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Remote sensing of spectrally active Chlorophyll-a (Chl-a) in the gulf water of an arid region is
important to understand the spatial and temporal variations of phytoplankton and biomass in the
water. This study characterizes the spectral absorption of Chl-a and detects and maps the Chl-a of Al
Arish-Al Ghariyah coastal region of northern Qatar using the data of Hyperion of EO-1, MultiSpectral
Instrument (MSI) of Sentinel-2, and Operational Land Imager (OLI) of Landsat-8 satellites. The study of

Keywords: image spectra of Chl-a of coastal water of the Al Ghariyah region using the Hyperion image showed
Chlorophyll-a spectral band absorptions near 450 and 475 nm in the blue region and around 640, 730, 760, and
Hyperion 830 nm in the red region. The analysis of Hyperion data using image spectra by linear spectral
Sentinel-2 unmixing (LSU) method showed the occurrence of Chl-a in very shallow and shallow water. The
Landsat-8 mapping of Chl-a of the Al Arish-Al Ghariyah coastal region was carried out using MSI and OLI data
Algorithms by NDCI, 2BDA, 3BDA, and FLH violet algorithms, which showed the concentrations and distributions of
/%?;giran Gulf the Chl-a in the region. The performance of the algorithms was studied using WorldView-3 data, which

provided the R? values of 60% and the best suitability of the NDCI algorithm and MSI data to map the
concentration of Chl-a. All the results were validated using field measurements, in-situ measurements,
and laboratory analyses of field samples. The measurements of Chl-a showed the occurrence of poor
occurrence of Chl-a and confirmed the imagery results. The remote sensing results with physical
and chemical parameters of water samples allowed us to assess Chl-a concentrations in the region.
This study evaluates the sensor’s capability and applications of satellite data and algorithms to map

concentrations of Chl-a in the Gulf waters of the arid region.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Chlorophyll-a (Chl-a) is a significant contributor to primary
production in the estuarine, gulf, and coastal waters of marine
ecosystems worldwide (Lu et al., 2021; Salem et al., 2017; Beck
et al, 2016). The concentration of Chl-a is an indicator of the
abundance of phytoplankton (Cherif et al., 2021; Sosa-Avalos
et al,, 2021). The phytoplankton converts CO, and H,0 to O,
through photosynthesis and is responsible for primary production
in the water column (Ansper and Alikas, 2019; Matthews, 2011).
The literature review shows that concentrations of very high
levels of Chl-a indicate poor water quality and that the long-
term existence of elevated levels is a problem for the primary
production of biomass (Gao et al., 2022; Ismail et al., 2020;
Li et al., 2017). In general, concentrations of higher Chl-a are
common during summer, when water temperatures and light
levels are relatively high when compared to the winter (Li et al.,
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2017). The strong tidal mixing in the coastal region lowers Chl-a
concentration due to the residence time of algae in the photic
zone (Sala et al,, 2022, 2018). Also, the tidal causes mixing of
fine sediment and elevates turbidity levels, which reduces the
amount of light available for photosynthesis when compared to
the slow-moving waters that increase nutrients and cell numbers
to grow (Tang et al., 2020). Chl-a concentrations are low in deltas,
estuaries, and tidal creeks due to tidal flushing when compared
with enclosed bays and shallow coastal lagoons (Stumpner et al.,
2020; Seim et al., 2006). Madhupratap et al. (1996) studied win-
ter cooling in the northeastern Arabian Sea and discussed the
mechanisms of biological response. On the other hand, Shah et al.
(2019) and Luis and Kawamura (2004) studied the factors such as
upwelling and downwelling phenomena in the south-west coast
of India and stated that the upwelling and downwelling along
the west coast of India determine the major part of biological
production including the fishery production over the eastern
Arabian Sea. Shafeeque et al. (2019) stated that the South Eastern
Arabian Sea (SEAS) region is dominated by upwelling and the
seasonally-reversing winds and currents are the major physical
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forces driving primary production. The region is characterized by
high primary productivity during the summer monsoon season
(June to September), when the winds and currents favor up-
welling. They described the increase in chlorophyll concentration
is due to the input of nutrients from terrestrial sources to coastal
water. However, studies show that concentrations of Chl-a have
a patchy spatial distribution and are measured vertically in the
water column. Zhang et al. (2004) recorded high values of Chl-a
content and primary productivity that decreased from inner to
outer in the Meiliang Bay of Taihu Lake. They studied primary
productivity in a vertical profile and described the maximum
primary productivity that was recorded at 20-50 cm water depth
in spring, summer and autumn. They stated that there was no
remarkable difference in winter and that productivity was ex-
ponentially increased with water temperature from 10 to 30
degrees C. The in-situ measurement of Chl-a is challenging when
the occurrences and distributions vary in time and space and is
difficult to do sampling due to limited accessibility (Buma and
Lee, 2020; Boucher et al., 2018; George, 2014). In the absence
of continuous ground observational datasets, the advantages and
potential application of satellite datasets help more to study the
Chl-a concentration globally (Xu et al., 2022; He et al.,, 2021; Hu
et al,, 2021; Wang et al., 2021; Cordero-Bailey et al., 2021; Hao
et al., 2019; Ansper and Alikas, 2019). In particular, the European
Space Agency (ESA) climate change initiative (CCI) program real-
izes the full potential of the long-term global Earth Observation
over the past 30 years and the ocean color project of the program
provides water-leaving radiance in the visible domain, derived
chlorophyll and inherent optical properties by utilizing the data
archives from Copernicus, ESA, NASA and NOAA (https://climate.
esa.int/en/projects/ocean-colour/).

Satellite mapping of chlorophyll concentration depends mainly
on the absorption and scattering of phytoplankton. The informa-
tion about Chl-a concentrations is achieved by mapping them
using appropriate algorithms developed based on the spectral
absorption properties of phytoplankton and other materials in the
water (Lins et al., 2017; Zhang et al., 2014). Several algorithms
have been developed for mapping the concentrations of Chl-
a in marine and coastal waters (Pahlevan et al., 2020; Abbas
et al,, 2019; Moses et al.,, 2019; Zheng and Di Giacomo, 2017).
To better estimate the concentration of Chl-a, the normalized
difference chlorophyll index (NDCI) (Mishra and Mishra, 2012;
Shahzad et al.,, 2018), two and three-band algorithms (2BDA,
3BDA) (Watanabe et al., 2018; Abdelmalik, 2018; Dall’Olmo and
Gitelson, 2005; Gitelson et al., 2003), fluorescence line height
(FLH) (Zhao et al., 2010), and surface algal bloom Index (SABI)
(Alawadi, 2010) algorithms were used. The 2BDA, 3BDA, and
NDCI are considered portable algorithms to map Chl-a concen-
trations (Buma and Lee, 2020; Pereira Sandoval et al., 2019; Beck
et al, 2016). Toming et al. (2016) presented the first results
using Sentinel-2A satellite data and simple band ratio algorithms
to estimate water quality parameters including the Chl-a and
dissolved organic carbon in small and large lakes in Estonia.
Chen et al. (2017) used band ratio algorithms to retrieve colored
dissolved organic matter (CDOM) and Chl-a concentrations in
Lake Huron using the data and identified the B5/B4 (2BDA) as
best for the Chl-a retrieval. Also, studies were carried out using
hyperspectral data namely Hyperion data (Katlane et al., 2020;
Richard et al., 2018) and multispectral data such as Sentinel-2
(Pahlevan et al., 2020; Caballero et al., 2020; Ansper and Alikas,
2019), Sentinel-3 (Cherif et al., 2021; Tuuli et al., 2020), Landsat-8
(Buma and Lee, 2020; Boucher et al.,, 2018; Fu et al.,, 2018) and
WorldView-2 and 3 (Buma and Lee, 2020; Wang et al., 2018).
The performance of these algorithms for the estimation of Chl-
a concentration using Sentinel-2 and Landsat-8 data has been
evaluated based on a very high-resolution WorldView satellite
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dataset by Buma and Lee (2020) and Beck et al. (2016). Xu et al.
(2019) stated that Sentinel-2A multispectral optical sensor senses
signal of the water column up to about 1.5 m deep from the water
surface in Harsha Lake and there is no light scattering back out of
water beyond the depth and the data can be well utilized to map
the Chl-a concentration of the Lake. They compared the satellite
data results with in-situ measurements of Chl-a measured at the
depth of 0.3-0.5 m using a YSI sonde (Yellow Springs Instrument,
Inc.). Buma and Lee (2020) stated that a future study combining
the data products provided by Sentinel-2 and Landsat-8 may be
appropriate for water quality estimation and could create a more
reliable means for quantifying Chl-a.

In this context, hyperspectral remote sensing is used for map-
ping, classification, and monitoring estuarine areas and coastal
ecosystems. The technique is capable of assessing water quality
(Joydas et al, 2015), and mapping the concentration of Chl-a
(Katlane et al., 2020; Beck et al., 2016). A literature review shows
that Chl-a exhibits strong absorption in blue and red regions, and
high reflectance in green and near-infrared (NIR) regions (Kirk,
1994). Three important features of Chl-a were identified to study
the concentration of Chl-a viz. (1) strong absorptions around
670 nm (which also depends on the concentration of inorganic
and organic suspended solids, Yacobi et al.,, 1995) and (2) a peak
near 685 nm in the red region due to Chl-a fluorescence (Doerffer,
1981; Gower, 1980), and (3) a peak in the NIR region around
700 nm (Gernez et al., 2017). Also, studies show the absorption
of Chl-a in the blue region between 440 and 475 nm and a high
reflectance near 500 nm in the green region (Grendaité et al.,
2018; Solonenko and Mobley, 2015). The feature that occurred
near 700 nm is mostly well utilized to develop algorithms and
map Chl-a concentrations (Tuuli et al,, 2020; Beck et al., 2016).
Recently, Katlane et al. (2020) studied the Hyperion data and
developed a ratio using the blue and green bands as Chl-a =
0.005 x (Band11:457 nm/Band 18:528 nm) and showed the spatial
distribution of Chl-a of Kneiss archipelago Gul, Gabes, Tunisia.
Also, Gernez et al. (2017) studied the reflectance spectra (powA)
that were measured at 400-900 nm in the Bourgneuf Bay (French
Atlantic coast) using TriOS radiometers. They showed the pres-
ence of significant absorptions between 600 and 900 nm (Fig.
1a in Supplementary material). They stated that the presence of
significant deep and broad absorptions around 675 nm (dotted
red rectangle, Fig. 1a in Supplementary material) and reflectance
around 700 nm (dotted green rectangle, Fig. 1a in Supplementary
material) are attributed to the presence of Chl-a (Gernez et al,,
2017; Méléder et al., 2005). The slope between 675 to 700 nm is
referred to as the NIR/red edge (Gons et al., 2002). The spectra
measured do not show any absorption of Chl-a between 400
and 580 nm. Thus, the spectral bands of multispectral sensors of
Sentinel-2 and 3, Landsat-8, etc. can be studied with the unique
spectral absorptions of Chl-a to map the concentrations of Chl-a
in a lake and coastal water (Table 1 and Fig. 1b in Supplementary
material).

However, much effort has been taken to estimate the concen-
tration of Chl-a in the gulf water of the arid region, especially
around Qatar. A literature review shows that Al-Naimi et al.
(2017) used a set of in-situ Chlorophyll-a measurements collected
from 24 locations in the central Arabian Gulf, and evaluated the
performance of the Visible Infrared Imaging Radiometer Suite
(VIIRS) for the first time to map Chl-a of the region. They stated
that remotely sensed Chl-a observations are adequate in seasonal
cycles and that a regional-tuned algorithm is needed to provide
a better estimation of the surface Chl-a of the region. Recently,
Rakib et al. (2021) studied the variability of physical and bio-
geochemical parameters of the central Arabian Gulf from in-situ
measurements. They stated that the Chl-a is relatively high during
late summer in the offshore region, while it is very low in the
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Fig. 1. Study area, showing the occurrence and distribution of mangroves, sabkhas, and coral reefs along the coastal region between the Al Arish and Al Ghariyah,
the northern part of the State of Qatar. The dashed rectangle is the area chosen to evaluate the algorithms.

nearshore region, which is linked to anthropogenic stresses from
the central east coast of Qatar. Hussein et al. (2021) discussed the
spatiotemporal variability of Chl-a and Sea Surface Temperature
(SST) and their relationship with bathymetry over the coasts of
UAE. They utilized the MODIS Aqua data from 2003 to 2019
and stated that the highest concentrations of Chl-a were seen in
the Strait of Hormuz with an average of 2.8 mg m~3 which is
1.1 mg m~3 higher than the average for the entire study area.
They stated that the fluctuation of Chl-a levels over time is to be
monitored regularly and that the concentration of Chl-a is to be
studied in the Gulf water of the arid region to understand the
phytoplankton abundances and primary production of the Gulf
water. Therefore, this study aims to map the concentrations of
Chl-a in the Al Arish-Al Ghariyah coastal region of Qatar, which
has a very shallow depth and significant anthropogenic activities
in the Arabian Gulf (Fig. 1). The objectives of the study are to
describe the spectral band absorptions of Chl-a, to detect the Chl-
a occurrence using hyperspectral Hyperion data of EO-1, to map
the concentration of Chl-a using the data of MSI of Sentinel-2 and
OLI of Landsat-8 satellites by NDCI, 2BDA, 3BDA, and FLH violet al-
gorithms and to assess the concentration using the data collected
by in-situ measurements. This study analyzes the performance
of algorithms using high spatial resolution WorldView-3 data
and demonstrates the suitability of satellite data and the most
appropriate algorithms to map the Chl-a concentrations of the Al
Arish-Al Ghariyah coastal region of Qatar to recommend them to
a similar region of the world.

2. Study area

The State of Qatar is positioned between 24°N and 30°N lat-
itude and 48°E and 57°E longitude along the east coast of the
Arabian Gulf. The study area between Al Arish and Al Ghariyah
coastal regions has a gentle slope of bathymetry and low topo-
graphic elevations (Fig. 1) (Purkis and Riegl, 2012), and is situated
in a desert climate having a very mild winters and in a very
hot and sunny summers arid environment. December to March
(winter) and June to September (summer) are the two transition
periods (Al Senafi and Anis, 2015), and temperatures up to 51 °C
during summer and 15 °C during winter are observed (Sheppard,

1993). During summer, the coastal water around the region is
hottest and the sea surface temperature exceeds 30 °C in August.
The humidity varies between the seasons and ranges from 21
to 55% during summer and winter, respectively (Al Senafi and
Anis, 2015). The northwesterly “shamal” wind strongly influences
coastal currents and storm surges (Cavalcante et al,, 2016). The
region has high evaporation rates, causing extreme salinity with
an average of 42 ppt, and increasing to > 70 ppt in lagoons (John
et al,, 1990). The high evaporation rates in low-lying intertidal
areas develop coastal salt flats (sabkha) along the coast (Caval-
cante et al.,, 2016). The coastal region has salt marshes, mudflats,
and mangrove forests, and the algal beds, seagrass meadows, and
coral reefs occur in the subtidal areas (Fig. 1) (Vaughan and Burt,
2016; Burt, 2014). The coastline exposes well to the occurrence
of carbonate platforms and shelf edges. The gentle bathymetry
is deposited by clay, mud, and sand sediments which support
the growth of mangroves, seagrasses, plants, and microbials (Lok-
ier and Fiorini, 2016; Lokier et al.,, 2013). These support higher
biodiversity and productivity and the region acts as a natural lab-
oratory for studying the various marine ecosystems, particularly
the environment of coral reefs (Vaughan and Burt, 2016; Burt,
2014; Purkis and Riegl, 2012). A study using satellite imagery and
LiDAR (light detection and ranging) based bathymetry shows that
the region has linear shoal bodies extending seaward to 4 to 5 m
depth. The study of Chl-a concentrations in the Al Arish and Al
Ghariyah coastal regions, is an analog for similar regions of the
world.

3. Materials and methods
3.1. Satellite data and mapping methods of Chl-a

In this study, the spectral band absorption and detection of
Chl-a in the Al Ghariyah region were carried out using Hyperion
data by the linear spectral unmixing method (LSU). The mapping
of Chl-a was carried out using the data of MSI (MultiSpectral
Instrument) of Sentinel-2 and OLI (Operational Land Imager) of
Landsat-8 by applying normalized difference chlorophyll index
(NDCI), two-band (2BDA), and three-band (3BDA) algorithms and
fluorescence line height (FLH) violet algorithm to understand the
occurrence and concentration of Chl-a in the region.



S. Rajendran, N. Al-Naimi, J.A. Al Khayat et al.

3.1.1. Satellite data and pre-processing

i. Hyperion data: The Hyperion sensor of the EO-1 satellite
provides 242 spectral bands at a bandwidth of ~10 nm in the
spectral region of 400-2500 nm. The sensor covers a spatial
extent of 7.5 km in width and 105 km in length with a spa-
tial resolution of 30 m. The system has two grating spectrom-
eters; one visible/near-infrared (VNIR) spectrometer (approxi-
mately 0.4-1.0 pum) and one short-wave infrared (SWIR) spec-
trometer (approximately 0.9-2.5 wm). The signal-to-noise ratio
(SNR) for the VNIR detector is from ~140:1 to 190:1, and for
the SWIR detector is from 96:1 to 38:1 (Pearlman et al., 2003).
In this study, we acquired data dated July 16, 2010, that was
available near the Al Ghariyah region to show the Chl-a of the
region. The pre-processing of data including the rescaling of ra-
diance, removal of spectrally overlapping bands and bad bands,
de-striping, smile effect correction, geometric rectification, and
an atmospheric correction were carried out using ENVI image
processing software (Goodenough et al., 2003) (ENVI 5.5, https:
/[www.harrisgeospatial.com). During which, the bands that had
no spectral information (1-9, 58-81, 120-128, 165-174, and 225-
242 bands) were removed and a total of 168 bands (45 in VNIR
and 123 in SWIR) were used in this study. The Hyperion Level 1R
product was not geometrically corrected and therefore the data
were georeferenced using Ground Control Points (GCPs) through
the selection of 17 points and first-order transformation with an
overall root-mean-square error (RMSE) of 0.01312. The scattering
of molecular and particulates, absorption at the radiance-at sen-
sor, and retrieval of the values of the reflectance at the surface
were carried out using the Fast Line-of-sight Atmospheric Analy-
sis of Spectral Hypercubes (FLAASH) tool available in the software
(Anderson et al., 2002; Rajendran et al., 2021). The spectral band
absorptions of Chl-a were studied and the pixels representing the
Chl-a in the very shallow, shallow, and deep waters of the coastal
region were detected by the linear spectral unmixing method
(Abuzied et al., 2016).

ii. Sentinel-2 MSI data: The Sentinel-2 mission consists of two
polar-orbiting satellites, viz., the Sentinel-2A and 2B, launched
on 23 June 2015 and 7 March 2017, respectively, in a sun-
synchronous orbit at 786 km altitude with an inclination of 98.62°
phased at 180° to each other. Each satellite carries a MultiSpectral
Instrument (MSI) having a swath width of approximately 290 km
and 13 spectral bands in the visible, red-edge, near-infrared, and
shortwave infrared regions (430 nm to 2320 nm) with spatial
resolutions of 10 m, 20 m, and 60 m, and radiometric resolution of
12-bit. The satellites have a revisit time of 10 days with one satel-
lite and 5 days with two satellites at the equator (Drusch et al.,
2012). Although the mission was designed for land applications,
its imaging capabilities allowed the remote sensing community
to study coastal and inland water monitoring (Ruddick et al.,
2016). Scientists started to utilize the data as a suitable solution
for coastal research mapping (Tuuli et al., 2020; Mohamed et al.,
2019; ESA, 2015). Importantly, bands 4, 5, and 6 (665, 705, and
740 nm respectively) of MSI have a relatively narrow bandwidth
that corresponds to the spectral region’s sensitivity of the Chl-a
pigment (Ansper and Alikas, 2019; Liu et al,, 2017). To map the
Chl-a of the Al Arish-Al Ghariyah region, we downloaded the free
data of December 15, 2020, the day closer to the day of fieldwork,
from the Sentinel’s Scientific Data Hub and used. The collected
MSI Level-1C data was preprocessed using the Sentinel Appli-
cation Platform (SNAP) program, which has the Sen2Cor plugin
and Sentinel-2 Toolbox (http://step.esa.int/main/toolboxes/snap/)
(Louis et al., 2016; Clevers and Gitelson, 2013). The data were
projected to the UTM Zone 39N projection with reference to the
WGS 1984 ellipsoid. Since the spatial resolutions vary for the
different spectral bands, 20 m resampling was performed using
the Resampling tool (v2.0) to do Chl-a mapping. The identification
of cloud-free pixels was carried out using IdePix (v2.2).
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iii. Landsat-8 OLI data: Landsat-8 (NASA’s satellite launched
in February 2013) produces 11 spectral bands, by two sensors,
namely the Operational Land Imager (OLI) and the Thermal In-
frared Sensor (TIRS). The OLI sensor consists of nine bands with
a spatial resolution of 30 m for bands 1 to 7 and 9. The bands
1 (433-453 nm) and 9 (1360-1390 nm) are useful for coastal
aerosol studies and cirrus cloud detection. The spatial resolution
of band 8 (panchromatic) is 15 m. The TIR sensor collects the ther-
mal bands 10 and 11 at 100 m spatial resolution. The approximate
size of the scene is 170 km north-south by 183 km east-west.
The OLI has narrower bandwidths in the red, near-infrared (NIR),
and shortwave infrared (SWIR) bands when compared with the
sensors of the previous Landsat missions. The Landsat-8 has an
increased signal-to-noise ratio (SNR) and a radiometric resolution
of 16 bits. Though the sensors are built for terrestrial applications,
these bands have proven useful for mapping Chl-a in water bod-
ies (Pahlevan et al., 2014). Therefore, in this study, the Level-1
terrain-corrected (L1T) data of December 17, 2020, was down-
loaded from the US Geological Survey (http://earthexplorer.usgs.
gov) and used to study the Chl- of the study region. The data have
been radiometrically and geometrically corrected and projected
to the UTM Zone 39N projection and WGS 1984 ellipsoid, similar
to the Sentinel-2 data. The preprocessing of data was carried out
using QGIS open-source software.

iv. WorldView-3 data: The WorldView-3 (WV3) satellite is op-
erating at an altitude of 617 km and has an average revisit time
of <1 day. The sensor produces a very high spatial resolution
panchromatic (450-800 nm) image at 0.31 m, eight multispectral
visible infrared (VNIR) images viz. red, red edge, coastal, blue,
green, yellow, near-IR1, and near-IR2 (400-1040 nm) at 1.24 m,
and eight short wave infrared (SWIR) images at 3.7 m. In this
study, the data consisting of eight multispectral bands acquired
on June 29, 2019, were purchased from https://www.digitalglobe.
com and used in an area of interest. The data were georeferenced
to the UTM zone 39N projection using the WGS84 datum and
carried out for geometric, radiometric, and atmospheric correc-
tions using ENVI image processing software. Tables 1 and 2 in
the Supplementary material provide details about the sensor
characters of MSI and OLI and the data that were used in this
study respectively.

3.2. Detection and mapping of Chl-a

Initially, we studied the spectral absorption of Chl-a that is
present in very shallow, shallow, and deep waters of the coastal
region using the image spectra of Hyperion data. Then, the detec-
tion of Chl-a in the water was carried out using the data obtained
by the LSU method (Abuzied et al., 2016). The method determines
the abundance of Chl-a that can be depicted in imagery based on
the spectral characters. Here, the reflectance at each pixel of the
image is assumed as a linear combination of the reflectance of
each material (or end member) that is present within the pixel
(Abuzied et al., 2016). Further, the mapping of Chl-a was carried
out using MSI and OLI data and image processing algorithms.
In this study, we used the NDCI, FLH violet, 2BDA, and 3BDA
ratios algorithms over the satellite data and studied the Chl-a
concentrations in the water of the Al Arish-Al Ghariyah coastal
region (Table 3 in Supplementary material). This study assesses
the performance of algorithms using high spatial resolution WV3
data and field knowledge (Watanabe et al., 2018; Liu et al,
2017; Beck et al.,, 2016). Beck et al. (2016) studied the Chl-a of
Harsha Lake which is situated in southwest Ohio using several
algorithms with the data of Compact Airborne Spectrographic Im-
ager (CASI), Medium Resolution Imaging Spectrometer (MERIS),
WorldView-2, Sentinel-2, Landsat-8, and Moderate Resolution
Imaging Spectrometer (MODIS). They stated that the NDCI algo-
rithm performed better than the CI (Cyanobacterial Index), FLH,
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Table 1
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Results of Pearson’s test linear regression performed using different algorithms and MSI and OLI data for mapping of Chl-a of the

Al Arish-Al Ghariyah region.

Sensors Algorithms Pearson’s R Pearson’s R? p-value Slope Intercept
MSI of NDCI 0.775 0.601 <0.001 0.864 —0.308
Sentinel-2 2BDA 0.769 0.592 <0.001 0.549 —0.020
(20 m) 3BDA 0.648 0.420 <0.001 0.012 —0.430

FLH-violet 0.692 0.478 <0.001 0.445 —0.033
OLI of NDCI 0.251 0.063 <0.001 0.138 —0.102
Landsat-8 2BDA 0.604 0.364 <0.001 —0.10 0.035
(30 m) 3BDA 0.252 0.063 <0.001 —0.004 —0.069

FLH-violet 0.697 0.486 <0.001 0.398 —0.024

Table 2

Results of the in-situ measurements of temperature (T), electrical conductivity (Ec), hydrogen ion concentration (pH), total dissolved
solids (TDS) and Chlorophyll-a (Chl-a) in the coastal surface water between Al Arish-Al Ghariyah region of northern Qatar.

Sample Latitude Longitude T Ec pH TDS Chl-a,
No () (uS/cm) (g/L) (ng/l)
la 26°5'11.04"N 51°7'2.59"E 26.236 58296 8.16 37027 0.52
b 26°5'52.01"N 51°6'48.25"E 25.62 70941 8.08 36651 0.43
1c 26°6'25.40"N 51°6'37.82"E 21.7 52055 8.04 36110 0
2a 26°6'4.90"N 51°8'54.07"E 28.515 63684 8.2 38795 0.32
2b 26°6'40.97"N 51°8'16.27"E 26.745 59804 8.01 37632 0.3
2c 26°7'17.96"N 51°7'40.34"E 21.17 51368 9.8 36014 0.02
3a 26°7'33.57"N 51°10'3.37"E 29.394 62902 8.16 37727 0.25
3b 26°8'17.04"N 51°9'33.62"E 28.154 60370 8.04 37020 0.15
3c 26°8'58.92"N 51°9'3.69"E 21.17 51294 7.97 35979 0.01
4a 26°8'37.91"N 51°11'42.38"E 23.27 53634 7.86 36037 0.35
4b 26°9'19.22"N 51°11'24.98"E 24.14 54578 7.94 36112 0.28
4c 26°10'4.46"N 51°11'7.47"E 20.5 50662 7.93 36066 0
5a 26°9'0.50"N 51°13'36.42"E 29.964 45896 8 27243 0.73
5b 26°9'44.84"N 51°13'32.71"E 27.57 56627 8.05 35092 0.25
5¢ 26°10'55.94"N 51°13'26.97"E 20.32 50698 8 36190 0.11
5d 26°11'37.49"N 51°13'24.51"E 20.66 51181 8.02 36275 0.07
6a 26°9'39.51"N 51°14'59.82"E 28.315 60359 8.17 36898 0.36
6b 26°10'22.70"N 51°15'19.32"E 27.88 58596 8.17 36117 0.37
6¢ 26°11'9.87"N 51°15'37.66"E 19 49636 8.01 36172 0.02
7a 26°9'1.60"N 51°17'11.72"E 20.08 50495 8.01 36226 0.01
7b 26°9'24.32"N 51°17'25.58"E 20.6 50477 7.97 33786 0.14
7c 26°9'46.08"N 51°17'39.34"E 204 50562 8.02 36038 0.02
8a 26°8'3.48"N 51°18'45.04"E 26.38 54945 8.06 34800 0.28
8b 26°8'32.07"N 51°19'4.70"E 21.1 50122 8.01 25795 0.36
8c 26°9'0.65"N 51°19'25.15"E 21.67 50652 8.02 35149 0.21
9a 26°7'11.40"N 51°20'15.51"E 25.653 53713 7.92 34478 0.12
9b 26°7'39.20"N 51°20'40.17"E 214 49799 8.02 34749 0.34
9c 26°8'8.28"N 51°21'5.62"E 21.6 49755 8.02 34606 0.21
10a 26°6'10.26”"N 51°21'46.10"E 26.27 54305 7.94 34284 0.3
10b 26°6'32.36"N 51°22'13.19"E 25.624 53289 8.09 34218 0.15
10c 26°6'55.01"N 51°22'42.47"E 22.1 49963 8.03 34371 0.15

2BDA, and 3BDA algorithms, and that the outcome of the FLH
algorithm using Landsat-8 data does not suppress illumination
variations over scenes. In this study, the high spatial resolution
(0.3 m) data of WV3 were used to develop training and validation
datasets and studied with the datasets of MSI and OLI. During
this study, we resampled the MSI bands 4 (10 m resolution) to
match the resolutions of the bands 5 and 8b (20 m) by the nearest
neighbor method, and thus the results of 2BDA, 3BDA, and NDCI
algorithms were obtained in 20-m resolution while maintaining
the FLH at its original 10-m resolution.

3.3. Field and laboratory studies

Field studies were carried out in the coastal region between
Al Arish and Al Ghariyah regions during November and Decem-
ber 2020, the days closer to Sentinel-2 and Landsat-8 satellites
passing over the study region. During the fieldwork, photographs
were taken and surface water samples were collected at 31 sites
using a Niskin water sampler (Model 1010, 5L) in the 10 transects
across the coast (Fig. 2a in Supplementary material). The sites
were selected at a distance of approximately 1 km from the coast

to a 3 km offshore transect at 5 km intervals on the coastline
using a GPS (Fig. 1). The underwater photography and samples
were carried out to a maximum depth of 7 m (Fig. 2b and c in
Supplementary material). Also, in-situ measurements for temper-
ature (T), electrical conductivity (Ec), hydrogen ion concentration
(pH), total dissolved solids (TDS), and Chlorophyll-a were carried
out at the sites using YSI (Yellow Springs Instrument, Inc.) EXO2
Multi-Parameter water quality sonde (Fig. 2d in Supplementary
material). Xu et al. (2019) stated that the Sentinel-2A multispec-
tral optical sensor senses signals from the water column up to
1.5 m deep from the water surface in Harsha Lake. There was
no light scattering back out of water beyond the depth of 1.5 m.
Understanding that, we measured Chl-a concentration for each
site at a depth less than 0.5 m to correlate well with the results of
remotely sensed data. About 3 | of water samples were collected
in plastic water bottles at each site and analyzed for major and
trace element concentrations by Inductively Coupled Plasma -
Optical Emission Spectrometry (ICP-OES). All the results were
studied to understand the results retrieved from satellite data to
understand the concentrations of Chl-a in the study region.
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Fig. 2. Image spectra of very shallow (>1 m), shallow (1 to 2 m), and deep (<2 m) waters collected over (a) the Hyperion image of Al Ghariyah region, (b) the MSI
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of Chl-a of Al Ghariyah region mapped using Hyperion data and by LSU method. . (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

4. Results
4.1. Spectral absorptions and detection of Chl-a of study area

Image spectra of Hyperion data (Fig. 2a) were collected over
the pixels representing Chl-a that were distributed in very shal-
low (<1 m), shallow (1-2 m), and deep (>2 m) waters near
the Al-Ghariyah region based on field studies and visual inter-
pretation of the true-color image of Sentinel-2 (see Fig. 3a in
Supplementary material). The spectra of Chl-a show the presence
of prominent absorptions around 450 and 475 nm in the blue re-
gion (solid blue vertical lines) and near 640, 730, 760, and 830 nm

in the red region (solid red vertical lines) due to the presence
of Chl-a in the algae, plants, seagrasses, etc. that occurred in the
area. The presence of high reflectance near 550 nm in the green
region and 700 nm in the red region (dashed green ellipticals)
were observed as studied by Gitelson (1992). The spectra of very
shallow depths of water (VS_water6 to VS_water12), shallow
water (S_water2 to S_water11), and deep water (D_water2 to
D_water7) show differences in their relative absorptions and
reflectances (Fig. 2a). The spectra of very shallow water show
high reflectance values when compared with the values of the
shallow and deep waters. The high reflectance may be due to
the reflectance energy from the water and bottom sediments
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that occurred at very shallow depths. The absorptions of shallow
and deep waters exhibit a similar trend to very shallow water
but show relatively low reflectance values, which may be due
to the relatively high absorption of light by the water and the
near-surface occurrence of sea plants, grasses, corals, massive sea
meadows, etc. We also collected image spectra of visible and
NIR bands of the MSI data for the regions near Al Ghariyah and
Al Arish based on the field study (Fig. 2b, locations of image
spectra are given in Fig. 3b and ¢ in Supplementary material).
The image spectra of the regions show spectral band absorptions
in the MSI bands 4 and 6 (solid red vertical lines) equivalents
of 665 nm and 740 nm in the red wavelength region (Table 1
in Supplementary material) and the reflections in the bands 3
(560 nm), 5 (705 nm), and 7 (786 nm) in the green and red
edge regions (dashed red vertical lines, Fig. 3b). The study of the
absorption and reflectance of the spectral bands of Hyperion and
MSI data reveals that these bands can be well utilized to map
the Chl-a of the regions. Based on this, the detection of Chl-a
was carried out in the Al Ghariyah region using Hyperion data.
We chose the image endmembers of very shallow, shallow, and
deep waters (Fig. 2a), and mapped the Chl-a by the linear spectral
unmixing (LSU) method (Rajendran et al., 2021). The result of the
mapping is given in Fig. 2c. The image shows the presence of Chl-
a in the very shallow (in blue), shallow (in green), and deep (in
red) waters of the region clearly with their relative distributions.
The results can be better interpreted and studied with MSI images
and field photographs of the area (Fig. 3b-f in Supplementary
material).

4.2. Chl-a mapping of MSI and OLI

4.2.1. Evaluation of algorithm

Literature review shows numerous water quality satellite re-
flectance algorithms have been used for retrieving Chl-a concen-
tration where no Chl-a ground truth data is available and difficult
to measure in-situ data in an area like the Al Arish-Al Ghariyah
region (Watanabe et al., 2018; Richard et al., 2018; Shahzad et al.,
2018). Studies show the use of NDCI (Mishra and Mishra, 2012;
Shahzad et al., 2018), FLH (Zhao et al., 2010), 2BDA (Watanabe
et al., 2018; Dall’Olmo and Gitelson, 2005), and 3BDA algorithms
(Abdelmalik, 2018; Gitelson et al., 2003) over the MSI, OLI and
OLCI (Ocean and Land Color Instrument) data (Caballero et al.,
2020; Pereira Sandoval et al., 2019; Beck et al.,, 2016). In this
study, the mapping of Chl-a of the Al Arish-Al Ghariyah region
was carried out by evaluating the performances of 2BDA, 3BDA,
NDCI, and FLH violet algorithms based on the field knowledge and
visual interpretation of high spatial resolution WorldView-3 data.
Initially, we developed single-band output for each algorithm
using the Band-Math function and 54 points were sampled from
nine selected sites that were comparable to the surface studied
in the field and visual interpretation of false-color-composite
(FCC, R:7, G:2, B:1) of WorldView-3. Further, the sampling points
of MSI data were reviewed for the spectral absorption of Chl-
a (as studied above in Fig. 2) and confirmed for the presence
of Chl-a in the sampling points. Subsequently, the point data of
3BDA, NDCI, and FLH violet algorithm images of MSI and OLI
were collected and analyzed with the point data of WorldView-3
by Pearson linear regression analysis (Beck et al., 2016; Kudela
et al,, 2015). Table 1 shows the Pearson’s test values of different
algorithms obtained for MSI and OLI data. The R? values indicate
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the correlation between the two variables and the change in
values between the independent and dependent variables. The
values ranging from O to 1 are can be described in percentages
from 0 to 100%. The study of the results of R? values of different
algorithms for MSI images shows ranges from 42 to 60% and the
NDCI algorithm provided a maximum value when compared with
the other algorithms (Table 1). There is no significant difference in
the R? values between the NDCI and 2BDA algorithms. The 3BDA
and FLH violet algorithms show little variation. The R? values
of all algorithms of the OLI image show poor values and the
FLH violet algorithm provides a maximum of 48%, which can be
compared and studied with the algorithm of the MSI image. The
interpretation of the results shows that all four algorithms of MSI
images are better performed when compared with the results of
all algorithms for OLI images.

4.2.2. Mapping of Chl-a

We studied the single-band image output of all algorithms for
MSI and OLI images of all selected sites. For example, the results
of the spatial distribution of Chl-a at the site near Al-Ruwais are
given in Fig. 3 (Dashed rectangle in Fig. 1). In the field, the site
has a water depth of less than 2 m and contains patches of a
mixture of algae, seagrass, plants, and corals. The site is deposited
by sediments and is inhabited by a few dead corals. The False-
Color Composite (FCC) of WorldView-3 (R:7, G:2, B:1) shows the
Chl-a of the site (Fig. 3a) and can be interpreted with the results of
the algorithm images of MSI and OLI (Fig. 3b and c). The results
of MSI images of the four algorithms (Fig. 3b) show significant
correlation and acceptable performance and can be interpreted
with the FCC image (Fig. 3a). There is no significant difference
between the NDCI and 2BDA images as interpreted above using
the R? values (Table 1). The image of FLH-violet showed better
performance than the image of the 3BDA algorithm in showing
the concentration of Chl-a and can be visually interpreted and
compared with the FCC image of WorldView-3. The interpreta-
tion of all images of OLI by all algorithms (Fig. 3c) shows poor
performance except for the result of the FLH violet algorithm,
which reflects the maximum value of R? (Table 1). The results
can be interpreted with the FCC image (Fig. 3a) to understand
the performance of the algorithms and OLI data. The study of the
images of MSI and OLI of the FLH violet algorithm shows similar
performance, which may be due to the utilization of spectral
bands in the algorithm. The FLH algorithm measures the green
peaks height relative to the red and violet minima within the
bands. Overall, the study on the performance of algorithms shows
that the NDCI algorithm provided satisfactory performance (R? =
0.6) over the MSI data to map the concentration of Chl-a. The
interpretation of images of MSI and OLI confirms that the MSI
image of NDCI shows the best concentration of Chl-a in the site
when compared with the other images. The performance of the
algorithms may be due to the sensor capability of MSI, which has
a relatively high spatial resolution and spectral bandwidth when
compared to the resolutions of OLI (see Table 1 in Supplementary
material). This study allows us to understand the potential of the
four algorithms and the capability of MSI and OLI data to map
Chl-a concentrations in Gulf water in the arid region.

4.2.3. Chl-a of Al Arish and Al Ghariyah region

Fig. 4a shows the true-color image (R:4; G:3; B:2) of the study
region, which has a very shallow depth to shallow depth of water
in light blue to light brownish blue, and the distribution of algae,
plants, seagrass, and corals in the water in light green to green.
The occurrence of seagrass and corals appears as patchy and
spot, respectively, below the water (zoom the image for inter-
pretation). The dissected mud flats developed in the intertidal
area over the hard ground carbonate platform by invaded coastal
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waves can be interpreted from the white tone and warp pattern.
The coral reef appears in light brownish green and has developed
ridges that protect the inner sea from the distribution of coastal
sediments. The gulf water above 2 m appears dark green, which
may be due to the penetration of spectral information at a depth
of more than 2 m and or the total absorption of light energy in
the water (Xu et al., 2019). The coastal region was mapped for
Chl-a concentrations using the NDCI, 2BDA, 3BDA, NDCI, and FLH
violet algorithms, and the OLI and MSI data. The interpretation of
all the images showed that the results of the NDCI-derived MSI
image were good for mapping the concentration of Chl-a among
the other images. The results obtained using the NDCI algorithm
over MSI data are given in Fig. 4b. The image shows the presence
of a low concentration of Chl-a < 0.35 pg/L (Fig. 4b). The variation
in the concentrations of Chl-a was observed along the coast in the
water having a maximum depth of 5 m (Figs. 1 and 4b). However,
a significant variation is observed in the concentrations of Chl-a
between the coastline of Al Arish to Al Ruwais (west coast region)
and Al Ruwais to Al Ghariyah (east coast region) in water having
less than 2 m depth.

Over the Al Arish-Al Ruwais coastal water, very poor concen-
trations of Chl-a were observed in the intertidal area and the
area exhibits light green (Fig. 4b). The poor concentration may
be due to the presence of sand and mud deposits that occurred
at the shallow depth over the carbonate platform, the occurrence
of bleached corals, and the erosion and depositional activity of
waves and tides that were present over the intertidal area. No
concentration was observed on the mudflats. Whereas the coastal
region between Al Ruwais and Al Ghariyah shows the presence of
a relatively high Chl-a concentration in the region (Fig. 4b), which
may be due to the presence of more seagrasses, plants, algae,
etc. that occur in the sands on the relatively steep slope which
supports the development of phytoplankton (see below section).
The concentration of Chl-a can be interpreted from the green tone
and fine texture. The distribution of Chl-a can be interpreted with
the true color image (Fig. 4a). Further, the study of the MSI and
OLI images by the FLH violet algorithm (Fig. 4 in Supplementary
material) showed a strong correlative relationship in the mapping
of Chl-a concentration (as studied above) despite their varying
spatial resolutions of 20 m and 30 m, respectively. No significant
variation was observed between the two images.

A comparative study of the results derived using MSI sensor
with the results of in-situ measurements of Chl-a in the field
(see the below section) shows that the Chl-a concentration in
the coastal water between Al Arish and Al Ghariyah in the Ara-
bian Gulf is very poor, which can be studied with the Bay of
North America (Tzortziou et al., 2007), the Baltic Sea (Darecki and
Stramski, 2004), the Mediterranean Sea (Di Cicco et al., 2017),
and the Chinese coastal waters (Su et al., 2021). The poor con-
centration of Chl-a in the coastal region is due to the wave and
tidal action over the mud that occurred over the wide platform
that has a very gentle slope, accumulation of mud, and human
interaction apart from the existing climatological factors in the
arid environment (Maziére et al.,, 2022). This study shows the
ability of the NDCI algorithm and the capability of MSI data,
which has the red-edge, red, and NIR bands to map the Chl-a
concentrations.

4.3. Field and laboratory studies

In the field, the beaches and shore areas between Al Arish and
Al-Ruwais (west coast region) are wide and very shallow with
coastal water and exposed to tidal flooding. The occurrence of
mangroves (Avicennia marina) (Fig. 5a), the manmade stone bar-
riers for fish and crab catching (Fig. 5b), and the sand containing
dead shells of invertebrates (Fig. 5¢) were studied in the intertidal
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zone, shore, and beach areas. We observed the presence of a
very low distribution of algal cells and filaments in the coastal
water column and that the poor distribution is due to wave
and tide activity in the very shallow water over the mudflats
(Fig. 5a, b, and c). The presence of fewer live and more sponges
(Axinyssa aplysinoides and Callyspongia sp.) (Fig. 5d), and bleached
plants (Dictyosphaeria cavernosa and hydrozoa Dynamena pumila)
(Fig. 5e) and seagrass are studied underwater. Among these, most
of them are degraded (Fig. 5f) due to bleaching and anthropogenic
activities that include fishing and coastal development (Burt et al.,
2016; Purkis and Riegl, 2012; Sheppard et al., 2010). We also
observed the presence of dead shells such as Galeolaria caespitosa,
Euchelus asper, Pinctada radiata, Neotrapezium sublaevigatum, and
Pinna bicolor on the beach (Fig. 7a, b, and c in Supplementary

material), the dead algae, chordata and sea sponge including the
Digenea simplex, Eudistoma sp., Haliclona sp. (Fig. 7d, e and f in
Supplementary material) over the clay bed in the intertidal zone
and beach areas. Very poor occurrence of macroalgae over the
carbonate formations, boulders, and sediments are observed un-
derwater along the channel developed due to backwater erosional
activity during low tide rather than the bleached plants (Fig. 7 g,
h in Supplementary material) and dead seagrass deposits along
the beach (Fig. 7i in Supplementary material). Research studies
have demonstrated that the coral reefs in the Gulf have widely
degraded in the past three decades and the extensive losses
resulted due to large-scale bleaching events that occurred during
warm summers (Riegl and Purkis, 2012; Sheppard et al., 2010).
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Fig. 5. Field photographs show the occurrence of (a) mangroves, (b) manmade stone barriers, and (c) clay deposits in the intertidal zone, the presence of (d) dead
corals, (e) bleached plants underwater and the occurrence of (f) dead seagrass and plant deposits along the beach in the Al Arish-Al Ruwais coastal region; and the
field photograph showing the occurrence of (g) green algae over carbonate rocks, the presence of (h) macroalgal meadows (Turf Seaweeds), (i) and (j) seagrass and
plants, (k) plants with sand bars underwater and (1) the algae and plants along the beach in the Al Ruwais-Al Ghariyah coastal region.

Whereas, in the coastal region between Al-Ruwais and Al
Ghariyah (east coast region), the growth of algae (Chlorophyta),
and the occurrence of a high density of macroalgae over the
massive beds of limestone are studied (Fig. 5g). The presence of
macroalgal meadows and Turf Seaweeds are frequently observed
underwater all along the coast where the water depth is less than
1 m (Fig. 5h). More occurrences of seagrass and plants (Halodule
uninervis, Hormophysa cuneiformis, Sirophysalis trinodis) underwa-
ter over the sediments studied along the coast have less than 2 m
water depth (Fig. 5i and k). The seagrass beds have heterogeneous
distributions of macroalgal beds and are often intermixed with
sand. The seagrass beds stabilize sediment by their root system
and protect against erosion in this region. Sheppard et al. (2010)
stated the presence of four seagrass species, namely the Halodule
uninervis, Syringodium isoetifolium, Halophila ovalis, and Halophila
stipulacea in the gulf region (Erftemeijer and Shuail, 2012). They
are a direct food source for many herbivores and provide indi-
rect energy to the detrital food web and nursery habitats for a
variety of commercially important fishes. The occurrence of sand
bars developed due to current activity and the presence of sea
macroalgae over sand was studied underwater having a depth
of more than 2 m (Fig. 5j). The presence of algae that were not

10

caused by bleaching (Fig. 51) was observed along the intertidal
zone. The offshore areas are rich in algae, plants, and grasses
(Fig. 7j in Supplementary material) and the presence of live fos-
sils (Planaxis sulcatus), fishes, crabs (Portunus segnis), turtles, sea
urchins (Echinometra mathaei) (Fig. 7k, 1, and m in Supplementary
material) and wales are studied. The growth of grass over the
sands (Fig. 7n in Supplementary material) in the intertidal zone
and the growth of different plants (Fig. 70 in Supplementary
material) underwater were studied in the Al Ruwais—Al Ghariyah
coastal region. All these occurrences indicate that the coast is
relatively rich in Chl-a and nutrients when compared to the Al
Arish-Al Ruwais coastal region.

Further, the in-situ measurements of temperature (T), elec-
trical conductivity (Ec), hydrogen ion concentration (pH), total
dissolved solids (TDS), and Chlorophyll-a (Chl-a) were carried out
in the coastal surface water at the study sites between Al Arish
and Al Ghariyah (Table 2) and studied for their spatial distri-
butions and concentrations. The measurements of temperature,
EC, pH, and TDS provided the minimum and maximum range
values as 19 to 29.9 °C, 45896 to 70941 uS/cm, 7.86 to 8.17, and
25795 to 38795 g/L respectively (Table 2). The study of the spatial
distribution of temperature, Ec, pH, and TDS shows that these
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Table 3
Selected major and trace elements concentrations in the surface coastal water of the Al Arish-Al Ghariyah region of northern Qatar.
Sample Depth K Ca Na Mg Al Fe Mn cl HCO3 S04 Cu Pb Cr Ni Sr Zn
No (m) Major cation Major anion Trace elements
(in mg/l) (in ppb)

la 43122 351.05 1015891 1031.06 n.d. 0.0504 0.0067 35218.58 19047 2164.72 229 3 n.d n.d 68269 727
b 44721 33042 7737.06 1129.85 n.d. 0.0138 0.0057 34812.71 16825 2099.15 84 nd nd nd 7207 12.7
Ic 63437 506.36 13444.07 1350.38 n.d. 0.0512 0.0092 3430791 157.14 2099.15 53 nd nd 08 93812 24
2a 509.93 34195 7736.12 1121.66 0.0392 0.2272 0.0085 3703991 201.58 208275 27 6.7 n.d n.d 6885.3 66.7
2b 464.62 331.16 8144.09 915.63 0.0718 0.0439 0.0088 35841.17 151.58 2181.11 119 236 nd 113 57332 287
2c 556.59 427.36 12829.84 1137.85 0.0557 0.0301 0.0081 34159.23 13492 213193 11 128 nd 117 78647 446
3a 489.09 32952 10654.15 92543 0.0802 0.0305 0.0079 35850.47 19047 214833 96 409 nd nd 61551 379
3b 504.35 343.88 9166.12 961.59 n.d. 0.0979 0.0078 35116.36 159.92 224669 43 nd nd nd 60338 434
3c 710.26 535.94 8685.17 1338.28 n.d. 0.0151 0.0093 3414994 13769 213193 294 nd nd nd 90316 68.3
4a 430.62 300.46 9894.69 72948 0.0395 0.0092 0.0176 34205.69 104.36 2246.69 57.2 44 nd nd 47544 63
4b 41492 297.86 10073.67 786.28 n.d. 0.0316 0.0084 3423357 107.14 232866 15 26 nd nd 51046 18
4c 45923 337.73 10170.2 992.12 nd. n.d. 0.008 34410.13 137.69 232866 38 102 nd nd 64047 67.1
5a 301.65 328.45 7099.63 564.47 n.d. 0.0551 0.0109 34857.23 143.25 227948 258 21 nd 63 58877 418
5b 138.65 118.63 2750.01 280.41 0.1018 0.0089 0.0062 33099.89 159.92 2181.11 29 163 25 n.d 19209 71.7
5c Less 497.62 34822 9838.18 965.64 n.d. 0.0104 0.0107 3439154 15992 213193 342 nd nd 54 63756 452
5d than 539.94 405.52 9485.03 986.58 n.d. n.d. 0.0118 34465.88 15158 2181.11 196 33 nd nd 66338 249
6a 05 m 42422 308.70 8285.77 72622 nd. 0.0012 0.0133 35004.85 193.25 224669 284 114 nd nd 45507 959
6b ’ 33550 23832 7711.78 526.64 0.0243 n.d. 0.0087 34177.82 19325 2263.08 187 502 nd nd 34245 122
6¢ 492.72 338.19 8881.33 866.97 n.d. n.d. 0.01 341905 19325 22303 141 nd nd nd 53871 7.7
7a 368.02 278.17 7439.17 795.87 n.d. n.d. 0.0071 3442871 146.03 219751 01 nd nd 7.1 52257 33
7b 34556 25838 7886.61 632.78 n.d. 0.0223 0.009 341964 15436 22303 183 33 nd 2 4060.8 80.9
7c 47747 340.17 11591.66 808.28 n.d. n.d. 0.0098 34001.26 13492 218111 139 nd nd nd 51732 7.1
8a 13477 111.08 2381.84 256.66 0.1237 n.d. 0.0059 32802.53 162.69 224669 18.1 25.1 0.04 43 16685 20.1
8b 47174 33489 10529.2 877.50 0.0911 n.d. 0.0105 3332291 162.69 219751 19 n.d n.d n.d 54437 67.8
8c 564.80 419.87 1011555 1066.55 0.0232 n.d. 0.0066 3327644 15158 224669 nd 34 nd nd 6957 449
9a 299.40 205.81 6096.80 50030 n.d. n.d. 0.0038 32486.58 12381 219731 nd 19 nd 73 31561 299
9b 200.82 147.07 4146.35 402.89 0.2062 n.d. 0.0038 32858.28 14881 22139 87 61 nd nd 23159 58.1
9c 45582 336.18 9773.41 82141 nd. n.d. 0.0055 32709.6 15158 224669 nd nd nd nd 55223 nd
10a 257.68 200.58 3074.06 420.62 0.0796 n.d. 0.0031 32272.85 14047 224669 nd 41 27 58 24608 40
10b 44196 32421 7371.25 751.96 0.0465 0.0053 0.0054 3227433 14047 227948 109 69 nd nd 48114 4438
10c 446.58 323.89 9612.72 811.88 0.0351 0.0195 0.0061 3294191 10436 227948 nd nd nd nd 53241 21

are relatively high in the coastal region between Al Arish and Al
Ruwais when compared with the region between Al Ruwais and
Al Ghariyah (Fig. 5a to d in the Supplementary material) as stud-
ied by Ibrahim et al. (2020), Kampf and Sadrinasab (2006), and
Sultan and Elghribi (1996). The measurement of Chl-a showed
the presence of low concentration in the range from 0.0491 to
0.5512 pg/L (Table 2) as interpreted over the satellite image
(Fig. 4b). The map prepared for the spatial distribution of Chl-a
in the region showed the presence of such a low concentration
between the Al Arish and Al Ghariyah coastal waters (Fig. 5e in
the Supplementary material). The concentration is relatively low
along the coastal region between Al Arish and Al Ruwais when
compared with the region between Al Ruwais and Al Ghariyah.
The map depicts the occurrence of a relatively high concentration
of Chl-a in the water where the presence of a high biomass of
phytoplankton is in the water.

Moreover, the analysis of water samples in the laboratory for
the concentration of major and trace elements in the coastal
region showed the enrichment of elements in the decreasing
order of Ca>Mg>K>Na. The maximum and minimum values
were 535 and 111, 1338 and 256, 634 and 138, and 13444 and
2381 mg/l respectively (Table 3; Fig. 6 in Supplementary material)
(El Din et al., 2005; Habib et al.,, 2002). The presence of poor
concentrations of Al, Fe, and Mn was observed in the water. The
concentrations of elements may be due to the occurrence and
interaction of water over the mud-deposited carbonate platform
(El Din et al., 2005; Gouda et al., 1993). The interpretation of data
is comparable with the study on the formation and circulation of
dense water in the Persian/Arabian Gulf that was carried out by El
Din et al. (2005), Habib et al. (2002), and Swift and Bower (2003).
In addition, the samples showed the presence of poor concentra-
tions of trace elements in the decreasing order of Sr>Zn> Cu>
Pb>Ni>Cr (Table 3). Most of the samples showed the presence of
Sr, Zn, Mn, and Cu elements. The elements such as Al, Fe, and Pb
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are present at relatively high concentrations, but most samples
show absence in their concentrations. Such concentrations were
observed in the samples that were collected over the intertidal
zone where the mud deposits have occurred. The concentrations
of Ni and Cr are absent in almost all samples, which represent the
occurrence of water over the sedimentary carbonate formations.

5. Discussion

Agha et al. (2012) stated that Chl-a concentrations move ver-
tically along the water column and vary in time and space, and
thus the detecting of Chl-a through in-situ measurements is chal-
lenging, especially where the limited infrastructure to measure
data. Literature reviews that several factors, including the up-
welling and downwelling phenomena, determine the primary
biological production in the eastern Arabian Sea (Shah et al,
2019; Luis and Kawamura, 2004). Studies have also discussed
the increase in chlorophyll concentration due to the input of
nutrients from terrestrial sources to coastal water (Shah et al,,
2019; Shafeeque et al., 2019). In this study, the MSI and OLI
data, and the algorithms such as NDCI, 2BDA, 3BDA, and FLH-
violet were used to map the concentrations of Chl-a in the coastal
region of Al Arish-Al Ghariyah in the northern part of Qatar by
evaluating the algorithms using field knowledge and high spatial
resolution satellite data. The study showed the best performance
of NDCI (R? = 60%) over the MSI data when compared to other
algorithms. The interpretation of the MSI showed the presence
of a very poor concentration of Chl-a in the Al Arish-Al Ruwais,
where the area has a very gentle slope, water having a 2 m depth,
and active erosion and deposition when compared with the Al
Ruwais-Al Ghariyah which has a relatively high concentration of
Chl-a due to the occurrences of more algae, plants, and seagrasses.
No concentration of Chl-a over the mudflats was observed in
the coastal region between Al Arish and Al Ruwais. However,
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the mapping of Chl-a of the region depends on the resolution of
sensors; the use of data that is acquired on closer dates instead of
the same day for in-situ measurements, and the performance of
the preprocessing of data, which includes atmospheric correction.
It should be noted that the positions, bandwidths, and SNR of
the MSI and OLI have differences, and that the NDCI algorithm
uses red and red-edge spectral bands when compared to the other
algorithms.

The results for mapping of Chl-a in the study area were val-
idated through field studies, in-situ measurements, and water
sample analyses. The field studies support that the Al Arish and
Al Ruwais coastal region occurred with a poor concentration of
Chl-a when compared with the coastal region between Al-Ruwais
and Al Ghariyah, since the region occurs with the high density
macroalgal, seagrass, and plants and presence of live fossils. The
results have been studied with in-situ measurements of temper-
ature, Ec, pH, TDS, and Chl-a. Importantly, the map prepared for
the spatial distribution of Chl-a confirmed the presence of a low
concentration of Chl-a in the west coastal region and a relatively
high concentration of Chl-a in the east coastal region. Moreover,
the analysis of surface water samples for major elements concen-
tration showed the decreasing order of Ca>Mg>K>Na elements
concentration with the presence of a poor concentration of trace
elements that was comparable with earlier studies. Overall, this
study shows that the MSI data and the NDCI algorithm are more
suitable for the mapping of Chl-a concentrations in the water
of the Arabian Gulf when compared to the OLI data and other
algorithms used in this study.

6. Conclusions

In this study, we described the spectral band absorptions of
Chl-a, which has unique spectral absorptions near 440, 475, and
670 nm in the blue and red regions and a peak reflectance
around 500 and 700 nm in the green and NIR regions. Based on
this, we detected the presence of Chl-a in the Al Ghariyah using
hyperspectral Hyperion data via the LUS method and mapped
the concentrations of Chl-a in the Al Arish-Al Ghariyah coastal
region of Qatar in the Arabian Gulf using MSI and OLI data
by NDCI, 2BDA, 3BDA, and FLH violet algorithms. We evaluated
the performance of the algorithms using high spatial resolution
WorldView-3 data and field knowledge, which showed that the
NDCI algorithm performed best (R> = 60%) over the MSI data
when compared to the other algorithms. The MSI image obtained
based on the NDCI algorithm showed the presence of poor con-
centrations of Chl-a in the coastal region. A comparative study on
the concentrations of Chl-a between Al Arish-Al Ruwais and Al
Ruwais-Al Ghariyah showed that the Al Ruwais-Al Ghariyah re-
gion has a relatively high concentration of Chl-a in the region. The
results of the satellite data were validated through field studies,
in-situ measurements of temperature, Ec, pH, TDS, and Chl-a, and
laboratory analyses of water samples for the concentrations of
major and trace elements. This study assessed the concentrations
of Chl-a in the study region and recommends the algorithm and
the data that could be used as a tool for mapping and monitoring
the Chl-a of the gulf water of similar regions in the world.
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