.01
ClI 0.44 0.2 0.15 —-0.03 0.83 —0.24
Variance (%) 83.74 10.3 5.68 0.27 0.01 0
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Table 8 PCA loadings and variance for soil parameters

Temperature PC1 PC2 PC3 PC4 PC5 PC6
—0.24 0.66 —0.7 —0.02 0.07 —0.05
EC 0.47 —0.04 -0.21 —0.36 0.31 0.71
pH —0.22 —-0.74 —0.62 —0.04 —-0.07 —0.06
N 0.46 —0.03 —0.2 0.86 0.09 0.03
P 0.47 0.08 —0.15 —0.2 —0.83 —0.1
K 0.48 —-0.03 —-0.09 -0.3 0.44 —0.69
Variance (%) 70.79 15.55 11.75 1.41 0.4 0.1

estimate vegetation health, showed significant variations. In  between vegetation and non-vegetation. To categorize bar-
contrast to lower values, which denote sparse vegetation orbar- ~ ren terrain, settlement, infrastructure, and water separated
ren land, high NDVT levels represent dense, healthy vegetation.  from the land, the primary criteria were object brightness,

The classified image before and after the cyclone indi-  area, length, length/width ratio, and mean of red and NIR
cates slight changes. In Fig. 17, it is visible that the water ~ bands (Islam et al. 2023). In this study, a very helpful tool
bodies have increased slightly while decreasing the veg-  for classification was the mean of red and NIR bands.
etation area. As most of the vegetation is situated in the  According to the findings (Fig. 18), sparse vegetation
Sharankhola range of Sundarbans, it can be said that  decreased from 201 square kilometers to 159 square kilo-
Cyclone Remal’s wind gusts gravely damaged the study  meters (decreased by 22%), resulting in a loss of 104 square
area’s vegetation state. The NDVI algorithm successfully  kilometers of vegetation. The cyclone’s effects particularly
distinguished between dense and sparse vegetation and  impacted deep vegetation areas, causing the most damage.

NDVI Classified image before cyclone NDVI Classified image after cyclone
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Fig. 17 Study site Sarankhola Upazila showing pre- and post-cyclone images acquired on 16 May 2024 and 07 June 2024, respectively, with the
used NDVI classification schemes
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Fig. 18 Net Changes of veg-
etation in Sharankhola due to
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The cyclone’s increased water covering and decreased veg-
etation also resulted in the loss of wildlife habitat. The arid
area was submerged by heavy rainfall and high tides, and
water features, such as rivers and canals, grew from 21 to 24
square kilometers (increased by 14%).

At the same time, grassland and shrubs decreased from
90 to 78 square kilometers, while bare ground grew from
97 to 103 square kilometers. Figures 17 and 18 represent
the results of vegetation change identification that was per-
formed before and after Cyclone ‘Remal,” which is why sig-
nificantly deforested lands and the corresponding increase
of water masses are evidenced.

NDSI

Even though traditional techniques like laboratory tests and
field surveys can produce precise mapping of soil salinity, they
are labor-intensive, expensive, and time-consuming, particu-
larly for large-scale surveys. A possible method for determining
soil salinity and, eventually, creating EC maps is multispectral
instrument (MSI) images (Xu et al. 2020; Gerardo and De
Lima 2022). The most sensitive bands to the ions in the soil
that induce salinity are the Red and NIR bands, which are used
to determine NDSI (Konukcu et al. 2006; Nguyen et al. 2020).

An effective substitute for mapping soil salinity is NDSI,
which is obtained from Sentinel-2 images and uses the red
and NIR bands to identify areas that are impacted by salt as
shown, in Fig. 19. Pre- and post-cyclone comparisons reveal
a move toward higher salt levels, with high NDSI values
signifying increased salinity.

High-salinity regions increased from 10 to 15 square
kilometers (expanded by 50%) after Cyclone ‘Remal,’
whereas non-saline areas decreased from 59 to 25 square
kilometers (shrank by 58%) (Fig. 20). Significant saltwa-
ter intrusion brought on by the storm surge is indicated by
the growth of high-salinity areas and the decrease of low-
salinity zones. The cyclone’s effect on soil degradation is

@ Springer

-30 -20 -10 0
Area (Sq. km)

highlighted by the rise in moderate and high saline levels
that followed. Figures 19 and 20 illustrate salinity before
and after Cyclone ‘Remal’ by using the NDSI to summa-
rize net changes. The resulting maps show an extension of
the high-salinity areas alongside a contraction of non-saline
ones in the post-Cyclone ‘Remal’ period.

Soil salinity index (SI_ASTER)

Soil salinity levels can be efficiently distinguished using the
Soil Salinity Index (SI_ ASTER), which is based on short-
wave infrared (SWIR) bands. The Salinity Index ASTER has
been used in many investigations with data from Sentinel-2,
Landsat-ETM+, and Aster satellites. It can be applied to dif-
ferentiate between various soil salinity levels (Sun et al. 2021).
ASTER _SI values that are close to —1 signify low salinity of
the soil (Azabdaftari and Sunar 2016; Shukurov 2020).

Five classifications of salinity were established by Sentinel-
2-based analysis: non-saline, slightly saline, moderately saline,
highly saline, and very highly saline. An overall observation of
the salinity index shows that the region’s salinity has increased
due to the cyclone; places that were previously less affected
after the cyclone have moderate to extremely high salinity.

High-salinity areas significantly increased after the
cyclone, while non-saline land decreased from 13 to 10
square kilometers (decreased by 23.1%), and very high
salinity areas increased from 74 to 87 square kilometers
(expanding by 17.6%) (Fig. 22). Low-salinity areas were
transformed into highly salinized areas by the storm surge
brought on by the cyclone, which allowed saltwater intru-
sion. These graphics enable additional research on the
cyclone’s effects on agriculture and freshwater availability
by illustrating how it affected the salinity of the soil and
water. Figures 21 and 22 show salinity maps based on the
SI ASTER algorithm of the pre- and post-cyclone periods,
which in turn highlights a spatial redistribution of the high
classes of salinity.
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NDSI Classified image before cyclone
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Fig. 19 Study site Sarankhola Upazila showing pre- and post-cyclone images acquired on 16 May 2024 and 07 June 2024, respectively, with the

used NDSI classification schemes

Fig. 20 Net changes of salinity
in Sharankhola due to Cyclone
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Fig. 22 Net changes of Salinity
Index (ASTER) in Sharankhola
due to Cyclone ‘Remal’
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Fig. 21 Study site Sarankhola Upazila showing pre- and post-cyclone images acquired on 16 May 2024 and 07 June 2024, respectively, with the

used SI_ ASTER classification schemes

Discussion

This study tries to demonstrate Cyclone ‘Remal’ induced
salinization across waterbodies and soils in a coastal region
of Bagerhat (Sarankhola) with the highest EC/TDS and
major ions (Na*, CI") concentrated in Southkhali. The com-
bination of point-based chemical measurements (pH, EC,

@ Springer

TDS, HCOs™, Na*, CI-, NPK), multivariate statistical analy-
sis (PCA), and the indexes generated by Sentinel-2 (NDVI,
NDSI, SI _ASTER) generated complementary evidence
where field measurements were used to define the extent
and compositional range of salinity and nutrients, and satel-
lite indices were used to estimate the spatial distribution and
temporal change after the event. These mixed methods study
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explicitly address the limitations that were observed in pre-
vious studies that did not employ integrated spatial analysis
and systematic evaluation of the effects of mitigation (Haq
et al. 2024). The rationale of using salinity indices such as
the SWIR-based SI ASTER and red-NIR/SWIR combina-
tions to map the salinity of the soil in agriculture contexts
and deltaic areas is based on previous evidence of the sen-
sitivity of SWIR bands to salt minerals and the usefulness
of these indices to map soil salinity (Gerardo and De Lima
2022; Geopera 2024). The patterns of salinity post-cyclone
that we observed (sharp peaks of EC/TDS, an increase in
high-salinity areas by approximately 17.6%, and a decrease
in non-salty areas by approximately 23.1%) are in line with
the multi-decadal patterns of salinity in the coastal delta
of Bangladesh. The freshwater-brackish boundary in the
moribund delta north of the Sundarbans shifts northwards
(along the dry season) by about 20—40 km, and cataclys-
mic surges of salinity are associated with inconsistency in
upstream discharge and intermittence in cyclones; recovery
is enhanced in reaches with greater flushing of rivers (Haq
et al. 2024). Numerical and field studies suggest that storm-
surge overtopping, or breaches, can readily salinize ponds
and shallow groundwater, with sediment salt ‘memory’
potentially maintaining elevated salinity for months to years
unless prompt remediation occurs (Tsai et al. 2024). Outside
Bangladesh, post-cyclone Amphan occurred in 2020 and
Bulbul occurred in 2019 results were reports of NDVI/EVI
degradation and NDSI increase and barren land growth,
trends that our NDVI drop and salinity index growth fol-
lowed (Jaman et al. 2019; Prakash et al. 2023). Stress of
mangroves and canopy increase related to shoreline change
and salinity increase in the Sundarbans is also observed by
multi-year geospatial analysis and supports the generality of
our findings (Islam et al. 2015). The extreme post-cyclone
shifts in soil N and P (especially in Southkhali) are probably
due to the interaction of hydrological and biogeochemical
processes; storm-surge seawater intrusion and waterlog-
ging decrease plant uptake and oxygen in the root zone and
change the decomposition to anaerobic pathways that break
down organic N and P more quickly than plants can, thereby
accumulating nutrients in soils (Sultan et al. 2023). Agricul-
tural residues and fertilizers deposited during floods become
trapped in depressions and low-permeability layers; dimin-
ished drainage and reduced leaching transpire in saline con-
ditions, which further promote local enrichment (Feist et al.
2023; Shapna et al. 2024). Active transport in roots is inhib-
ited at high EC by ionic competition and osmotic stress to
create nutrient imbalances (e.g., high K interferes with Ca/
Mg uptake) and instead leads to the accumulation of avail-
able N and P in soil solution instead of biomass (Sultan et
al. 2023). All concur with case studies on Bangladesh that
link cyclones to transient salinity elevations (most evident

with early monsoon landfalls) and alterations in nutrients
through the inundation mechanism (Haq et al. 2024; Rah-
man et al. 2025). High EC (up to approximately 10000 uS/
cm), CI™ (>4000 mg/l), and Na™ (>4700-5000 mg/l) make
irrigation water inappropriate and lead to osmotic stress
and yield reduction, especially in the coastal belt (rice and
vegetables). Quantitative estimates indicate that climate-
driven salinity changes could reduce regional income due
to increased salinity levels in coastal Bangladesh, particu-
larly affecting high-yield rice crops. Regional income losses
are estimated to decrease by 15.6% in subdistricts with a
soil EC of >4 dSm™ (soil EC) when adaptation measures
are implemented (Dasgupta et al. 2014, 2015). In the case
of freshwater fisheries, the surges leading to high EC and
CI” increase levels negatively affect the spawning, larval
survival, and pond ecology (field observations and models
of ponds and shallow aquifers are always salinized). Policy
syntheses indicate that rainwater harvesting, sluice/embank-
ment management, and freshwater injection (e.g., Managed
Aquifer Recharge) are viable solutions for securing aqua-
culture and agriculture, which our spatial maps can support
(Scheltinga et al. 2024; Shapna et al. 2024).

The salinity sustainability history is dual-phase. Storm-
surge events result in swift elevations (in EC/TDS) and
a decline in vegetation health (reduction in NDVI) in the
short term (weeks to months) (Jaman et al. 2019; Prakash
et al. 2023). Long-term persistence (over seasons to years)
depends on the storage of sediment salt and the evapocon-
centration that occurs during the dry season, as well as flush-
ing and recurrent storm surges. The empirical time series
data from coastal Bangladesh indicates seasonal fluctua-
tions of the fresh-brackish boundary, abrupt salinity occur-
rences associated with river flow, and a slower recovery in
stagnant delta regions (Haq et al. 2024). Hydro Geosphere
calculations and on-site observations indicate that, one
year afterwards, salinity levels may remain elevated both
at the surface and within the shallow groundwater unless
early measures are taken to maintain pond remediation and
embankment stability (Tsai et al. 2024). PCA revealed con-
sistent factor structures; in water, PC1 integrated EC, TDS,
Na®, CI, and the salinity-nutrient enrichment axis, whereas
PC2 differentiated pH and temperature. In soil, PC1 inte-
grated EC, K, N, and P, representing a salinity-nutrient
enrichment axis; PC2 differentiated pH and temperature.
These elements describe the co-variation between variables
and explain why Southkhali is associated with all high salin-
ity and NPK. Multivariate factorization has been extensively
used to differentiate environmental factors in waterbodies
and soils, and our PCA serves as a complement to geospatial
indices through dimensionality reduction and latent gradient
identification, elucidating the foundation of the spatial salin-
ity mosaic (Ahamad et al. 2020; Li et al. 2021). Our remote
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sensing selections (NDVI, NDSI, SI ASTER) exemplify
recognized salt/vegetation sensitivity in agricultural and
delta studies (Gerardo and De Lima 2022). The conceptual
links between ecological risk and source apportionment
frameworks in hypothetical and sediment research (identi-
fying contaminated sources and hazards through multivari-
ate methods) demonstrate conceptual similarities (Ahamad
et al. 2020; Li et al. 2021). Experiments on the River Ravi
in Pakistan reveal that physicochemical stresses associated
with water quality, such as metals, adversely affect aquatic
life and may result in systemic concerns, serving as a cau-
tionary comparison for the salinity-induced fishing issues
encountered in coastal Bangladesh (Akhtar and Nawaz
2012; Ahamad et al. 2024a). Geotechnical site characteriza-
tion of soft, saline sediments (e.g., Lake Urmia) is employed
to comprehend the influence of soil properties (compress-
ibility, stratigraphy, permeability) on water-solute transport,
embankment performance, and salt retention, which is per-
tinent to polder integrity and drainage projects in coastal
Bangladesh. Such site investigation protocols (CPTu, ANN-
assisted property estimation, optimal investigation design)
would help enhance the hydro-geotechnical model of surge
infiltration and recovery planning of salinity-prone grounds
(Yang et al. 2019; Akbarimehr et al. 2020; Eslami et al.
2020). According to this finding, several directions can be
suggested in the future. Hydrological-hydrogeological
modeling of surge inundation, salt transport, and sediment
memory, including scenario testing (rapid pond clean-up,
embankment overtopping, controlled aquifer recharge);
recent simulations and field campaigns in Bangladesh (San
Tsai et al. 2020, 2024). Monitoring over long periods, incor-
porating two fortnightly EC/salinity fixed stations during
dry and monsoon seasons, and contrasting them will facili-
tate the seasonal contour migration and recovery difference
between the active and moribund delta reaches (Haq et
al. 2024). Socio-economic impact analyses, such as yield/
income loss estimation during salinity stress of large crops
and fishery productivity effects, combine with the adapta-
tion portfolio (sluice/embankment management, rainwater
harvesting, MAR, and salt-tolerant varieties) found in prac-
titioner reviews (Scheltinga et al. 2024; Shapna et al. 2024).
Cross-hazard risk frameworks, which borrow ecological
risk/source-identification literature to co-assess salinity
and co-stressors (e.g., contaminants), which in combina-
tion influence coastal livelihoods (Li et al. 2021; Ahamad
et al. 2024b). New studies also demonstrate the suitability
of geospatial methods in environmental stressors and risk
assessment, microbial remediation measures against soil
pollutants, and multifaceted frameworks for assessing the
ecological and human health hazards of toxicants (Ahamad
et al. 2024b; Ashraf et al. 2024; Gul et al. 2024), which can
be combined with the salinity-focused adaptation planning
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in coastal systems. To parameterize permeability/compress-
ibility and embankment integrity in hydro-geotechnical
models to enhance the design of drainage upgrades in saline
and soft sediments, site-specific geotechnical investigations
(CPTu, lab tests, and property estimation by data) are used
to engineer drainage and levee upgrades (Eslami et al. 2020;
Akbarimehr et al. 2024). The evidence of this study includes
field chemistry, PCA axes of salinity-nutrient co-variation,
and satellite-based salinity/vegetation maps, which all favor
location-specific adaptation. Expeditious post-surge pond
remediation, drainage restoration, and embankment rein-
forcement are the primary measures in Southkhali that can
guarantee the long-term prevention of salinization (Feist
et al. 2023; San Tsai et al. 2024). Rainwater harvesting,
salt-resistant crop cycles, and select freshwater discharges
should stabilize production in Khontakata and nearby
regions of moderate salinity (Scheltinga et al. 2024; Shapna
et al. 2024). Since we found a forceful connection between
the NDVI decrease and the NDSI increase in our maps and
in cyclone case studies, the ecosystem-based interventions
(mangrove restoration, green buffers) should be considered
to safeguard soils, alleviate the surge power, and accelerate
the ecological recovery process (Prakash et al. 2023; Islam
etal. 2023).

Limitations

The study sample was small (12 soil and 12 water sam-
ples), which was intended to respond to spatial variations
across the unions and near-shore-inland differences in an
affected region. Although this method sufficed in identify-
ing patterns, it restricts the extrapolation of patterns on a
site level, which should be understood as an indication and
not a reflection of the large population. Besides, budget-
ary limits restricted the coverage of the sampling density
and the possibility of repeated seasonal field campaigns.
Nevertheless, we partially overcame a limitation posed by
a small sample size by using a systematic sampling design
to cover important spatial variability. The research effort
constituted a singular post-event study; recurrent seasonal
sampling would more effectively characterize recovery
trajectories and dry season evapoconcentration (Haq et
al. 2024). Development of remote sensing applications
will be advanced in the future by calibration of satellite-
derived dry seasons against locally measured ground truth
(e.g., EC in dS m™) to enhance the precision of operation.
Even though this calibration was supposed to be done, pre-
cyclone ground truth data were not available in this study
area, so this limited its application in the current work.
Despite these shortcomings, the research provides useful
information on the processes of post-cyclone salinity and
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proves the effectiveness of using the combination of field
measurement and satellite-based methods to assess the
environment in a short period of time.

Conclusion

After analyzing the primary data, this study concludes
that Cyclone Remal-induced storm surges have caused an
important change in the salinization of soil and water in the
coastal region of Bagerhat (Sarankhola). Most of the water
and soil samples found salinity levels above permissible
limits for both human consumption and agricultural use. In
particular, the findings revealed strong and spatially uneven
salinization with water EC of up to 10,021 uS/cm and soil
EC of up to 8,486 nuS/cm in the most salinized union (South-
khali), and Na* and CI™ levels that were many times higher
than the safe levels. The salinity extremes were associated
with a notable nutrient imbalance, particularly elevated
levels of N and P, and a statistically significant decline in
vegetative health, evidenced by post-cyclone reductions in
NDVI and increases in high-salinity groups in NDSI and
SI_ASTER diagrams. These results show that salinization,
as one of the environmental impacts of a storm surge, is
not only a transient environmental issue but also a long-
lasting threat to the freshwater sources, the soil’s fertility,
and livelihood sustainability in the southwestern region of
the Bangladesh coast. This study further assumes that storm
surges of considerable magnitude will occur often, wors-
ening the already dire situation of soil and water saliniza-
tion in the southwestern coastal arcas of Bangladesh. These
extreme weather events are occurring more frequently due
to climate change, endangering both the availability of
drinking water and viable agriculture. Long-term exposure
to excessive alkalinity and salinity levels might lower crop
yields, worsen soil biogeochemical processes, and threaten
residents’ access to fresh water. Climate change is predicted
to worsen salinization, bringing more frequent and pow-
erful cyclones. Both short-term and long-term adaptation
strategies are required to mitigate these effects. The result
highlights the necessity of integrating salinity risk consid-
erations into coastal land-use planning, embankment design
standards, and climate-resilient water resource management
systems. The study highlights the necessity of integrating
salinity risk considerations into coastal land-use planning,
embankment design standards, and climate-resilient water
resource management systems. These results underscore the
crucial need to integrate the salinity risks induced by storms
into coastal planning and disaster management strategies.
The fact that after storm surge events, it is still observed
that high soil and water salinity levels remain is a sign
that there is the immediate need to enhance the integrity

of embankments and the operation and maintenance of
sluice gate systems, as well as adaptive tidal river man-
agement to minimize frequent saltwater intrusion. Other
disaster preparedness plans should involve the cleanup of
the ponds right after the cyclone, covered freshwater, and
timely damage assessments to sustain drinking water and
food security. The introduction of quick post-event envi-
ronmental analysis, such as satellite-based monitoring of
salinity and vegetation, would facilitate the authority’s giv-
ing precedence to the emergency response in the worst-hit
areas. Promotion of salt-tolerant crop varieties, an adaptive
cropping calendar, and rainwater harvesting can cushion
productivity at the agricultural level. The inclusion of these
measures in national and local policies for adaptation to cli-
mate change will be important in supporting livelihoods in
coastal areas in the event of rising frequencies and intensi-
ties of cyclones that ought to be reinforced by using agricul-
tural extension facilities and inclusion in national climate
adaptation and food security policies. By using structural
interventions, including tidal river management, sluice gate
systems, and enhanced embankments, saltwater intrusion
can be controlled. Non-structural strategies, such as alter-
ing land-use patterns and introducing salt-tolerant crops,
can also enhance resilience in affected areas. To develop
a comprehensive management framework, more thorough
research of cyclone events is required that includes predic-
tive modeling of future storm surge periods and their conse-
quences. In the coastal regions of Bangladesh, the ongoing
salinization of soil and water resources seriously threatens
local livelihoods, food security, and freshwater availability
in the absence of dedicated measures. The combined efforts
of communities, researchers, and government institutions,
along with evidence-based planning, long-term monitor-
ing, and active investment in structural and non-structural
adaptation strategies, will be necessary to address the issue
of saltwater intrusion and introduce resilience to the coastal
areas of Bangladesh in the long term.
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