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ABSTRACT

The Pulicat located on the east coast is one of the 17 coastal lagoons of India. It is the second largest brackish water
lagoon of India. The lagoon is rich in biodiversity and supports nearly 50000 populations for their livelihood. The
lagoon faces acute threats by natural and anthropogenic activities in the recent years. The present study is attempted
to quantify the influence of these natural and anthropogenic activities on the lagoon environment. The study is
carried out for a period of 21 years from 2000 to 2021. Land Use/Cover (LULC), Normalized Difference Vegetative
Index (NDVI), Normalized Difference Modified Water Index NDMW!I) and Land Surface Temperature (LST) are
some of the key parameters determined and assessed in the study to indicate the level of degradation of the lagoon
using directional mapping. Prediction of LULC features of the lagoon for the next decade is attempted to understand
the future status of the lagoon based on the past and present scenarios. The outcome of the study is found as
evidence of the various stress factors threatening the sustainability of the lagoon. Assessment of the vulnerability and
adaptation capability of the lagoon environment indicated that the lagoon is inclined more towards vulnerability
than adaptation scenario. The study is attempted with the aid of Remote Sensing, GIS and modeling tools.

Keywords: Land Use/Cover (LULC); Normalized Difference Vegetative Index (NDVI); Normalized Difference
Modified Water Index NDMW1I); Land Surface Temperature (LST); Prediction; Directional mapping; Vulnerability;
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INTRODUCTION active inland fisheries and a large and varied bird population.
Nearly 50000 people and about 52 fishing villages depend on
the fisheries stock of the lagoon [7]. The International Union
for the Conservation of Nature and Natural Resources (IUCN)
declared the Pulicat lagoon system a Ramsar site of international
importance and the World Wide Fund for Nature declared it a
protected area. However the heavy siltation due to natural and
anthropogenic activities has posed challenges to the physical and
biological features of the lagoon [8-11]. Global Nature, a German

Coastal lagoons are one of the most productive ecosystems in
the world providing significant environmental services such as
fisheries, tourism and livelihood for dependent locals. Lagoons
occupy about 13% of the world’s total coastline and encompass
dense human habitation areas [1-5]. Though pressure due to
natural and anthropogenic activities in the lagoon has a long
history, their magnitudes are steep in the recent decades. There
are about 17 coastal lagoons in India of which 9 are in the West
coast and 8 are in the East coast [6]. Pulicat is the second largest
brackish water lagoon in India next to Chilika located in the East
coast. The lagoon is dated to be evolved 6000 years ago due to
Holocene sea level rise from the growth of a coastal sand barrier
across the eastern side which is named as “Barrier Island”. The
lagoon is shallow with large mudflats and sandflats besides fringed
with discontinuous marshes. The two opening of the lagoon to the
Bay of Bengal serve as the main inlets for the inflow of the seawater
into the lagoon that nourish the luxuriant biodiversity (Figurel).

based NGO that deals with protection of environment and
nature has indicated Pulicat Lake as “Threatened Lake of the year
2010” as it is facing an ecological crisis in the form of shrinking
of its area and fish dwindling due to siltation and anthropogenic
activities [12-14]. Numerable studies on the LULC change, lagoon
area dynamics and biodiversity degradation are attempted about
the ecosystem by many researchers. Study on Vulnerability and
adaptation capability of this unique ecosystem is found scarce.
In the present study, the physical environmental changes of the

1 g o i lagoon is assessed using satellite images for the periods 2000,
The lagoon has rich flora and fauna diversity, which supports 2010 and 2021 using Remote Sensing and GIS techniques. To
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assess the changes in the environment of the lagoon, Land Use/
Cover Features (LULC), Normalized Difference Vegetative index
(NDVI), Normalized Modified Water Index NDMWI) and the
changes in the Land Surface Temperature (LST) are determined
using appropriate spectral bands information of LISS IV, Landsat 7
and Landsat 8 images [15]. Prediction of the LULC features of the
lagoon for the next decade is attempted with Land Change Modeler
(LCM). Based on the obtained spatial environmental variations,
the vulnerability and adaptability of the lagoon are determined.
The outcome of the study will serve as an important input to
the conservation and protection of the lagoon besides providing
significant information for policy makers to plan suitable methods
to retrieve the lost ecological richness of the lagoon.

Study Area

Pulicat Lagoon is situated about 60 km north of Chennai city and
is the second largest brackish water lagoon in India. The lagoon
straddles the border of Tamil Nadu and Andhra Pradesh states on
the coromandal coast in South India. About 96% of the lagoon
is in Andhra Pradesh and 4% in Tamil Nadu which includes the
mouth of the lagoon. The northern part of the lagoon is relatively
shallow than the southern part due to high siltation. The lagoon
includes the Pulicat Bird Sanctuary and numerable islands formed
due to siltation. The barrier island of Sriharikota separates the
lake from the Bay of Bengal. Three major rivers that drain into
the lagoon are the Arani River at the southern tip, the Kalangi
River from the northwest and the Swarnamukhi River at the
northern end in addition to few smaller streams (Figurel). Historic
records indicated an average of 461 km? of water spread, which
has shrunk to be about 350 km? in the recent years and is still
shrinking rapidly [16,17]. The geographical location of the lagoon
extends from 80°04’11”E to 80°20’01”E Longitude to 13°25’10"N
to 14°04’21"N Latitude.
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Figure 1: The pulicat lagoon.

Physiography of the pulicat lagoon

The lagoon is aligned north- south parallel to Bay of Bengal. The
lagoon forms an irregular elongated shape with a length of about
61.3 km and width varies from 0.21 km to 17.7 km [18,19]. The
lagoon is separated from the sea by the barrier island (Figure1). The
southern part of the lagoon is relatively deeper than the northern
part due to high siltation because of the road from Sullurpeta to
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Sriharikota that cut across the lagoon [20].

The average depth of the lagoon decreased from 1.5 m in the
20th century to 1 m in the recent years [7,18,21,22]. The lagoon
has two openings, one at the south eastern end of Barrier island
and the other at the northern tip of the barrier island shown in
which serves as seawater exchange inlets (Figure2) [23]. The lagoon
is fed with fresh water by three rivers such as Swarnamukhi at
the northeastern side, Kalangi in the west side and Arani in the
southern side during monsoon seasons. There are about 20 islands
in the lagoon with several islets composed of sand and mud.
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Figure 2: Physiography of the pulicat lagoon. Note: (mmmmmm) Road;
(HM) Forest; (HM) Island; (" ) Marsh Lands; (#8) Deep Lagoon; ()

Shallow Lagoon.

The significant islands in the lagoon include, Irukkam, Venadu,
Attakkanitippa, Golapalem, Meezuru, Reddipalem Bit I,
Reddipalem Bit II, KoridiPantrangam and Kadapatra. The islands
are reported to have deposits of sub fossilized limestone. Historic
reports indicated a luxuriant mangrove extent in the lagoon early
between 1450 AD to 1800 AD [21]. At present only remnants of
mangroves are seen in small patches at few areas in the lagoon due
to increased anthropogenic activities. Nelapattu bird sanctuary
famous for hosting more than 60 species of birds both native and
migratory is located in the Attakanitippa Island. The fluctuation in
the salinity of the lagoon between Zero during the monsoon season
to about 52 ppm in the pre and post monsoon seasons is one of the
major threats for the brackish nature of the lagoon [7].

Data source

In the present study, multispectral satellite images of LISS IV
sensor with a spatial resolution of 5.8 m for LULC classification
and Land Remote Sensing Satellite (Landsat7 and Landsat8) of
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National Aeronautics and Space Administration (NASA), United
States of America, with a spatial resolution of 30 m for the NDVI,
NDMWI and LST estimation for 2000, 2010 and 2021 are used.
The month of image acquisition are taken into consideration to
maintain consistency in derived features as detailed in Table 1.

Table 1: Data source for the month of image acquisition.

Sﬁfigze Year Month ReS((’rl:)tion Purpose

ussiv S0 Fﬁﬂ& >8 HoLe

Landsat 7 2000 February NDVI, LST,

Landsat 8 2010, 2021 March % NDMWI1
METHODOLOGY

Image processing of satellite images

Image processing software such as ERDAS IMAGINE 2015 and
ENVI 5.5 are used for pre-processing the raw temporal satellite
images considered for the study mentioned in Table 1. As part of
pre-processing, the satellite images are georeferenced with known
Ground Control Points (GCP’s) to relate the images to ground
coordinates. The radiometric corrections using ‘Radiometric
enhancement’ tool of ERDAS is used to reduce haze and noise
distortions using filtering techniques. Histogram equalization
is performed to improve the contrast of the images for better
interpretability.

Noise removal from raw images

The noise in satellite images are the undesired data information
captured in the same frequency. Noise removal is one the essential
preprocessing technique to improve the quality of the captured data
in a satellite image. It can be removed by applying Atmospheric
Correction (AC) algorithm which transforms Top of Atmosphere
(TOA) reflectance into Bottom of Atmosphere (BOA) reflectance
and this correction algorithm is based on an algorithm proposed
in Atmospheric/Topographic Correction for Satellite Imagery. The
method provides atmospheric correction based on the LIBRA,
DTRAN radiative transfer model. The model is executed to
generate a large (Look up Table) LUT of sensor-specific functions
required for the AC which includes atmospheric conditions, solar
geometries and ground elevations. This database is generated with
a high spectral resolution of about 0.6 nm and then resampled with
spectral responses. This LUT is used as a simplified model to invert
the radiative transfer equation and to calculate BOA reflectance.
This algorithm Lambert’s
reflectance law.

atmospheric correction employs

Support Vector Machine (SVM) classifier

The processed LISS TV images are interpreted for different LULC
features for the periods 2000, 2010 and 2020 using the Support
Vector Machine classification (SVM), as this technique provides
good accuracyin supervised classification [24-27]. The SVM classifier
is one of the most popular supervised classification algorithm
widely used for land features interpretation in ENVI software.
SVM is a margin based classifier and it selects maximum separation
margin between classes using kernel transformation algorithm.
The method is relatively more efficient in high dimensional spaces
and in cases where the number of training points is greater than
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samples. Further the algorithm is memory efficient as it uses a
subset of training points in its classification decision function.
The accuracy level is better than other classification methods such
as Maximum likelihood classifier (MLC) besides being relatively
memory efficient [28,29].

Prediction of LULC features

Prediction of LULC features in the lagoon for 2030 is attempted
based on the past trends. Cellular Automation coupled with
Markov model (CA-Markov) is used for prediction as it is the most
widely used tool for land features prediction in Land Change
Modeler (LCM) software [30-32]). Land change modeler is an
effective land planning and decision support system which simplies
change analysis complexities. The method analyzes land feature
changes using system derived pixel based conversions. The model
has two components the determination of the temporal dynamics
of the land features on pixel-by-pixel basis by Markov approach and
the prediction of future dynamics both spatially and temporally
based on the set of rules and probabilities generated by the first
component of the model. The predicted land features is developed
in IDRISI TerrSet software to understand the pattern changes. In
order to estimate the reliability and accuracy of the predicted data,
Kappa coefficient and overall classification accuracy are performed.

Overall classification accuracy indicates the consistency percentage
between the actual and predicted values for each of the LULC
classes considered, while kappa coefficient indicates the correctness
and correlation of the actual and predicted features on pixel-by-
pixel basis. In the present study, LULC of 2010 are considered
as the base year. Period with no abnormal natural calamities will
be considered as the base year for prediction. For the present
study, 2010 is found suitable and interpreted land features of
2010 and 2021 (i.e. one past and one present data) are used in
the first component of the model to generate rule based transition
probability matrix, conditional probability map and transition area
matrix on pixel basis. These derived transition probabilities are
used as input to the second component of the model to generate
the spatial and temporal dynamics in the land features for 2030.

Prediction Validation is performed to assess the reliability of the
model in predicting land change dynamics for a specific study
year and it is validated using existing datasets [33].Based on this
approach the model derived data for 2021 is obtained using 2000
and 2010 data. The model generated 2020 land features are thereby
compared with the actual 2021 LULC data. The overall accuracy
classification and kappa coefficient of correlation for the 2021

predicted data are 91% and 0.9076.
Determination of NDVI and NDMWI

Normalized Difference Vegetation Index (NDVI) is the most
widely used method to assess the green cover using satellite images.
Landsat 7 and Landsat 8 satellite images captures reflectance from
vegetation in NIR and Red spectral regions in specified bands [34-
37], which are used to compute temporal vegetation status of the
study area using empirical formula stated below.

NDVI is calculated using the empirical formula:

NDVI = (NIR-Red)/ (NIR+Re d)............ (1)

For Landsat 7, the NDVI is calculated by (Band 4-Band 3)/
(Band4+Band 3) ......... (1a)

For Landsat 8, the NDVI is calculated by (Band 5-Band 4)/(Band
3
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5+Band 4) ....... (1b)

The NDVI values ranges from -1 to +1. Values between 0.2 to
+1 indicate vegetation of various health statuses. Higher values
of NDVI from 0.6 to +1 indicates healthy vegetation, 0.3 to 0.6
indicates moderate vegetation status and values less than 0.3
indicates vegetation stress /unhealthy vegetation [38].

Though NDVI values indicates the water areas in certain range
of values, reflectance values in the Green and Shortwave Infrared
(SWIR) spectral regions discriminates water areas more accurately.
Hence, reflectance values of Green and SWIR are used to obtain
precise water areas of the Pulicat lagoon. The empirical formula
used for computation of temporal Normalized Difference Modified
Water Index (NDMW!I) from Landsat 7 and Landsat 8 are given in
equation 2 [34].

NDMWTI is calculated using the empirical formula:
NDMWI = (Green— SWIR) / (Green+ SWIR)............. (2)

For Landsat 7, the NDMW!I is calculated by (Band 2-Band 5)/
(Band 2+Band 5) ........ (2a)

For Landsat 8, the NDMWI is calculated by (Band 3-Band 6)/
(Band 3+Band 6) .......... (2b)

Prior to 2005, Normalized Difference Water Index is calculated
using near infrared and shortwave infrared spectral regions. But
the results obtained are found to be poor in quality and a modified
band combination for better water areas discrimination is adopted

by replacing NIR band by Green band [39].

Determination of Land Surface Temperature (LST) of the
pulicat lagoon

NLand Surface Temperature (LST) is one of the most essential
factors to study the climate changes of the landscapes. In the recent
years LST found wide applications in many landscape related
studies such as LULC dynamics, ecosystem health assessments as it
serves as a good indicator of climate related impacts. The reflectance
values captured by the sensors in the thermal bands are used for
determination of LST. In Landsat 7 and Landsat 8 images, thermal
band information are captured in bands 6 and 10 respectively
[34,40,41]. The Digital Numbers (DN) values of features are
converted to radiance and then to brightness temperatures. The
brightness temperatures are compared with NDVI from respective
bands to calculate land emissivity. All the obtained values are
incorporated in the statistical formula for LST (Equation 8) to
determine the LST of different features. The outcome indicates
a range of minimum to maximum LST of features in the study
area. The following are the statistical expressions used to determine
various elements of LST.

Thermal Infrared bands:
e For Landsat 7, Band 6
¢ For Landsat 8, Band 10 and Band 11

Step 1: Conversion of DN values to radiance

L, =M xQu+A oo 3)

Where,

L =Top of Atmosphere spectral radiance
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M, = Band specific multiplicative rescaling factor obtained from the
metadata of the sensor

Q_,~Calibrated standard product pixel value

A =Band specific additive rescaling factor obtained from the
metadata of the sensor

Step 2: Conversion of radiance to a Reflectance

Py =M xQ A, . 4)

Where,
p,=Planetary reflectance without correction for solar angle

M,=Band specific multiplicative rescaling factor obtained from
the metadata of the sensor

Q.=Calibrated standard product pixel value

A,=Band specific additive rescaling factor obtained from the
metadata of the sensor

Step 3: Conversion of ToA Reflectance to Satellite Brightness
Temperature

- K og3si. 5)
Ln(K,/L,+1)

Where,
BT=Satellite brightness temperature

L =Top of Atmosphere spectral radiance

K =Band specific thermal conversion constant from the metadata

(Value is: 1321.08)

K;=Band specific thermal conversion constant from the metadata

(Value is: 774.89)

Factor to convert degree Kelvin to degree Celsius is 273.15
Step 4: Determination of NDVI

NDVI are calculated using the statistical formula 1a and 1b
Step 5: Calculation of proportion of vegetation

PV = (NDVI- NDVIMin/ NDVIMax— NDVIMin)............ (6)
Step 6: Derivation of Land Surface Emissivity (e)
¢=0.004xPV+0.986............ %)

Where,

PV=Proportion of vegetation

Step 7: Determination of Land Surface Temperature (LST)
LST = BT/ 14+ WIx (BT/ )X L1(€).rrrsrerr ®

Where,

BT=Satellite brightness temperature

wl=Wavelength of emitted radiance (11.5 um)

p=h x (c¢/s)

h=Planck’s constatnt (6.626 x 10-34 ]S)

c=Velocity of light (2.998 x 108 m/s)

s=Boltzmann constant (1.38 x 10-23 J/K)

p=14380
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e=Land emissivity
Directional mapping

Directional mapping (DM) is a microscale approach to determine
the spatio-temporal LULC change dynamics and LST changes
[42,43]. Several concentrated rings from the centre of the study
area at specific interval (500 m in the present study) are drawn
with the last ring covering the full study region. Based on the
change dynamics, the obtained rings are divided into sectors
from the centre of the study area. These concentrated rings are
intersected creating a series of segment zones. In the present study
the study area is divided into 8 sectors at an angle of 45° as shown
in Figure 3. Each segment zone is evaluated with year wise changes
in vegetation and water area along with specific range of LST in a
particular segment.

Multi-temporal raw
satellite images

.

Landsat 7
LI5S Landsat 8
L Temporal
Georectification
Pre- f
re-processing of images NDVI
Radiometric l
Normalisation Supervised Classification NDMWI
Hisw{gr am Support Vector Machine (SVM) T
equalization l LST
Accuracy assessment +— (ZTOEE;EPZBai 0LI2J-é‘2Ci) l

l ‘ Vegetation, water and
+— LULC prediction (2030) temperature dynamics
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Change Analysis
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Directional Mapping [N Lagoon Impact Analysis
Vulnerability Adaptlability

'

¢ Status determination

!

Suggestions for improvement

LCM Modeler

Figure 3: Support vector machine classification in multi-temporal raw
satellite image.

RESULTS AND DISCUSSIONS
Land use/cover dynamics

Processed temporal satellite images of LISS IV for the years 2000,
2010 and 2021 are used to interpret the different LULC in the
lagoon using SVM classification. The study area is occupied
with 50% water area and 41% by different land cover features.
About 9% of the lagoon area is utilised by the human influenced
activities. Gradual increase in the human influenced activities
especially habitations and livelihood practices such as saltpans and
aquafarms are noticed in the last two decades. Nearly 62% of the
human influenced lands are utilised for agriculture. 5% of the land
is used for canals and tanks to provide potable water and to support
irrigation. It is noted that amongst the land cover features, sediment
related morphological features such as mudflats and sandy areas
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occupied about 63% of the area indicating the high level of siltation
in the lagoon. Mouth of the lagoon is predominantly sandy while
southern part of the lagoon adjoining mouth inlet is mostly silt and
northern part of the lagoon exhibits a combination of silt and sand
indicating the type of sediments in the lagoon (Figure 4) (44,45].
Siltation in the shallow water areas are predominantly supplied by
rivers such as Arani, Kalangi and Swarnamukhi that drain into the
lagoon [18]. Apart from mudflats, other wetland features found in
the lagoon are marshes and mangroves. On contrary to mudflats,
mangroves are meagre in their spatial distribution (i.e. about 2%).
Natural vegetated areas in the lagoon include scrubs and forests
occupying about 32% of the land area.

2000 1 ; 20214
Ly

i %
N, TR —
! pa
gl pader FREh regam

2030 - Predicted

Land Use / Caver Features

"R
= =

Area (sqkem)

Muman Use| 8672 6230 | 6491 6700
Londt Cover| 310,20 32339 33507 345,68

Lagoon | 37A67 36477 081 13606

Figure 4: LULC dynamics in the pulicat lagoon (Observed
and Predicted).Note: (wmm) Forest; () Saltpan* (mm) Mudflat;
(mm) Industry* (w==) Sand Spit; () Plantation®; (mm) Mangroves;
() Scrub Land; (wsw) Fallow Land; () Sandy Area; (mm) Marsh
land; (wmm) Aquaculture; (wss) Vacant Land; (mss) Publicat Lagoon;
(~)Agriculture Land*; (wem) Waterlogged Area; () Canal*Tank*/River;
(wmm) Settlement with vegetation®

Based on the past trends, forecast of the status of the LULC for the
year 2030 is attempted in the study using Land Change Modeler
(LCM). The predicted scenario indicated a further decrease in the
water spread area by 4% indicating a possible shrinking of lagoon
area from 349.81 km? in 2021 to about 336.96 km? in 2030.
Increased siltation of about 9% is predicted in the study. Increase
in human uses from 9.8% in 2021 to about 11.4% in 2030 is
noted from the prediction scenario, of which a significant increase
is towards habitations and economic activities. Past, present and
future scenarios assessed in the study indicate a deteriorating
environment for the lagoon. The spatial extent of human uses and
land cover features interpreted from temporal images.

Water and land dynamics

Processed temporal satellite images of Landsat 7 and Landsat 8,
for 2000, 2010 and 2021 are interpreted for different land features
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in the lagoon using the reflectance values in different bands. As
explained in methodology, bands 2, 3, 4, 5 and 6 are used to
determine the vegetation, water and other areas in the lagoon.
The features are appropriately grouped based on their reflectance
values as land area with and without vegetation, and deep/shallow
water area. The land area within the lagoon is found as islands of
various dimensions. To assess the land and water area dynamics
of the lagoon for the period 2000 to 2021, land with and without
vegetation are regrouped as “Land area” and area of deep and
shallow waters are regrouped as “Water area” of the lagoon. The
assessed dynamics is indicated in Figure 5.

2000 2010 2021

Water Area - 364.77 sqkm
Land Area - 385.77 sgkm

Water Area - 375.62 sqkm
Land Area - 374.92 sqkm

Water Arca - 349.81 sqkm
Land Area - 400.73 sqkm|

8

5% .
1%

38%

3
Islands| %
20%
Shallow <k
Lagoon Scale 39%
% R

Figure 5: Water and land dynamics of the pulicat lagoon (2000-2010-
2021).

In cohesion with the LULC studies, the land area showed a steady
increase and water area showed a gradual decrease over the study
period. The study further indicated a gradual decrease in the deep
water area from 42% in 2000 to about 34% in 2021 with shallow
water area showing a viceversa scenario. Increasing siltation due
to natural and anthropogenic factors could be correlated as the
driving factors responsible for the continuing facile of the lagoon.
Marginal erosion and accretion of islands are noticed as a natural
hydrological process in the lagoon, besides evolution of new sand
islets of various dimensions. The number of islets is found to
increase gradually over the years indicating increasing siltation. As
indicated by the prediction study, superseding of the land area over
the water area may ruin the lagoon environment beyond retrieval in
the near future. The present level of dynamics has already revoked
concern amongst environmentalist for the immediate need for
scientific and adaptation concerns to help the lagoon retrieve
its natural performance. As an outcry of this alerting dynamics,
Global Nature, a German based NGO that deals with protection of
environment and nature has indicated Pulicat as “Threatened Lake

of the year 2010” [16].
Accuracy assessment of SVM classification

Reliability of the classified features can be expressed by several terms
such as Producer’s accuracy, User’s accuracy, overall classification
accuracy and Kappa co-efficient. In general, these terms represents
the ratio of classified features against ground features in their
unique way [46]. The accuracy of the classified features at different
period attempted in the study is tabulated in Table 2.
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Table 2: Accuracy assessments of the classified LULC features.

Year Opverall classification Kappa Producer User
accuracy coefficient accuracy accuracy
2000 91.27% 0.9043 91.12% 90.26%
2010 93.11% 0.9268 91.06% 92.54%
2021 95.87% 0.9488 93.78% 94.29%
2030 93.74% 0.9276 92.28% 91.71%

Assessment of NDVI and NDMWI of the pulicat lagoon

The Normalized Difference Vegetation Index (NDVI) of the lagoon
is determined using the Red and NIR bands (Bands 3, 4 and 5
respectively) and the Normalized Difference Modified Water Index
(NDMWI) are determined using the Red and Thermal bands (i.e.
bands 2, 3, 5 and 6) of Landsat 7 and 8 images for the study period
2000, 2010 and 2021.

Pixels indicating the NDVI ranges shown in Figure 6 are the
vegetated areas in the lagoon and are considered for the vegetation
dynamics study. The study indicated significant changes in the
vegetation index in the 20 years assessment period. The variations
in NDVI ranges from low to high indicating the natural and
anthropogenic stress. The assessment indicated a gradual decline of
healthy vegetation over the period of time. Though the LULC study
indicated a significant vegetation cover in the lagoon, the health of
the vegetation faces crisis during the assessed period. The factors
responsible for the deprived vegetation status are mostly attributed
towards increasing anthropogenic activities directly and indirectly
in the vegetated areas. Direct impacts are conversion of vegetated
areas to other non-vegetated uses, while indirect impacts include
practices of economic activities and their outfalls close to the
vegetated areas. Though it may not be possible to avoid vegetation
stress, minimizing the stress inducing factors should be attempted
as an immediate measure as vegetation is one of the key factors
responsible for the sustainability of any natural environment.
From the present study, vegetation stress is found to be particularly
significant in the shallow and mouth areas of the lagoon. Shrinking
of deep lagoon as reported by others [47,48], is noticed from the
variations in the NDMWI index of the lagoon (Figure 7).

Reduction in the spatial extent of deep lagoon will impose
serious biodiversity consequences and would gradually question
its existence. As reported by several studies on the lagoon, the
dynamics between deep and shallow waters has induced a rapid
decline of flora and fauna indices of the lagoon [16]. Figure 7 shows
the changes in the NDVI and NDMWI in the lagoon for the period
2000, 2010 and 2021. Stressed NDVI and NDMW!I are mostly
directly correlated to increase in Land Surface Temperature (LST).
To validate this, LST of the lagoon for the same assessment period
is attempted using the Thermal bands of Landsat 7 and Landsat
8 images. Significant changes in the LST are noticed in the study.
The temporal surface temperature of the lagoon ranges between

20.6°C to 36.4° C between 2000 and 2021.

Different features of the lagoon exhibited different range of
temperatures along with appropriate rise depending on the impacts
of stress factors. The LST dynamics of the lagoon obtained from
the study is shown in Figure 8.

Table 3 indicated a net change in the temperature of different
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features of the lagoon as obtained from the study. The high values
of LST variations are a clear indication of the intensity of threats
for the lagoon. For better assessment, the LST variations in the
vegetated areas and water areas are explicitly studied. The LST values
of the vegetation pixels and water pixels are separately clipped of
for the study. The obtained LST variations of vegetation and water
areas are shown in Figure 9.Compared to vegetated areas, water
spread areas indicated relatively lower temperature ranges especially
the deep lagoon areas indicated the lowest range of temperatures

ranging from 20.6°C to 22.4°C.

NDVI Range = 0.23 100.74 NDVI Range = 018 10071 NoVI K-ne;s:/l)-u 10 0.67
o

61%

59%
37%
7% , 6% 33%
Voo Suus H e N
T M Madene e
H - Healthy e

Figure 6: Temporal NDVI changes in the lagoon (Source: Data
computed from Landsat 7 and 8). Note: (==) Deep Lagoon; (mmm)
Shallow Lagoon; (*) Very Shallow Lagoon; (=) 0.66 to 1.00 Healthy;
(=) 0.33 to 0.66 Moderate; (~) o to 0.33 Unhealthy/Stressed; (E=3)
Significant Improved Areas; (B=1) Significant Degraded Areas.

Scale
SiT e i
[

Figure 7: NDVI and NDMWI variations of the Pulicat lagoon. Note:
NDMWI- (==) .0.30—0.26 (==) -0.26—0.22 (=) -0.22—0.18 (=) -0.18—
0.14( )-0.14—0.10( )-0.10-0.06 ( ) -0.06-O;NDVI- () 0-0.1( )
0.1-0.2 (-++) 0.3-0.4, () 0.4-0.5 (=) 0.5-0.6 (wsm) 0.6-0.7.
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LST(*C)

Figure 8: LST of the Pulicat lagoon (2000-2021). Note: LST(°C)
(wm) 20.5-22.5; (=) 22.5-24.5; () 24.5-26.5; () 26.5-28.5; (==)
30.5-31.0; (wem) 32.5-33.0; (wum) 34.5-36.5.

Table 3: Changes in LST in pulicat lagoon.

Temperature Range ( °C) Variations
Feature in 20 years
2000 2010 2021 (°C)
Land

area 27.1°C-35.2°C 27.4°C-35.6°C 27.6°C-36.4°C 0.5°C-1.2°C

Deep ) 6oc-21.7°C 20.7°C-22.0°C 20.9°C-22.4°C 0.3°C-0.7°C

lagoon

Shallow

lagoon

24.3°C-26.9°C 24.6°C-27.2°C 24.7°C-27.8°C 0.4°C-0.9°C

LST of vegetation area - 2000 LST of vegetation area - 2010 LST of vegetation area - 2021

[LST range for vegetation (°C)

@ R ® ©

LST of water area - 2000

LST of water area - 2010 LST of water area - 2021

LST range for water (*C)
205 -220
-220-25
2350250

250265
265-280

280-295

205-310

[C)

Figure 9: LST of vegetated and water areas in the Pulicat lagoon
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Sector wise assessment using directional mapping

Sector wise assessment of vegetation and water area dynamics
and their associated LST variations is attempted in the study to
understand the sectors that are indicating significant changes.
The lagoon is divided into 8 sectors as shown in Figure 10 and
the change analysis obtained from the study for vegetation, water
area and corresponding LST for the years 2000, 2010 and 2021 are
applied. The 21 years assessment indicated the northern portion of
the lagoon to be the relatively heated portion of the lagoon with a
rise in LST range from 0.4°C to 1.2°C. This is the shallow region
of the lagoon with habitations and dynamic land use changes
especially conversion of vegetation areas to aquaculture farms.

Besides Irukkam and Venadu islands, the central portion of the
lagoon is mostly covered with water area of which the eastern part
of the lagoon dominated with deep lagoon exhibited low variations
while the western portion subjected to rapid siltation due to inputs
from Arani and Kalangi rivers indicate a noticeable change in the
LST range from 0.35°C to 0.9°C. The mouth of the lagoon which
is the most dynamic portion of the lagoon also indicated noticeable
change in LST. From this study, the most sensitive and crucial areas
of the lagoon to be managed and conserved includes the northern,
western and the mouth. This assessment will be particularly useful
for better manage, restoration and conservation plans.
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Figure 10: Sector wise assessment of vegetation, water area and LST
dynamics between 2000 and 2021 using ‘Directional mapping’. Note:
Vegetation- () Low, (==) Moderate, (==) High, (=) Very High, ( )
<5%, () 5% to 10%, (=) 10% to 20%, (m==) >20%.

Vulnerability and adaptability of the pulicat lagoon

Despite several measures for conservation and sustainability of
coastal lagoons, these highly productive ecosystems are seriously
threatened by factors such as pollution, urbanisation, over
exploitation of their resources, developments and siltation besides
continuous modifications due to human interventions. In the
present study, the vulnerability extent of the Pulicat lagoon is
assessed based on the continuous deprive of its vegetation cover and
water spread area against anthropogenic and natural factors such as
human modifications and siltation. To assess the vulnerability of
the lagoon, the dynamics of various features are consolidated and
variations less than or equal to 5% is considered as low vulnerability,

J Remote Sens GIS, Vol. 12 Iss. 04 No: 1000303

OPEN aACCESS Freely available online

changes between 5% to 10% is considered as moderate vulnerability
while more than 10% changes are considered as high vulnerability.
These classifications are applied on site specific locations within
the lagoon indicating significant changes during the study period
as shown in Figure 6.

The periodic spatial changes of the features are quantified and they
are assessed based on seven significant natural and anthropogenic
activities in the lagoon and are indicated as parameters in Table
4. Social interventions include roads, infrastructures, manmade
canals and tanks and economic interventions including salt pans
and aquafarms. Built-up areas include habitations and commercial
areas. The cumulative status of the lagoon for each of the assessment
year is computed as the average of the vulnerability score. The
vulnerability percent for each of the assessed year is obtained from
the extent of area subjected to changes against the total area of
the lagoon. As indicated in Table 5, the vulnerability of the lagoon
exhibits an increasing trend against the total area of the lagoon.

Table 4: Temporal Vulnerability of the lagoon (Site specific).

Parameters 2000 2010 2021 2030
Social .
. . Low (1) Moderate (2) Moderate (2)  High (3)
interventions
. Econorr'ﬁc Moderate (2) Moderate (2)  High (3) High (3)
interventions
Water area Low (1) Moderate (2) High (3) High (3)
Vegetation Moderate (2)  High (3) High (3) High (3)
Siltation Moderate (2)  High (3) High (3) High (3)
Builtup areas Low (1) Moderate (2) High (3) High (3)
Increase in LST Moderate (2) Moderate (2)  High (3) High (3)
Status=Average
of pararpeters 16 13 29 3
score Figure
10(d)
Area involved 5 |5 232.67 270.19 315.23
(km?*)
Percentage 28% 31% 36% 42%
Table 5: Temporal Vulnerability of the lagoon (Site specific).
Parameters 2000 2010 2021 2030
Improved vegetation Moderate (2)  Low (1) Low (1) Low (1)
Improved water area Moderate (2)  Low (1) Low (1) Low (1)
Improved land cover Moderate (2) Moderate (2) Low (1) Low (1)
Controlled siltation Moderate (2)  Low (1) Low (1) Low (1)
Susta?n/Decrease Moderate (2)  Low (1) Low (1) Low (1)
in LST

Status=Average of
parameters scotre 2 1.2 1 1

Figure 10(d)

Area involved (km?) 330.23 300.22 247.68 195.14

44% 40% 33% 26%

Percentage
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With the present stress conditions, the assessment indicated a
significant rise in the vulnerability of the lagoon in the next decade
(Figure 11). Figure 11a depicts the periodic vulnerability percent of
the lagoon computed from the study. The cope up capacity of the
lagoon against the various stresses is quantified as adaptability of the
lagoon. Weightages assigned in Table 6 are used for assessment of
changes in the parameters between 2000 to 2021 and assessment of
2030 is based on the predicted scenario attempted in the study. It is
noted from the study that though the lagoon environment is facing
crisis certain locations show markeable degradation and significant
improvement in land features as well. Few such significant locations
with improvement in features are assessed for their proportion of
improvement of features for the years 2000 to 2021. The rate of
improvement of adaptation features are low compared to features
vulnerable to dynamics. Hence the assessment indicated a steady
decrease in the adaptation capacity of the lagoon which is forecasted
to continue in future (Figure11b). A decision chart is computed to
understand the cumulative effect of the dynamics of LULC, NDVI
and NDMWI. The chart has four quadrants (Figurellc), with level
of adaptability on the y axis and level of vulnerability on the x axis
(as it is the most dominant existing scenario). The first quadrant
represents, Low Vulnerability Low Adaptability (LVLA), second
quadrant as High Vulnerability Low Adaptability (HVLA), third
quadrant as High Vulnerability High Adaptability (HVHA) and
fourth quadrant as Low Vulnerability High Adaptability (LVHA).
The status obtained in Tables 5 and 6 for the years 2000, 2010,
2021 and 2030 are interpreted as proportion of adaptability and
vulnerability of the lagoon and indicated in Figurellc. The status
in 2000 indicated relatively higher proportion of adaptation than
vulnerability while the present status of the lagoon in 2021 indicated
more of decline than scope for improvement and the status of 2030
indicated to follow the 2021 scenario with increased proportion
towards decline. It is for these reasons several conservation and
scientific strategies are evolving among various levels to uplift the
lagoon from the threatened status towards healthy retrieval. Based
on the level of vulnerability and adaptation capacity of the lagoon,
the present status of the lagoon indicates this productive ecosystem
as a threatened entity (Figure11d).
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Figure 11: Vulnerability and adaptability of the Pulicat lagoon. Note:
a- The vulnerability of the lagoon; b- The adaptation capacity of the
lagoon; ¢ Adaptability and vulnerability of the lagoon; d- the level of
vulnerability and adaptation capacity of the lagoon.

J Remote Sens GIS, Vol. 12 Iss. 04 No: 1000303

OPEN aACCESS Freely available online

Table 6: Weightages computed for feature dynamics in the pulicat lagoon
(2000-2020).

Changes Range Weightage
<5% Low 1
5% to 10% Moderate 2
>10% High 3

Suggestions for improvement

In the present status of this fragile ecosystem, no attempts for
conservation or protection should further aggravate the stress of
the system. Several suggestions and recommendations are put forth
by environmentalists and scientists. The suggestions need to be
validated with appropriate scientific feasibilities and approaches,
for a visible retrieval of the system. In fact, certain constraints
presently existing in the system can be made to appropriately
subside and allow the system to retrieve by itself rather than
inducing alterations into the system.

From the study,

*  Vegetation corridors need to be improved which may allow the
system to maintain its environment as it should be. All sources
of vegetation features such as crop lands including plantations
shall be conserved. Mangrove areas and marshes showed a
gradual decline in the study. Initiations to improve mangrove
areas and degradations of marshes need to be attempted to
avoid further increase in LST in deprived vegetated areas.

e Extent of deep lagoon is significantly less during the assessed
period. Natural siltation sources can be appropriately
managed or minimise to sustain the extent of deep lagoon
which will predominantly sustain the temperature range for
better improvement of native flora and fauna diversity of the
lagoon. The study indicated an increase in LST in the deep
lagoon ranging from 0.3°C-0.7°C which may endanger the
biodiversity of the lagoon.

e Habitation areas show a gradual increase in the islands of the
lagoon. Increasing population could not be avoided but proper
planning of habitation areas can be attempted to minimize
increasing LST.

¢ Booming of economic activities both within the lagoon system
and on its peripheries cause serious threats to the environment
due to their outfalls. Continuous conversion of native land
covers to economic activities may further deteriorate the
lagoon from “Threatened” to “Endangered” in the near future.

e Enforcement of no relaxation/stringent ecological policies
for promoting any ecologically damaging activities in the lake
especially around ecosenstive areas of the lagoon such as bird
sanctuary and lagoon water spread areas as also suggested
ecologists [49].

Numerous suggestions from researches such as maintenance of
mouth opening for exchange of seawater and freshwater, improving
natural green areas such as mangroves, control on over exploitation
of resources, reduction of pollution generating activities and proper
treatment of their outfalls, improvement of ecotourism activities for
alternative livelihood of dependents rather than overexploitation
of the environment, alternative bridge road replacing the present
earthen road across the lagoon between Sullurpeta and Sriharikota
to avoid rapid conversion of deep water areas to shallow water areas
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due to siltation are some of the noteworthy mitigation measures
[7,50-52]. Gradual increase of LST as noted in the study may soon
endanger the lagoon beyond recovery. The constraints need to be
effectively reduced and allow the system to improve its adaptability
than its vulnerability which is presently vice versa.

CONCLUSION

The Pulicat lagoon is facing severe stress due to both natural and
anthropogenic activities. The present study indicated the stress and
their impacts on the lagoon. Natural stress to the lagoon includes
high rate of siltation directly influencing shrinkage of lagoon area
and anthropogenic activities influencing conversion of vegetation
to non-vegetation areas. Deprived vegetation and water areas
increases the surface temperature of the lagoon to a significantly
noticeable range such as 0.3°C to 0.7°C in Deep lagoon areas,
0.4°C to 0.9°C rise in shallow water regimes and a relatively high
range between 0.5°C to 1.2°C in the land areas. Increasing shallow
water areas and land areas would further accelerate the LST in the
near future. Due to the continuous decline of the essential features
of the lagoon, this ecosystem has become fragile and listed as a
threatened ecosystem. Further worsen of the features may endanger
this productive unique ecosystem. The analysis and the outcomes of
the present study highlighted the stress factors and the vulnerability
and adaptability of the lagoon for the years 2000, 2010 and 2021
and the attempted prediction of the features in 2030 indicated
possibility of the alarming deterioration of the lagoon. Suggestions
indicated in the study and by other researchers should be attempted
effectively for the system to retrieve to a healthy environment.
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