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Abstract

Khulna District in southwestern Bangladesh faces increasing vulnerability to various environmental challenges,
including urban expansion, deforestation, land degradation, and climate change. Although remote sensing data is
available, there is a lack of integrated frameworks to comprehensively assess and zone the region’s
environmental conditions. This study addresses this gap by developing a stress map of Khulna District,
combining multi-spectral remote sensing indices into a composite index using GIS and Principal Component
Analysis (PCA). The indices used represent critical environmental factors such as vegetation health (NDVI, EVI,
SAVI), urbanization (NDBI), surface water (NDWI), soil conditions (BSI), and land surface temperature (LST).
These indices are normalized to a common scale and analyzed through PCA to reduce dimensionality and extract
key components. These components are then integrated in a GIS environment to produce a spatially explicit
environmental index. The final composite index identifies zones of ecological stress, highlighting areas affected
by urban expansion, vegetation loss, and decreasing surface water. The results offer valuable insights for
environmental zoning, aiding in data-driven planning, climate adaptation, and sustainable land-use management
in Khulna and similar deltaic regions. This approach provides an effective tool for understanding and mitigating
environmental degradation in vulnerable coastal zones.
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1. Introduction

Over time, urban development has significantly altered demographics, social dynamics, economic structures, and
cultural norms. Rapid urban expansion has led to changes in the biophysical composition of urban areas, largely
driven by temperature anomalies from climate change. These shifting land surface temperature (LST) patterns
disrupt the connection between the natural environment and urban ecosystems, damaging biological systems and
critical environmental components (Miah et al., 2024). As urbanization accelerates, it contributes to soil
degradation, water scarcity, and increased pollution, further exacerbating the region’s environmental challenges.
These challenges make the whole Bangladeshi coastline extremely vulnerable to many risks and disasters.
Coastal cities and towns are projected to face an increase in hazard-induced environmental concerns due to the
rapid rate of urbanization and changes in climatic events. Consequently, it's critical to identify ecologically
vulnerable areas. for designing disaster risk reduction strategies and enhancing urban resilience (Haque et al.,
2022). The lack of integrated tools to assess these cumulative effects hinders effective management and
mitigation efforts. This study aims to fill that gap by developing a comprehensive environmental zoning
framework using remote sensing indices.

2. Study Area
According to the census in 2022, Khulna District has a population density of 595 persons per kmz2, covering

4,389.11 km? and having 2.61 million people in 670,861 households. With 40.83% of its population living in
cities, the district is surrounded by Jessore, Narail, Bagerhat, Satkhira, and the Bay of Bengal.
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Figure 1: Study Area
Table 1: Description of the datasets used in this study
Date Acquired Path Row Sensor Spatial Resolution
2024/04/01 138 044 Landsat 8 OLI 30m
2024/04/01 138 043 Landsat 8 OLI 30m
2024/04/26 137 044 Landsat 8 OLI 30m
2024/04/26 137 045 Landsat 8 OLI 30m

The USGS Earth Explorer was used to collect satellite imagery for four scenes (Paths 137-138, Rows 043-045)
that the Landsat 8 OLI sensor took in April 2024. High-quality data necessary for additional analysis is ensured
by each image's 30-meter spatial resolution and less than 5% cloud cover. These scenes were chosen in order to
facilitate environmental monitoring and the generation of remote sensing indices. The dataset's constant temporal
and spatial properties increase its accuracy for precise geospatial assessments.

3. Methods and Analysis
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Figure 2: Methodological Flow Chart

This flowchart outlines each step of this study, which begins by preprocessing 2024 Landsat 8 images, including
geometric, radiometric, and raster merging corrections. From the corrected bands, a humber of vegetation and
water indices are eventually computed. Principal Component Analysis (PCA), which integrates these
components to provide effective policy-making roadmaps, is the last stage of the study.
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Table 2: Ecological Index List Used in Studies
Index Equation References
Normalized difference vegetation NDV| = R-RED (Miah et al., 2024)
index NIR+RED
Normalized difference water NDW| = iR (Miah et al., 2024)
index Green+NIR
Normalized difference built-up NDB| = RV (Miah et al., 2024)
index SWIR+NIE
Enhanced Vegetation Index EV] = G « (NIR-RED) (Dutta et al., 2015)
(NIR+CLl=RED — C2+Blue +L)
Soil-adjusted vegetation index SAVI = (1 + L) » 2822 (Miah et al., 2024)
NIR+RED+ I
Bare soil index BS| = (RED+SWIR)—(NIR+Blue) (Miah et al., 2024)

" (RED+SWIR)+(NIR+Blue)

To explore the relationships among the parameters used in this study, correlation analysis was applied after they
had been normalized. The following are the equations used in this research for parameter normalization:

Positive = —2_2min_ )

s — Amin

Negative = AA”’L'A )

s — Amin

where A, and Ay, represent the highest and lowest values, respectively, and A represents the actual value.

The relationship between LST and other ecological variables can be uncovered using the Pearson correlation
Matrix. It is commonly agreed that regional changes in urban thermal conditions and geophysical indices greatly
influence LST (Miah et al., 2024).
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Figure 3: Correlation Matrix

The relationships between the seven environmental indices—NDVI, NDWI, NDBI, BSI, EVI, LST, and SAVI—
are graphically depicted in this lower-triangular correlation matrix. Notably, the built-up index (NDBI) and the
bare soil index (BSI) show notable negative correlations with the vegetation-related indices NDVI, SAVI, and
EVI. This suggests that a higher level of vegetation cover is generally linked to a lower presence of urban or bare
land. similarly, LST (Land Surface Temperature) has a negative correlation with vegetation indices, particularly
NDVI and SAVI, but a positive correlation with NDBI and BSI. This suggests that while vegetated areas
decrease surface temperatures, urban and barren areas raise them. While NDWI (water index) has moderately
adverse connections with both NDVI and vegetation indices, most likely reflecting complicated land-water
dynamics, the high positive intercorrelations among NDVI, SAVI, and EVI support their consistency in
representing vegetative traits
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Figure 4: Land Cover Index and LST

Principal Component Analysis (PCA) is a multivariate statistical method used to examine the complex
relationship between the ecological and environmental variables by performing a linear transformation on the
original data. Additionally, PCA uses the Singular Value Decomposition (SVD) algorithm to reduce the
dimensionality of the data matrix and separate the dominant data's information (Sathyaseelan et al., 2023).

KMO and Bartlett's Test

Kaiser-Meyer-Olkin Measure of Sampling Adeguacy. T18
Bartlett's Test of Approx. Chi-Square 166.979
Sphericity df 21

Sig. .00o

Figure 5: KMO and Bartlett’s test

The Kaiser-Meyer-Olkin (KMOQO) and Bartlett's Test results indicate the dataset's suitability for Principal
Component Analysis (PCA). Because values above 0.7 are regarded as appropriate for doing PCA, the KMO
value of 0.718 indicates a good degree of sampling adequacy. Additionally, the correlation matrix is not an
identity matrix, according to the extremely significant results of Bartlett's Test of Sphericity (y> = 166.979, df =
21, p < 0.001). This indicates that the variables have significant relationships with one another, which supports
the use of PCA to extract latent patterns from the input indices and reduce dimensionality.

Scree Plot
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Figure 6: Scree Plot
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The Scree Plot illustrates an "elbow" around Component 2 after the eigenvalues drop sharply from the first to the
second component and then gradually level out. This suggests that the first two components account for the
majority of the variance. Only the first two components should be kept, as per the Kaiser Criterion (eigenvalues
> 1), reflecting their analytical significance in describing the structure of the dataset.

4, Result

Table 3: Index Value

Upazila PC1 PC2 Weight Index Value (Sum 1.5)
Batiaghata 0.091  0.877 1.3
Dacope 0.069  0.334 Explained 1.44
Dighalia 0.394 1.165 Variance for PC1 2.09
Dumuria 0.250  0.797 (W1) =.64 1.89
KCC 0.705  2.098 44
Koyra 0391  0.333 Explained 135
Paikgachha  2.302  0.737  Variance for PC2 24
Phultala 0.496  0.928 (W2) =29 2.09
Rupsha 0.627  0.350 1.8
Terokhada 1.477 0.301 2.36
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Figure 7: Stress map of Khulna District

The environmental stress analysis of the Khulna District creates a vivid account of the manner in which it is
being developed (or stressed) by the urbanization process, climate change and the steadily decreasing green
cover. The research splits the district into five stresses zones which include very high, high, moderate, low and
very low and each zone presents a clear picture of ecological health. Therefore, according to the map (Figure 7),
it appears as a roadmap to environmental distress, central and northern Khulna are feeling the heat, literally.
These regions are being strongly struck with extreme city development, reduced green cover and surging land
surface temperatures (LST). Consider Koyra and Paikgachha and take urban sprawl and soil degradation to be
two concepts in affection.

But it's not all doom and gloom. The more peripheral and the southern parts become chillier and areas like
Terokhada are far healthier. There is more water, the environment looks healthier with more trees and it is
breathing easier. It is the thing that vegetation and water bodies contribute huge amounts to maintaining the
ecological temperature at a low level (literally).
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The Principal Component Analysis (Figure 5) indicates the various locations which are conspicuous in reference
to the degree of stress, the initial and second components explaining 93% variance. Other places such as
Terokhada (2.36) appear to be experiencing a slight bit more pressure of the environment than others do such as
Koyra (1.35), so it is easy to see that some areas are more exposed to hazard than others are.

Into the correlation number (Figure 3), the correlations are quite obvious: the greater the vegetation (NDVI,
SAVI, EVI), the colder, the more urbanization (NDBI) and bare soil (BSI) the more, the hotter. It's a rather
simple formula, in nature the things are cooler, and in the city the warm-bloodedness is heated up.

These results constitute a wake up call to Khulna. The increasing rate of urban sprawl and climate changes are
putting the environment in overheat, and we must intervene. The stress map and all the number crunching
provide the policy makers with a good idea where things are weakest so that they can make wiser choices in
matters relating to the land use, the urban planning, and a climate adaptation strategy. It is a picture of the
present, and it is an outline to better sustainable future.

5. Conclusion

The findings of the research show that environmental stress is increasing throughout Khulna District, mostly due
to rising land surface temperatures, decreased surface water, vegetation loss, and fast urbanization. While
southern regions remain relatively stable due to improved ecological balance, the central and northern regions are
especially vulnerable. Future land use decisions, environmental preservation initiatives, and climate adaptation
initiatives will be significantly helped by these insights. Authorities can prioritize efforts in the most impacted
areas by using the stress zones identified to drive local and regional policy. In the end, this study offers a solid
scientific basis for creating resilient development pathways and sustainable urban planning strategies for Khulna
and other coastal areas.
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