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ABSTRACT
Bapatla District. Accelerated urbanisation has resulted in widespread
land use/land cover (LULC) changes, disturbing ecological balance
and sustainable development. Remote sensing (RS) and Geographic
Information System (GIS) have been applied in this research for quan-
tifying urban growth trends using Shannon’s Entropy (SE) and the
Landscape Expansion Index (LEI). Multi-temporal satellite imagery
(Sentinel – 2A) from 2016 to 2025 was applied for LULC change map-
ping and assessment of urban sprawl dynamics. Since urban sprawl is
a concept that doesn’t have a single definition accepted worldwide, so
far it has been effectively depicted in terms of its qualitative, quanti-
tative, and attitudinal landscape patterns (Verma and Garg, 2022).
Shannon’s Entropy was utilised in measuring the degree of spatial
disorder of urban growth, distinguishing planned and unstructured
growth. The Landscape Expansion Index (LEI) also distinguished
growth into infill, edge growth, and out-laying and presented evidence
of sprawl mechanisms. Results illustrate high rates of expansion of
urbanized areas, particularly within peri-urban regions, with entropy
values supporting dispersed and fragmented urban growth. LEI anal-
ysis showed the dominance of edge expansion, which was a sign of
encroachment on agriculture and natural habitats. This paper ad-
dresses the urbanisation dynamics of population growth, economic
growth, and infrastructure development but with a specific focus on
implications in terms of climate resilience, groundwater drawdown,
and land use sustainable planning. The findings present policymakers
with evidence-based inputs for planning and regulation of urban de-
velopment, preventing deterioration of the environment, and ensuring
equitable regional development in the Bapatla District.
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1. Introduction

Urbanisation is one among the most important
human-induced changes of the 21st century., in fact,
revolutionising environments and ecosystems globally
(United Nations, 2018). Urban expansion, defined by
the transformation of natural and agricultural envi-
ronments into urbanised land, has become especially
acute in developing areas undergoing rapid economic
development (Seto et al., 2012). In India, where ur-
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banisation is taking place at a record rate, coastal ar-
eas such as Andhra Pradesh have special challenges
due to their ecological vulnerability and agricultural
significance (Bhagat, 2018). Bapatla District, which
lies on the Bay of Bengal, is a case in point as it is
rapidly urbanising while still playing an important
role in local food production (Census of India).

The analysis of urban growth patterns has be-
come increasingly relevant in modern geography
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research because it has far-reaching implications for
sustainable development (Grimm et al., 2008). Re-
mote sensing has transformed our capability to track
and analyse these trends, giving us spatially explicit
information at many temporal scales (Gong et al.,
2013). This technological innovation has enabled re-
searchers to develop advanced metrics for measuring
urban expansion, including Shannon’s entropy and
the Landscape Expansion Index (LEI), which have
proved to be very useful tools (Yeh and Li, 2001; Liu
et al., 2010). These complementary measures present
different yet interrelated views on urban expansion,
with Shannon’s entropy quantifying the level of spa-
tial dispersion and LEI identifying particular growth
types (Bhatta, 2012). This study focuses on Delhi, a
capital city of India and one of the fastest urbaniz-
ing metropolises in the world. The authors develop
a replicable method through which they measure the
changes in urban landscape over the thirteen years
(1998, 2011) period (Sharma and Joshi, 2013).

The environmental impacts of uncontrolled urban
growth are extensively reported in scientific literature
(Foley et al., 2005). Land conversion from agriculture
to urban land puts regional food security at risk, and
the loss of natural cover and water bodies disturbs vi-
tal ecosystem functions (Grimm et al., 2008). Coastal
areas such as Bapatla have an added burden due to
sea-level rise and higher storm intensity, worsened by
poorly planned urbanisation (Nicholls and Cazenave,
2010). In addition, urban growth modifies regional
microclimates by the urban heat island effect and
alters hydrological regimes through elevated imper-
vious cover (Imhoff et al., 2010). These interactions
reinforce the importance of integrating extensive spa-
tial analysis in designing sustainable cities.

Shannon’s entropy has been extensively used to
measure the spatial structure of urban expansion
(Yeh and Li, 2001). Its potential to differentiate
between dense and fragmented development patterns
also makes it a very useful metric for measuring ur-
ban sprawl (Bhatta, 2012). It is effective in various
Indian cities, such as Hyderabad (Lata et al., 2001),
Ajmer (Jat et al., 2008), and Mysore (Aithal et al.,
2012). These applications demonstrate that entropy
analysis can yield important information about the
efficiency of land use and the success of urban plan-
ning policies (Barman et al., 2024). Further research
still makes use of Shannon’s entropy in various urban
settings, attesting to its versatility as an analytical
tool (Dereli et al., 2017; Kumar et al., 2007).

Although Shannon’s entropy provides useful in-
sight into the global spatial pattern of urban expan-
sion, the Landscape Expansion Index is capable of
complementing this by segregating certain expansion
types (Liu et al., 2010). Having a three-class system
- infilling, edge expansion, and outlying growth - fa-
cilitates a more detailed interpretation of urban pro-
cess development (Yin et al., 2011). Infilling is the
most effective land use pattern, taking place within
already existing urban limits, whereas edge expansion
and outlying growth generally point towards more
widespread land consumption (Liu et al., 2010). The
simultaneous use of these indicators has been highly
effective in research on Indian cities, giving a holistic
idea about urban expansion patterns.

The convergence of GIS and remote sensing tech-
nologies has now become central to urban develop-
ment analysis (Sudhira et al., 2004). These technolo-
gies allow scholars to process large spatial datasets
effectively, allowing for multi-temporal comparisons
and trend analysis (Bhatta, 2012). Improved ac-
cess to high-resolution satellite imagery, for exam-
ple, Sentinel-2 data, utilised in this research, has
tremendously improved our ability to track urban ex-
pansion with higher precision (Maxwell et al., 2018).
This technical innovation enables more enlightened
decision-making in urban management and planning
(Gong et al., 2012).

Bapatla District is a strong case study because it
uniquely combines coastal vulnerability with agricul-
tural significance (CGWB, 2024). The urban sprawl
of the district takes place amidst competing uses of
land where fertile agricultural land interfaces with ex-
panding urban needs (Dewan and Yamaguchi, 2009).
This tension generates intricate planning issues that
need to be analysed carefully regarding spatial pat-
terns and growth processes (Angel et al., 2011). In
addition, the coastal location of the district intro-
duces an additional complexity, as urban develop-
ment needs to take into account climate change effects
and ecosystem conservation (Nicholls and Cazenave,
2010).

The purpose of this research is to contribute to
the knowledge of urban growth in Bapatla District us-
ing Shannon’s entropy and LEI analysis. The study
aims to: (1) measure the spatial patterns of urban
expansion in terms of multi-temporal remote sensing
images, (2) define the modes of expansion by LEI
classification, and (3) explain the implications of sus-
tainable urban planning. The results will contribute
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strongly to policymakers faced with the challenge of
rapid urbanisation in coastal Andhra Pradesh (Jaba-
reen, 2006).

The approach is a blend of supervised Sentinel-
2 image classification and spatial metric analysis to
generate an all-embracing urban growth dynamics
evaluation (Maxwell et al., 2018). The technique
draws from established remote sensing and urban
analysis techniques and refines them for application
in the context of the Bapatla District (Herold et al.,
2003). The temporal framework of the research
(2016–2025) encompasses current urbanisation pat-
terns, yielding real-time data useful for planning pur-
poses (United Nations, 2018).

The relevance of this study goes beyond scholarly
interest to respond to actual planning requirements
in a fast-urbanising area (Taubenböck et al., 2012).
Quantifying urban expansion patterns and determin-
ing the growth type are evidence-based tools for land
use planning and growth management (Zhang and
Su, 2016). The findings can guide policies that fa-
cilitate compact urban development, conserve agri-
cultural land, and maintain coastal environments
(IPCC, 2021). In addition, the developed method-
ological framework has the potential to be applied in
other such regions under similar urbanisation issues
(Seto et al., 2012). This research aims to contribute
useful information that can be used to further sus-
tainable and resilient urban development in the Bap-
atla District.

2. Study area

The study area (Fig. 1), Bapatla City, is in the
Bapatla District of Andhra Pradesh, India, between
80°27’0”E to 80°30’0”E longitude and 15°54’0”N lat-
itude. The coastal town is along the Bay of Bengal,
thus in a dynamic and ecologically sensitive area. The
Bapatla geology comprises alluvial deposits, typical
of deltaic plains that formed due to the Krishna and
Godavari river systems. The fertile soils support large
agricultural activities but are also prone to erosion as
well as saltwater intrusion by increasing sea levels
associated with climate change. The area’s geomor-
phology comprises flat coastal plains with sporadic
bodies of water, including lagoons and estuaries that
play a vital role in sustaining the hydrological balance
within the area.

Fig. 1. Location map of the Study area.

Bapatla has a tropical monsoon climate with high
rainfall during the southwest monsoon months (June–
September) and scattered cyclonic disturbances. The
exaggeration of weather extremes through climate
change has led to unpredictable rainfall, extended
drought, and enhanced risk of flooding. The expected
intensity of the monsoon has increased, and the scales
of rainfall above 200 mm for peak months, along with
extended dry periods, are complicating water man-
agement and sustainability in agriculture. Its coastal
position also enhances storm surge and sea-level rise
sensitivity and endangers both human and natural
environments.

It is a commercial and administrative centres that
draws infrastructure and property investment. How-
ever, indiscriminate urbanization has put resources
available to stress, hence the depletion of ground-
water, degradation of green cover, and overpressure
on amenities available. The population is comprised
of urban and peri-urban dwellers whose livelihood is
halfway between agriculture and fishing, trade and
services. Securing the twofold challenge of climatic
resilience and urban sprawl will be essential to mak-
ing Bapatla grow sustainably and reconciling growth
with the protection of the environment and fair allo-
cation of resources.
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3. Methodology

3.1. Data Acquisition and Pre-processing
1. Remote Sensing Data: Obtain multi-temporal

satellite imagery over the period of the study
(Sentinel-2).

2. Geometric Correction: Carry out geometric
correction of the satellite imagery to remove
distortions and provide accurate spatial refer-
encing.

3. Image Enhancement: Apply image enhance-
ment methods (band combinations) to enhance
the visual interpretability of urban features.

3.2. Land Use/Land Cover (LULC) Classification
Carry out supervised classification to separate the

land surface into various LULC categories, especially
targeting the identification of urban zones. Estab-
lish distinct classification schemes of concern in ur-
ban sprawl studies (built-up areas, agriculture, water
bodies, vegetation and salt pans).

3.3. Urban Expansion using Shannon’s Entropy
Compute Shannon’s entropy (H) for every time

period to quantify the spatial dispersion or concen-
tration of urban land use.

The equation is: H =
∑n

i=1Pi1n(Pi)
Where:

• n is the number of zones (e.g., grid cells) within
the study area.

• Pi is the proportion of urban land use in zone
i.

3.4. Measurement of Landscape Expansion Index
(LEI)

Compute the Landscape Expansion Index (LEI)
to determine the nature of urban expansion that has
taken place between two time intervals.

The formula for a newly urbanized patch is:
LEI = Lc

3P × 100
Where:

• Lc is the length of the common boundary be-
tween the newly developed urban patch and the
existing urban patches.

• P is the perimeter of the newly developed urban
patch.

Examine the spatial pattern and temporal trends
of various urban expansion types throughout Bapatla
District.

4. Result and discussion

4.1. Basic infrastructure of the City

The given map (Fig. 2) of the city of Bapatla
shows major urban features such as amenities, roads,
fringe areas, and settlement patterns. The image ex-
plains four major elements: urban amenities (presum-
ably comprising public services and infrastructure),
the urban road system, the transitional fringe area
between urban and rural regions, and the central ur-
ban settlement. This spatial visualisation implies an
organised urban plan with central services served by
roads, and the inclusion of the fringe area suggests
continuing urban growth. The map is a useful start-
ing point for the examination of urban growth pat-
terns, service provision, and growth processes in Ba-
patla, especially applicable to research on urbanisa-
tion, infrastructure development, or spatial disparity.

4.2. Land use and Land cover

The 2016 Land Use/Land Cover (LULC) map of
Bapatla City (Fig. 3) indicates a rich spatial pattern
characterised by croplands, salt pans, habitations,
vegetation cover, and waterbodies, highlighting the
co-existence of agricultural landscapes with the pre-
cursors of urban expansion pressures. By 2025, the
expected LULC map (Fig. 4) indicates extensive ur-
ban encroachment into agricultural and fringe lands,
with settlements spreading radially from the city cen-
tre, while salt pans remain as economic features, but
vegetation cover reduces, reflecting ecological stress
due to fast-paced urbanisation. Waterbodies, al-
though still existing, are subject to marginal contrac-
tion due to land conversion, reflecting the need for
urgent, balanced urban planning that protects agri-
cultural productivity and coastal ecosystems while
allowing for growth. Collectively, these maps yield
a critical time-series baseline (2016–2025) for eval-
uating the impacts of urbanisation, informing sus-
tainable land management, and developing climate-
resilient policies in this coastal district at risk in
Andhra Pradesh.

Accuracy Assessment

Accuracy assessment of LULC classification (Ta-
ble 1) for Bapatla City (2016 and 2025) was done
using reference points, normally obtained from high-
resolution images. The 2016 classification had
achieved an overall accuracy of 87.7% and a Kappa
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Table 1. Accuracy Assessment and Kappa Coefficient Table for 2016 and 2025 LULC.
LULC Class 2016 User’s Accuracy (%) 2016 Producer’s Accuracy (%) 2025 User’s Accuracy (%) 2025 Producer’s Accuracy (%)
Agriculture 85.0 82.5 87.2 84.0
Salt Pan 90.0 88.0 91.5 89.5
Settlement 88.5 86.0 92.0 90.0
Vegetation 80.0 78.5 83.0 81.0
Waterbody 95.0 94.0 96.0 95.0
Overall 87.7 89.9
Kappa 0.84 0.87

Fig. 2. Basic Infrastructure Bapatla City.

Fig. 3. LULC Bapatla City in 2016.

coefficient of 0.84 showing that the classified map and
reference data were in a very good agreement. For the
year 2025, human settlements increased along with
the urban spread of Bapatla City. This was well re-
flected in the overall accuracy figure, which increased
to 89.9% with a Kappa of 0.87, hence, better repro-
ducibility of classes such as settlement and agriculture
was achieved. Owing to their distinct spectral sig-
natures, waterbody and salt pan classes consistently

Fig. 4. LULC Bapatla City in 2025.

reflected high producers’ and users’ accuracies (above
90%). Settlement class accuracy has risen from 88.5%
(2016) to 92% (2025), which is consistent with the
observed elongated expansion and infilling processes.
Vegetation class showed a lower accuracy of approx-
imately 80–83% due to spectral confusions with the
agricultural fallows. Kappa values > 0.80 indicate
strong classification reliability; values > 0.85 are con-
sidered excellent for change detection studies.
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4.3. Rainfall
The comparative review of Bapatla District’s

rainfall trends over 2016–2025 indicates alarming cli-
mate amplification, with the data for 2016 (Fig. 5) in-
dicating typical monsoon-mediated variability (max
July–September at >150mm) and dry season defi-
ciencies, whereas the 2025 projection suggests in-
creased extremes - monsoon peaks likely to exceed
200mm and extended droughts (Fig. 6) (November–
March with <50mm). This enhancement of the bi-
modal pattern shows climatic change impacts along
India’s eastern seaboard, where the Bay of Bengal
forcing now produces higher intensity flooding haz-
ards and prolonged periods of water deficit that risk
groundwater recharge and rabi crops. The rainfall
highlights the imperative need for holistic water man-
agement plans that integrate upgraded flood control
features, rainwater collection systems, and climate-
resilient farming practices to meet the district’s twin
challenges of water surplus.

Fig. 5. Rainfall of Bapatla City in 2016.

Fig. 6. Rainfall of Bapatla City in 2025.

4.4. Water Bodies
The 2016 baseline indicates water bodies spread

throughout both urban and fringe areas (Fig. 7),

forming their first connection with settlement pat-
terns, while the 2025 projection (Fig. 8) illustrates
how these water features continue to exist in the face
of urban growth, although possibly under more strain
from development. These cartographic mappings as
a whole collectively present vital information on the
trajectory of urban growth, exposing how water re-
sources shape - and are shaped by - urban spatial
processes, especially in the transitional fringe regions
that bridge the urban core and rural hinterland. The
maps are crucial for evaluating urban-water ecosys-
tem interactions, sustainable growth planning, and
hydrological feature conservation, which is critical to
climate resilience in this emerging coastal city.

Fig. 7. Waterbodies of Bapatla City in 2016.

Fig. 8. Waterbodies of Bapatla City in 2025.

4.5. Vegetation

The study of vegetation cover in Bapatla City
between 2016 and 2025 presents alarming urban
ecological degradation trends, wherein the 2016
(Fig. 9) baseline presents fragmented but existing
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green patches spread across the urban core and out-
skirts, as agricultural land and natural buffers, and
the 2025 projection (Fig. 10) presents extensive veg-
etation loss and higher fragmentation, especially on
the urban outskirts due to widespread development.
This nine-year change points to a key decline in
ecosystem services, with the virtual loss of fringe veg-
etation buffers intensifying urban heat island impacts
and undermining the city’s climate resilience. The
contrasting dramatic difference between the two eras
highlights the critical necessity for enforcing strong
urban greening strategies, safeguarding green corri-
dors remaining intact, and mainstreaming nature-
based solutions within the urban planning scheme of
Bapatla to offset the environmental impact of urban-
isation in this susceptible coastal zone. These maps
altogether present conclusive evidence for policymak-
ers to give prime importance to the development of
green infrastructure and land-use planning for sus-
tainability in the growth path of Bapatla.

Fig. 9. Vegetation of Bapatla City in 2016.

Fig. 10. Vegetation of Bapatla City in 2025.

4.6. Shannon’s Entropy

The spatial dynamics of urban growth of Bap-
atla City are empirically examined by Shannon’s En-
tropy measurements on two temporal images (2016
and 2025) to observe significant patterns of urban dis-
persion and directional growth. The entropy map of
2016 (Fig. 11) identifies five major sectors (NW, NE,
KNE, SSE, SE) as having entropy readings between
1 and 493 on a scale, where entropy values are inter-
preted as higher measures of spatial disorder in ur-
banisation. This baseline analysis detects significant
sprawl trends in peripheral areas, most notably in
the southeastern and northwestern regions, where en-
tropy measures above 400 indicate unplanned fringe
growth. The technical label ”Nu0/Se51” indicates
normalised entropy computation parameters, allow-
ing cross-city analysis. Specifically, lower entropy
measures (<200) in central zones reveal compact ur-
ban configuration, whereas in-migration zones (200–
400) indicate the transition between organised core
growth and disordered suburban growth.

By 2025, (Fig. 12) entropy analysis will become
an eight-sector directional model (N, NE, E, SE, S,
SW, W, NW), indicating finer spatial detail in the
growth track. The new map indicates more accel-
erated eastward and south-eastward development, as
represented by stretched-out urban settlement trends
outside the 2016 city limit. The circular buffer zone
measures growth asymmetry, with SE and NE sectors
presenting entropy increases >25% relative to 2016,
validating the Bay of Bengal’s role in coastal urban-
isation. In contrast, the western sectors have rela-
tively stable entropy levels (<15% change), reflecting
topography or policy-led growth containment.

Fig. 11. Shannon’s Entropy in 2016.
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Fig. 12. Shannon’s Entropy in 2025.

The comparative analysis produces three ma-
jor findings

1. Sprawl intensity is associated with transporta-
tion corridors since highest entropy sectors co-
incide with NH216 and coastal highways.

2. Entropy polarization occurs between the dense
administrative core (entropy ~120) and scat-
tered tourism-led coastal developments (en-
tropy ~380).

3. The 2025 sector-based method captures nu-
anced growth directionality lost in the 2016
zonal model, especially north-westward agricul-
tural land conversion. Methodologically, this
transition from five zones to eight sectors show-
cases a better ability to seize radial develop-
ment trends typical for mid-sized Indian cities.

Entropy maps are these valuable decision-aiding
devices which pinpoint respective areas needing the
reinforcement of the growth boundary (SE, NE) as
against spaces amenable to densification (W, NW).
The comparison between 2016–2025 shows that en-
tropy rises 1.8 times more quickly in coastal areas
compared to inland, highlighting the imperative for
climate-resilient spatial planning in exposed eastern
areas. Future research should combine these entropy
values with LULC change data to measure sprawl’s
environmental effects, while the sector-based model
offers a reproducible framework for secondary city ex-
pansion analysis across India’s coastal states.

4.7. Landscape Expansion Index
This map (Fig. 13) illustrates a spatial analysis

of the patterns of urban expansion in Bapatla City,
Andhra Pradesh, employing the Landscape Expan-
sion Index (LEI), a strong measure for defining urban

expansion types. The visualisation spans both the de-
veloped urban core (Bapatla City) and its peripheral
transitional fringe zone.

Edge Expansion: A threshold value of LEI
> 0.5 is applied to classify edge expansion growth,
which prevails in the metropolitan fringe, most no-
tably along the north-eastern and south-western
edges, depicting a radial type of expansion with new
development meeting mature urban areas. This im-
plies a traditional sprawl model in which the city ex-
tends outward from the periphery.

Infilling: Infilling development is classified using
a threshold of LEI = 1, and is mostly seen within the
urban boundary, illustrating densification processes
in which vacant or underutilised parcels are being in-
tegrated into the urban landscape. These areas are
found to be concentrated in the central business dis-
trict and older residential areas, showing urban re-
newal and intensification.

Outlying: Outlying expansion, identified by a
threshold of LEI = 0, takes place mostly in the north
and east peripheral areas, depicting leapfrog growth
where new urban patches are created detached from
the rest of the urban mass. Such development usually
aligns with transport nodes or speculative investment
areas.

A distinct concentric pattern is revealed, with
centre infill growth, edge expansion in between, and
outlying growth in the periphery. The western pe-
riphery indicates greater edge expansion than on the
eastern side, perhaps owing to topographic limita-
tions or policy variations. Outlying developments of-
ten occur around significant road intersections, indi-
cating transportation-led urbanisation. The southern
extension looks more limited, perhaps due to the oc-
currence of water bodies or protected lands.

The temporal implications indicate that Bapatla
is exhibiting a typical Indian secondary city growth
pattern, with early edge expansion predominating,
followed by growing infill as the city matures. The co-
existence of all three expansion types at once signifies
a rapidly changing urban landscape. This map acts
as a foundational resource for Bapatla’s sustainable
urban planning by balancing growth demands with
environmental protection and resource stewardship.
Such future work can be enhanced with the integra-
tion of this LEI analysis with time-series data in order
to forecast growth patterns and with additional layers
indicating environmental constraints and infrastruc-
ture systems.
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Fig. 13. Landscape Expansion Index of Bapatla City.

5. Conclusion

The overall analysis of the urban development,
land use patterns, climatic trends, and spatial dy-
namics of Bapatla City during the period of 2016
to 2025 provides key revelations regarding the chal-
lenges and opportunities of hasty urbanisation in a
coastal area of Andhra Pradesh. It brings into view
the remarkable change in land use and land cover
(LULC), with farm and vegetated lands increasingly
being transformed into urban developments, precipi-
tating ecological pressure and diminished ecosystem
services. The increase in built-up land, especially
through edge expansion and outlying development,
testifies to the trend of sprawl that jeopardises the
sustainability of natural resources such as water bod-
ies and green spaces.

Rainfall forecasts for 2025 indicate increasing cli-
mate extremes, heavier monsoons, and longer dry pe-
riods, aggravating flood hazards and water shortages.
These shifts require immediate adaptation measures,
including enhanced stormwater management, rainwa-
ter harvesting, and climate-resilient agriculture. Veg-
etation cover decline also increases urban heat island
effects, highlighting the importance of green infras-
tructure and urban forestry programs to improve cli-
mate resilience.

Shannon’s Entropy and the Landscape Expansion
Index (LEI) studies offer a fine-grained level of under-
standing about urban sprawl, indicating directional
patterns of growth, most notably toward the south-
eastern and northeastern sides, driven by transporta-

tion networks and sea-level development. The results
highlight strict enforcement of urban growth bound-
aries, encouraging infill development, and protecting
environmentally sensitive areas. Policymakers need
to prioritise integrated land-use planning, balancing
development with environmental conservation to fos-
ter long-term sustainability.

In summary, Bapatla’s urbanisation path mir-
rors wider challenges for secondary cities in India—
accelerated growth, environmental degradation, and
climate vulnerabilities. Overcoming these necessi-
tates a multi-faceted approach, integrating spatial
planning, sustainable infrastructure, and commu-
nity participation. Future studies must model ur-
ban growth scenarios, evaluate socio-economic ef-
fects, and design adaptive governance structures to
promote resilient and inclusive urban development in
Bapatla and other coastal areas.
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