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This article highlights major scientific outcomes of the
studies carried out using Airborne Visible/Infrared
Imaging Spectrometer-Next Generation (AVIRIS-NG)
airborne data over the coastal regions of Mangaluru,
Gulf of Kachchh (GoK) and Chilika lagoon. Various
hyperspectral remote sensing techniques involving
bio-optical models and spectral classification algo-
rithms are used to achieve different objectives related
to coastal ecosystem monitoring. AVIRIS-NG air-
borne data are used to estimate particle size of sus-
pended solids along the coastal waters of Mangaluru
using an analytical optical model. The spatial distribu-
tion of particle size of the suspended solids in the
coastal waters is brought out, while along the coastal
land of Mangaluru, the beaches are classified based
on uniform sediment characteristics using spectral
matching algorithm. AVIRIS-NG data for Pirotan
reef in GoK is analysed and species-level identification
of the dominant brown macroalgae is carried out.
Species-level distribution of brown macroalgae is
mapped and used to study the microhabitat pre-
ference of different species. At Chilika lagoon, the
AVIRIS-NG data are analysed to map the abundance
of submerged seagrass using bio-optical model, which
provides vital information to the coastal management
community. The study asserts the importance of
hyperspectral data and various advanced data analy-
sis techniques related to the estimation of geophysical
parameters of the coastal waters and monitoring the
vital coastal ecosystems.

Keywords: Brown macroalgae, coastal regions, sus-
pended sediment properties, submerged seagrass.

Introduction

CRITICAL monitoring of coastal regions is important as it
addresses different aspects of environmental dynamics
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pertaining to the combined impact of anthropogenic, nat-
ural and climatic processes. Coastal areas are characte-
rized by complex interactions between land and water
through exchange of physical and biogeochemical proper-
ties at different scales, which make their monitoring
difficult. Due to these complex interactions, satellite
observations using multispectral remote sensing often fail
to decipher the coastal characteristics. Imaging spectros-
copy, also known as hyperspectral imaging, has evolved
to become one of the promising and challenging tech-
niques in remote sensing. The contiguous observations in
a selected spectral range, with narrow bandwidth have
made hyperspectral remote sensing expand its capabilities
over multispectral imaging'.

The suspended solids in the coastal waters play a vital
role in the biogeochemical cycles and their size distribu-
tion is the key to understanding material exchanges bet-
ween land and ocean’. The horizontal and vertical fluxes
of materials within the water column are determined by
particle size and particle size also influences the penetra-
tion of light through water. Determination of particle size
of suspended solids is confined by using field instruments
like particle size analyser. However, Zhang et al.’ have
brought out a novel method to estimate particle size from
in situ observed remote sensing reflectance. The present
study have estimated particle size of suspended solids
using remote sensing reflectance from Airborne Visible/
Infrared  Imaging  Spectrometer-Next  Generation
(AVIRIS-NG) data. The material exchange between land
and ocean cannot be comprehended until the spatial
variability in the sediment distribution along the coastal
beaches is understood*. Mapping the spatial variability of
the sediment distribution provides unique and valuable
information for identifying sediment cells of unique cha-
racteristics and deciphering the local sediment transport
dynamics.

The coastal zones are ecologically rich and bestowed
with vital coastal ecosystems like coral reefs and
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mangroves which are sensitive to climate change. As an
underwater remote sensing target, coral reefs appear as
mosaics of diverse substrates or bottom types when
viewed from space. Spectral nature of the remotely
sensed data is recognized as the basic link between coral
reef substrates and remotely sensed images’. Imaging
spectrometry remains a promising field for coral reef re-
mote sensing, especially for substrate detection, characte-
rization and mapping. Benthic macroalgae are primary
producers in a reef ecosystem and perform vital ecologi-
cal functions like reef structure stabilization, production
of tropical sands, nutrient retention and recycling, primary
productivity and trophic support’. Brown macroalgae
(class: Phaeophyceae) are almost exclusively marine and
well represented in coral reef ecosystems, particularly in
back-reef areas’. Among the tropical brown algae, Sar-
gassaceae family members represent one of the complex
and structurally robust forms. They are predominant in
high-energy reef zones and often form small-scale forests
up to several metres high that provide high biomass,
habitat and shelter for numerous fishes and reef inverte-
brates’. In India, Sargassaceae species are used for algi-
nate and liquid seaweed fertilizer production®. In case of
Indian coral reefs, high-resolution multispectral sensors
have been successful only to map reef macroalgae
as a broad ecological community™'’, but classification
into different pigment groups thus far has not been
attempted.

Similarly, in shallow-water lagoons, the submerged
seagrass plays an important role in coastal ecosystems
forming as food source'' and habitat for many organisms.
It also influences the nutrient cycle and limits the re-
suspension of bottom sediments'>. The seagrass meadows
are sensitive to human impacts, and their monitoring and
management are necessary for a healthy coastal environ-
ment. Remote sensing data have been extensively used to
map the submerged seagrass, owing the ability of visible
spectrum to penetrate the water body. Pu et al." have
highlighted the advantages of hyperspectral data over
multi-spectral data in mapping seagrass habitat.
Separation of additional water column reflectance due to
the inherent optical properties (IOP) is the major limita-
tion while using remote sensing data'*. In Chilika lagoon,
substrates on which seagrass meadows are found, are
located in more turbid waters with coloured dissolved
organic matter (CDOM)". The advanced hyperspectral
image processing techniques like spectral inversion pro-
cedures can be used for simultaneous estimation of water
column parameters, water column depth and the abun-
dancy of different substrate types'®. The spectral inver-
sion model is based on matching spectral measurements
using bio-optical models through inversion techniques.
The present study describes the application of AVIRIS-
NG airborne data collected over selected coastal regions
in estimating the above-mentioned coastal geophysical
parameters and ecosystem monitoring.
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Study area

The Mangaluru coast is located in the southwest of the
Indian peninsula (12°47.4'N to 13°16.2°N, 74°37.2’E to
74°56.4’E; Figure 1). It is a wave-dominated coast with
complex geomorphology. The waves from southwest,
west and northwest directions play an important role in
setting up of long shore currents either directed towards
the north or south with varying intensities, which in turn
are responsible for the littoral drift in northerly or sou-
therly direction in varying quantities'’. Various coastal
landforms along the Mangaluru coast include spits, sand
bars, coastal dunes, beach ridges, wetlands, tidal flats,
shoals and flood plains. The Mangaluru coast is subjected
to severe coastal erosion along its southern parts in the
Netravati River mouth, while alternate accreting and
eroding sectors are observed to its north'®.

The Gulf of Kachchh (GoK) (22°15-23°40’N; 68°20"—
70°40’E) is an east—west-oriented, macro-tidal region in
the west coast of India. The variability in tidal currents
contributes significantly to the sediment dynamics of
GoK'. The complex system of GoK is composed of fra-
gile marine ecosystem where, amid the tidal channels, are
small shoals and coral islands, controlling the tidal cur-
rent patterns and sediment dynamics within the Gulf®.
Pirotan reef (22°34.68-22°37.1’N, 69°55.9'-69°58.95'E)
is a core part of the Gulf of Kachchh Marine National
Park (MNP), situated in the GoK?'. Pirotan is a fringing
type of reef with a mangrove island in its core. Pirotan
Island consists of a unique assemblage of ecologically
sensitive coastal ecosystems: mangroves, coral reefs, sea-
grasses, macroalgal beds and low-tide beaches.

Chilika  lagoon  (19°18'-19°58.8'N;  84°56.4"-
85°46.2'E), the largest brackish water lagoon of India, is
situated along the east coast. The lagoon is separated
from the Bay of Bengal by a sand spit, where the spit is
constantly changing. The sand bar is reported to be
widening and the position of the mouth is shifting
towards the northeast?’. Chilika lagoon is one of the hot-
spots of biodiversity in the country and is inhabited by
rare, vulnerable and endangered species. Chilika is also
famous as a wintering ground for migratory birds and this
highly productive eco-system is rich with fishery re-
sources that sustain the livelihood of natives around the
lagoon. The major ecological issues faced along the Chi-
lika lagoon are weak exchange between the sea and the
lagoon, macrophyte infestation, eutrophication, loss of bio-
diversity, decline in fish productivity and growth of inva-

sive species”.

Materials and methods

AVIRIS-NG sensor developed by Jet Propulsion Lab
(JPL), National Aeronautics and Space Administration
(NASA) is a state-of-the-art imaging spectrometer and
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Figure 1.
tan Island (Gulf of Kachchh); (3) Chilika lagoon.

has 430 narrow contiguous spectral bands in the visible
and near infrared (VNIR) and short wave infrared
(SWIR) regions in the wavelength range of 380-2510 nm
with 5 nm interval. The instrument has a field of view
(FOV) of 34° and an instantaneous field of view (IFOV)
of 1 mrad. The ground sampling distance (GSD) varies
from 4 to 8 m from an effective flight altitude of 4-8 km
with a swath of 4-6 km.

Low-tide exposure of Pirotan reef and adjoining tidal
mudflats at GoK was acquired by airborne AVIRIS-NG
sensor on 14 February 2016. Sortie along the Mangaluru
coast was carried out on 31 December 2015, while three
days, i.e. 26—28 December 2015 were taken to cover the
entire Chilika lagoon. Flight synchronous field cam-
paigns were carried out for each study area and the
synchronous spectral data were collected using HR1024
full-range spectrometer and Analytical Spectral Devices
(ASD) Field SpecPro spectroradiometers.

Particle size of the suspended sediments, defined as
dso, along the coastal waters of Mangaluru was estimated
from the water-leaving radiance observed from airborne
AVIRIS-NG, which was then compared with in situ
observations. Water samples were collected along the
Mangaluru coast at the locations shown in Figure 1.
Water samples were analysed in the laboratory to esti-
mate total suspended solids (TSS) conventionally, where
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3 Chilika Lagoon

(Gulf of Kachchh)

True colour composites of the study areas along with in situ locations: (1) Mangaluru coast; (2) Piro-

11 of water was filtered and the matter retained on
<0.45 wm optipure fibre filter paper was considered as
TSS. After estimating TSS, the filter paper and samples
were separated out through an ultrasonic bath. Calcium
carbonate and other organic matter were removed and the
sample was analysed using a laser diffraction particle size
analyser to estimate particle size distribution of the sam-
ples.

Zhang et al.’ have retrieved particle size distribution of
suspended sediments by inverting the following equation,
which represents the relationship between inherent opti-
cal properties of water and reflectance

bya)
Ryp=f——"—: (nH
ay +byy
agy = awey T asey + ayy t aphia
and
buay = bwiay T bsiay + bpnay, )

where Ry is the remote sensing reflectance, f a propor-
tionality factor and considered to be 0.33 in this study,
by the total backscattering coefficient and a, is the total
absorption coefficient, which depends on the coefficient
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of pure water (w), phytoplankton (ph), suspended sedi-
ment (s) and CDOM (y).

For a medium containing particles with particle size
distribution (PSD) described as N(D), with number of sedi-
ment size classes ‘n’, the volumetric coefficient of light
absorption and backscattering coefficient can be given as

o
Asp) = ZN(D )—AD,-;

Qbs(ﬂ i)

DZ
%mZWW———m, 3)

where ay(z) and byy) are the absorption and backscattering
coefficients of suspended sediments, and Q51 and Oy
are the efficiency factor of the sediments in suspension,
related to the category of the mineral in the sediment. We
have set the total number of sediment size classes to 30
within a size range from 55 to 195 um at an increment
of 5 um, which falls within the category of silts and
fine sands. Using eqs (2) and (3), eq. (1) can be rear-
ranged as

((0.33=R; )0 — Ry, 0,1)AD

((033 - R/ln )le - R/anal )AD
((033 - R/il )an - Rﬂl Qan )AD ND(l)
((0.33-R; )0y, ~ Ry, 0,,)AD || N(Dn)

Ry (agany + @y + @pneary +bwiany + Boncan)
Ry @y any T Ayiany T Gphiany + Owiiny + Bpniiny)

—0.33(by a1y * Ppnary)

, 4)
—0.33(by (iny * Bpn(any)
where
Ops1.0)7D, —0 Qas(/l,i)”Diz —0.
4 bi 4 ai*

For detailed derivation, refer to Zhang et al.’. Equation
(4) is now in the form A.x = B, which can be solved by
applying non-negative linear square algorithm (NNLS).
Remote sensing reflectance spanning the wavelength
range 500—650 nm (n = 30) from the atmospherically cor-
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rected AVIRIS-NG image at 39 sites along the Mangalu-
ru coast was used to estimate sediment size.

Spectral angle mapper (SAM)-based classification was
carried out on JPL-processed level-2 reflectance
data of AVIRIS-NG to classify the beaches of Mangaluru
coast based on unique sediment properties. Field-
collected ASD spectra of different beaches along the
Mangaluru coast were used as endmembers whose cor-
responding sediment samples were collected and analysed
for their organic/carbonate content and sediment size
parameters.

AVIRIS-NG JPL-processed level-2 reflectance data
was used to detect and map the species-level distribution
of brown macroalgae along coral reef regions of Pirotan
reef. In the field, a shore-perpendicular GPS-tagged line
intercept transect (LIT) was used for reef substrate sam-
pling and for each target, minimum three in situ target
radiance spectra were recorded. In the Pirotan reef, four
sampling stations on the LIT belonged to macroalgae
substrate. Among these, three stations belonged to Sar-
gassaceae family of brown macroalgae. Three Sargassa-
ceae species were identified on the field based on their
morphological criteria and reproductive structures. SAM
algorithm was used to map the distribution of Sargassa-
ceae species”’. A multi-radian approach was initially em-
ployed on AVIRIS-NG data to visualize the classified
maps of Sargassaceae members on smaller spatial and
spectral subsets (430—1350 nm) of the data. The final
classified map of Sargassaceae species for the whole
Pirotan reef was generated with a single threshold angle
set to 0.1 radian.

Abundance map of bottom seagrass at Chilika lagoon
was estimated using bio-optical model, BOMBER (Bio-
Optical Model Based tool for Estimating water quality
and bottom properties from Remote sensing images) by
Giardino et al®. The spectral inversion technique in
BOMBER deals with the water column correction
through estimation of the optically active water column
parameter. The software package makes use of bio-
optical models, through optimization techniques to re-
trieve concentration maps of water constituents, bottom
depth and distributions of up to three different types of
substrate. Water-leaving radiance estimated using in-
house developed atmospheric correction algorithm was
utilized to estimate the seagrass abundance map.

Results and discussion
Mangaluru coast

Estimation of particle size: Remote sensing reflectance
(Rs) from the atmospherically corrected AVIRIS-NG
airborne data was used to estimate the particle size of
suspended solids of the Mangaluru coastal waters. R,; was
extracted from 39 stations located along 13 transects,
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which are placed perpendicular to the coast (Figure 2 a).
About 30 sediment size classes within the range
65—190 um and 30 spectral bands within the range 500—
645 nm were used to solve eq. (4) by NNLS method.

Estimated sediment size for the stations is given in
Table 1 (the three stations along the transect are
represented as (i) to (iii) respectively, where (iii) is at the
coast) and sediment size estimated for the corresponding
locations using laser diffraction particle size analyser
from in situ samples are given within brackets in
the table.

The particle size estimated from in situ samples ranges
from 65 to 123 um, while that estimated from R
ranges from 75 to 130 um. Even though the size range esti-
mated from in situ samples and AVIRIS-NG overlaps,
small disparity is observed for the estimated sediment
sizes at specified locations. This can be attributed to the
highly dynamic coastal waters and asynchronous in situ
observations with respect to the AVIRIS-NG observations.

10
11

12

13

Figure 2. a, Locations along which size of the suspended sediments
is estimated. b, Contour map of the size of suspended sediments (um).
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Model-estimated sediment size was interpolated and
contour map of the size of suspended solids was generated
(Figure 2 b). Larger sediment size, in general, is observed
along the coast, while the size decreases away from the
coast; but the trend is observed to be reversed along the
northern region. The southern sector is prone to coastal
erosion, where larger sediment size is expected along the
near-coastal waters. Disposal of dredged material along
the offshore region of the northern sector might be the
possible reason for sediments with larger size at the off-
shore waters of the sector.

Beach classification: Beach sediments along the Man-
galuru coast were collected and classified based on the
sediment characteristics like organic/carbonate content,
sediment size and sorting. Figure 3(i) shows the six
classes of beach sediments, while Figure 3(ii) shows the
corresponding in situ collected spectra. Classification was
carried out using SAM algorithm, where in situ spectra
were used as the endmembers. Figure 3(iii) shows distri-
bution of the six classes of sediments along the Mangaluru
coast. Very coarse and poorly sorted sediments are
observed along the eroding beaches of the southern sector
(box F, Figure 3(iii)), while depositional beaches (boxes
E and C) show very fine to fine sediments which are
moderately well-sorted.

Gulf of Kachchh

Three species of Sargassaceae family were identified on
field: (i) Sargassum tenerrimum J. G. Agardh, (ii) Sar-
gassum prismaticum Chauhan and (iii) Cystoseira indica
(Thivy & Doshi) Mairh. The brown macroalgae species
contain the auxiliary carotenoid pigment fucoxanthin,
which absorbs a broader section of light in the blue and
green regions of the spectrum. The characteristic triple-
peaked reflectance appears for all the three species at

Table 1. Estimated sediment size (um) at different stations along the
Mangaluru coast; sediment size (wm) estimated using laser diffraction
method for some of the overlapping stations are given within brackets

Station i (Off) ii (Middle) iii (Coast)
1 130 120 75
2 80 110 75
3 105 70 75
4 70 90 (113.48) 85
5 100 95 130
6 75 75 100 (82.76)
7 120 90 (79.24) 75
8 70 80 85
9 75 75 95 (123.09)
10 80 85 85
11 75 80 80 (65.23)
12 75 90 120
3 85 85 75
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Figure 3.
in situ collected field spectra; (iii) classification results.

575, 600 and 650 nm respectively, with the third peak re-
cording a negative shift of the order of 4 nm at 646 nm
(Figure 4 d). The narrow chlorophyll absorption band is
located within 670—680 nm, followed by the characteris-
tic red edge and relatively higher reflectance in the NIR
region. The spectral convexity at 840 to 940 nm in the
NIR region is indicative of the ripple effect of the mar-
ginal water column on the Sargassaceae species during
the time of image acquisition®.

The mapped distribution shows the microhabitat prefe-
rences of Sargassaceae species (Figure 4 b). S. tenerri-
mum and S. prismaticum inhabit the outer reef flat, while
C. indica is found as an ubiquitous species inhabiting
both outer and inner reef flats of the Pirotan reef. This is
primarily due to the species preference of bottom substrate.
S. tenerrimum and S. prismaticum generally occur in the
reef zones with hard rocks, while C. indica prefers both
hard and soft substrates like coralline stones and sand®.

Field-level validation exercise for the mapped brown
macroalgae species in Pirotan reef was carried out during
3-S5 February 2018, matching the best possible low-tide
condition and seasonal abundance of Sargassaceae spe-
cies. Sixty GPS-tagged ground-truth reference points
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Classification of beaches along the Mangaluru coast based on uniform sediment characteristics: (i) six classes of beach sediments; (ii)

were collected during the three-day campaign period, out
of which 12 sample points could qualify to assess the
accuracy of their mapped distribution and their habitat
and substrate preferences. Among the 12 sample refer-
ence points, 10 (i.e. 83% of the points) belonged to the
outer reef flat and recorded presence of S. prismaticum
for 4 sample stations, C. indica for three sample stations
while the remaining three stations showed three different
Sargassaceae species combinations. One reference station
showed all the three species; another had the combination
of S. tenerrimum and S. prismaticum while yet another
had the combination of S. prismaticum and C. indica. The
remaining two out of the 12 sample reference points
represented the inner reef flat and coincided with the
presence of C. indica species only. Presence of C. indica
in both the outer and inner reef flats and absence of S. fe-
nerrimum and S. prismaticum in the inner reef flat con-
form to the inference drawn about their microhabitat
preferences from the species distribution map based on
AVIRIS-NG data. Substrate preference of these Sargas-
saceae species has earlier been catalogued by Jha ez al.®.
Twelve sample reference points collected and qualified
for field-level validation, for species-level distribution
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Figure 4. Spatial distribution of brown macroalgae belonging to the family Sargassaceae in Pirotan reef, Gulf of Kachchh using AVIRIS-NG
data. a, AVIRIS-NG strip dated 14 February 2016 over Pirotan reef; b, Classified map of Sargassaceae species; ¢, Field photographs of Sargassa-
ceae species; d, Endmember spectra of Sargassaceae species; e, /n situ reflectance spectra of Sargassaceae species.
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Figure 5. Abundance map of submerged seagrass estimated for Chilika lagoon.
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map for a reef with an area of 12.90 sq. km is definitely
not sufficient®. In theory, validation of a habitat or dis-
crete map requires minimum 50 reference points per the-
matic class for a mapped area less than 4000 km® (ref.
27). This calls for a well-planned validation campaign
with sufficient human and logistic resources for ensuring
maximum sampling coverage during similar tidal and
seasonal conditions as that of AVIRIS-NG imaging
campaign.

Chilika lagoon

Atmospherically corrected AVIRIS-NG data of Chilika
lagoon were used to map the abundance of submerged
seagrass using bio-optical model (Figure 5), where the
model was optimized with in situ collected spectra of the
seagrass. Dominant seagrass species found in the lagoon
are Halophila ovalis and Halodule uninervis™*®. Abun-
dance was mostly along the southern sector of Chilika,
which matches with the map generated by Geevarghese et
al.’® and Samal®*. Seagrass patch was also observed along
the northern sector of the lagoon. Although the northern
sector of Chilika is abundant in emergent invasive species
like Pragmites karka, the presence of submerged seagrass
here is still unreported.

Conclusion

This study highlights the potential applications of hyper-
spectral remote sensing data in achieving various objec-
tives related to coastal ecosystem monitoring. One of the
major outcomes discussed in the present study is the via-
ble use of hyperspectral remote sensing data in estimating
the particle size of suspended solids along the coastal
waters of Mangalore. The derived map on the spatial dis-
tribution of the particle size, depicts the level of material
exchange between land and ocean, where the coastal
waters adjacent to the eroding beaches are observed to
have larger particle size. The particle size map, in combi-
nation with the beach classification map will help to
comprehend the energy level of the coastal environment.
Classification of beach along the Mangaluru coast has
shown the potential of hyperspectral data to distinguish
beaches based on sediment cells with uniform sediment
characteristics. Identification of different species of Sar-
gassaceae family and mapping their spatial distribution
using AVIRIS-NG data, have enabled in understanding
the microhabitat preference, where S. tenerrimum and S.
prismaticum inhabit along the reef zone with hard rock,
while C. indica is observed along hard and soft substrates
of coralline stones and sand. The study has also brought
out the advantages of hyperspectral remote sensing in
mapping abundance map of submerged seagrass, which is
a vital activity in monitoring sensitive coastal ecosys-
tems. Coastal regions are subjected to dynamic changes
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and are quite sensitive to external factors, which compels
temporal monitoring of the coastal ecosystem. This
asserts the importance of spaceborne hyperspectral ob-
servations with near specifications of airborne AVIRIS-
NG to understand and estimate the coastal dynamics.
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