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Abstract: Phytoplankton blooms are natural phenomena in marine waters, resulting from the rapid
growth of phytoplankton. These blooms significantly impact aquatic organisms and their habitats,
particularly by reducing the oxygen levels in surrounding waters, which can potentially damage
natural aquatic ecosystems and coastal aquaculture zones. Among the various methods used to detect
phytoplankton blooms, satellite remote sensing is especially valuable for timely monitoring and large-
scale coverage. This approach is particularly important for regions where blooms regularly occur.
The Upper Gulf of Thailand is of considerable importance, as it is drained by the tributaries of major
rivers. Unfortunately, this region has experienced numerous phytoplankton blooms, which have
impacted aquaculture and tourism in the coastal zone. Given these circumstances, our study aimed to
utilise spectral indices, including the Maximum Chlorophyll Index (MCI) and the Normalised
Difference Chlorophyll Index (NDCI), to detect surface phytoplankton blooms. We derived these
indices from Sentinel-2 MSI imagery via Google Earth Engine and analysed the spatiotemporal
distribution and occurrence of surface phytoplankton blooms in the Upper Gulf of Thailand. Our
findings revealed that areas with intense surface phytoplankton blooms showed high MCI and NDCI
values. Analysing the relative frequency of bloom occurrence in each month of 2023 indicated that
near-estuarine and coastal areas experienced more frequent bloom occurrences than offshore areas.
Overall, the average annual relative frequency of bloom occurrences within a 5 km radius in the
estuary where the Tha Chin River was highest at 28.59%, followed by the Bang Pakong River at
16.27%, the Chao Phraya River at 11.30%, and the Mae Klong River at 7.95%. The results indicate
that the spectral indices, including the MCI and NDCI, are reliable methods for detecting and
monitoring surface phytoplankton blooms. Additionally, understanding the spatiotemporal
distribution and occurrence of these blooms is useful for comprehending the phenomenon in the
marine environment.

Keywords:  Phytoplankton Blooms, Spectral Indices, Sentinel-2, Google Earth Engine,
Gulf of Thailand

1. Introduction

Phytoplankton blooms are natural phenomena in estuarine and coastal ecosystems
(Carstensen et al., 2015). These blooms result from the rapid growth of phytoplankton
biomass (Cloern, 1996). They significantly impact aquatic organisms and their habitats by

reducing oxygen levels in the surrounding waters, limiting the availability of light and
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nutrients to aquatic plants, and causing hypoxia (Mishra et al., 2022). This can potentially
damage natural aquatic ecosystems and coastal aquaculture zones (Department of Marine and

Coastal Resources, 2015).

The Upper Gulf of Thailand is of considerable importance, as it is drained by the
tributaries of four major rivers: the Bang Pakong, Chao Phraya, Tha Chin, and Mae Klong.
Unfortunately, this region has experienced numerous phytoplankton blooms, which have
impacted aquaculture and tourism in the coastal zone. Field observations by researchers have
documented the phenomenon of phytoplankton blooms throughout the year at the mouths of
these rivers and in coastal areas (Chumnantana, 2006; Chuenniyom et al., 2016).
Additionally, studies using satellite imagery have also detected phytoplankton blooms in
these regions (Suwanlertcharoen and Prukpitikul, 2018; Luang-on et al., 2023).

Among the various methods used to detect phytoplankton blooms, satellite remote
sensing is especially valuable for timely monitoring and large-scale coverage. There are
several algorithms from satellite remote sensing imagery for detecting phytoplankton blooms,
including surface-floating algae blooms. These methods encompass the maximum
chlorophyll index (MCI) (Gower et al., 2005; Gower et al., 2008), the floating algae index
(FAI) (Hu, 2009), the normalised difference chlorophyll index (NDCI) (Mishra and Mishra,
2012), and the use of routine global false color imagery (Qi et al., 2020). Additionally, the
chlorophyll-a (Chl-a) anomaly product is a reliable tool for detecting and monitoring
abnormal Chl-a occurrences associated with high algae biomass events across global oceans,
coastal regions, and inland waters (Wang, 2021). These techniques are useful for establishing
a system for routine production, facilitating the easy evaluation and monitoring of surface
phytoplankton blooms in their spatiotemporal distribution across the ocean, coastal, and

inland waters.

The red-edge band is essential as phytoplankton exhibit a peak in spectral reflectance
near 700 nm, attributed to the minimal combined absorption by both water and phytoplankton
(Gurlin et al., 2011). This red-edge band centered around the 705 nm wavelength indicates
that the Sentinel-2 MSI could be applicable to a broader spectrum of chlorophyll-a (chl-a)
retrieval algorithms than the Landsat 8 OLI (Beck et al., 2016). Both the MCI and the NDCI
utilise the 705 nm wavelength spectral band in their algorithms, making them suitable for use
with Sentinel-2 MSI imagery. The NDCI uses the red-edge wavelength, which was originally
applied in marine and coastal environments (Caballero et al., 2020; Mishra and Mishra, 2012)

and also applied in freshwater environments for mapping algal blooms dynamics (Kislik et
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al., 2022). Additionally, the MCI is an analytical method that utilises spectral band difference
algorithms to exploit spectral regions exhibiting significant changes in the reflectance
spectrum due to the presence of algal blooms, compared to adjacent bloom-free waters
(Blondeau-Patissier et al., 2014a). The index is notably high under ‘red tide’ conditions,
characterized by intense, visible surface plankton blooms (Gower and King, 2011). Elevated
MCI values are correlated with high chlorophyll-a levels in oceanic, coastal, and lacustrine
waters (Gower et al., 2005; Blondeau-Patissier et al., 2014b). Researchers have applied the
MCI in various studies; for instance, Ryan et al. (2008) used MCI images to illustrate
synoptic bloom patterns and compute long-term statistics, while Suwanlertcharoen and
Prukpitikul (2018) employed the MCI to detect phytoplankton blooms in the Upper Gulf of
Thailand. Furthermore, the study by Salls et al. (2024) employed the MCI and the NDCI to
estimate chlorophyll-a concentrations under diverse conditions, serving as a monitoring tool

for inland lakes over extensive spatial scales.

Google Earth Engine (GEE) is a cloud-based geospatial analysis platform (Gorelick et
al., 2017). GEE’s cloud computing capabilities facilitate the analysis of large datasets and
time series, enhancing the ability to examine the spatial and temporal variability of surface
phytoplankton blooms. Recent studies have demonstrated the effectiveness of GEE in
monitoring water quality, particularly for detecting phytoplankton blooms (Lobo et al., 2021;
Kislik et al., 2022).

Therefore, this study aims to utilise spectral indices, including the MCI and the NDCI,
to detect surface phytoplankton blooms. We derive these indices from Sentinel-2 MSI
imagery via GEE and analyse the spatiotemporal distribution and occurrence of surface

phytoplankton blooms in the Upper Gulf of Thailand.
2. Materials and Methods
2.1 Study Area

The study area is located in the Upper Gulf of Thailand (Figure 1) and is delineated
by geographic coordinates from longitude 100° 00’ to 101° 00’ E and latitude 12° 30’ to 13°
30’ N. Encompassing an area of 10,000 km? it is bordered by land to the north, east, and
west, while opening to the South China Sea to the south and southeast. The Upper Gulf of
Thailand is drained by the tributaries of four major rivers: the Bang Pakong, Chao Phraya,
Tha Chin, and Mae Klong. The Gulf is shallow, with an average depth of approximately 20
meters and tidal heights ranging from 1 to 3 meters (Buranapratheprat, 2013). Additionally,
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the Gulf of Thailand is particularly vulnerable to hypertrophic and eutrophic conditions due
to significant river discharges along its northern coastline and water circulation patterns
affected by northeast and southwest monsoons (Buranapratheprat et al., 2021). During the
southwest monsoon, winds from the Indian Ocean generate a clockwise wind-driven current
in the upper Gulf. Inside the Gulf, these winds shift to the northeast, causing the wind-driven

circulation in the upper Gulf to flow counterclockwise (Chaiongkarn and Sojisuporn, 2013).
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Figure 1: Study area located in the Upper Gulf of Thailand.
2.2 Data Used
2.2.1 Satellite Imagery

This study utilised optical remote sensing data derived from Sentinel-2 MSI for the
year 2023. Harmonised Sentinel-2 MSI (MultiSpectral Instrument, Level-2A) data were
obtained from GEE, a cloud-based geospatial analysis platform that enables users to visualise
and analyse satellite images. Level-2A data were computed by running Sen2Cor, which
involves Scene Classification and Atmospheric Correction applied to Top-Of-Atmosphere
(TOA) Level-1C orthoimage products. The primary output of Level-2A is an orthoimage
with Bottom-Of-Atmosphere (BOA) corrected reflectance. Sentinel-2 MSI has 13 bands with

a spatial resolution of 10—60 meters, a wide swath width, and a high revisit time of 5 days
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with 2 satellites under cloud-free conditions (European Space Agency, 2015). Sentinel-2 MSI
imagery was used in the study to detect surface phytoplankton blooms and analyse their

spatial distribution and occurrence.
2.2.2 Ancillary Data

In this study, ancillary data included news and situation reports, and ocean condition
data, all of which were collected to evaluate surface phytoplankton blooms. Ocean condition
data from the time of the incident, including surface currents, were used to analyse the
movement and natural phenomena of surface phytoplankton over time. The surface ocean
currents were derived from the Global HYbrid Coordinate Ocean Model (HYCOM) data,
obtained from the NetCDF Subset Service (NCSS). These currents were used to compute the
average velocity and direction of surface current circulation for the monthly spatial

distribution in 2023.
2.3 Methods

The processing steps utilised in this study are illustrated in Figure 2. Satellite image
pre-processing and image processing for detecting and extracting areas of surface
phytoplankton blooms were conducted using GEE. Additionally, the spatiotemporal
distribution and occurrence of surface phytoplankton blooms were analysed using

Geographic Information System (GIS) software.
2.3.1 Satellite Image Pre-Processing and Image Processing
1) Image Pre-processing

Harmonised Sentinel-2 MSI Level-2A data were processed in GEE, is cloud and land
masking process using scene classification (SCL), where the SCL Class Table was selected
for cloud and land to remove thick and cirrus clouds and also land area, ensuring that only the

water area remained for analysis.
2) Image Processing

The detection of surface phytoplankton blooms was performed using the following
steps: (1) Spectral indices calculation, where MCI and NDCI were computed to characterize
the reflected light from intense surface phytoplankton blooms; (2) Water turbidity retrieval,
where water turbidity was calculated using an algorithm derived from the study by

Suwanlertcharoen et al. (2020); and (3) Masking of MCI and NDCI in turbid water,
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particularly in estuaries, using a criterion of water turbidity greater than 15 nephelometric

turbidity units (NTU).
2.3.2 Surface Phytoplankton Blooms Detection and Extraction

Surface phytoplankton blooms detection, where feature extraction of phytoplankton
bloom areas was analysed using MCI and NDCI threshold values, with criteria for extracting
surface phytoplankton bloom areas involving positive MCI (MCI > 0.01) and NDCI (NDCI >

0.1) values.
2.3.2.1 Maximum Chlorophyll Index (MCI)

The MCI was initially developed by Gower et al. (2005) for the MERIS sensor on the
Envisat satellite and has since been adapted for use with the Sentinel-3 OLCI, ensuring
continuity in the necessary spectral bands. Originally, the MCI was calculated using water-
leaving radiance, but it can also be applied to reflectance (Salls et al., 2024). The MCI
algorithm measures the height of a spectral band above a baseline that passes through two
other spectral bands. For Sentinel-2 MSI, the optimal band combination for calculating the
MCI includes Band 4 (665 nm), Band 5 (705 nm), and Band 6 (740 nm). The MCI is useful
for detecting phytoplankton blooms and other types of aquatic vegetation. In this study, we
applied the MCI algorithm to Sentinel-2 MSI data as follows:

A(705) A(sas))

MCI = Ryg705) k <Rrs(665)+(Rrs(740) Rrs(665)) 7 )
(740) A(665)

where Ryss65), Rrs(705) and Ry740) refer to the surface reflectance values in Band 4 (665
nm), Band 5 (705 nm), and Band 6 (740 nm) of Sentinel-2 imagery, respectively. Asss, A705
and 4740 refer to the band wavelength of 665, 705 and 740, respectively. k is cloud correction

factor for reducing the effect of thin cloud (this study using k=1.005)
2.3.2.2 Normalised Difference Chlorophyll Index (NDCI)

The NDCI was originally developed to estimate chlorophyll-a concentrations using
satellite remote sensing imagery in estuarine and coastal turbid productive waters (Mishra
and Mishra, 2012). The NDCI, designed to predict chlorophyll content in these waters, is
calculated using the red and red edge spectral bands, focusing on the absorption peak at 665-
675 nm and the reflectance peak at approximately 700 nm. It can also be used for detecting
phytoplankton blooms (Caballero et al., 2020). The NDCI for Sentinel-2 MSI was calculated
as follows ((Mishra and Mishra, 2012); Lobo et al., 2021);
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[Rrs(705) Rrs(665)]

NDCI =
[Rrs(705) + Rrs(665)]

where R,¢(705) and R,s6s5) refer to the surface reflectance values in the red edge 1

(Band 5) and red (Band 4) bands of Sentinel-2 imagery, respectively.
2.3.3 Relative Frequency of Bloom Occurrences Analysis

An analysis of the spatiotemporal distribution and occurrence of surface
phytoplankton blooms in the study area for 2023, using Sentinel-2 MSI data, was conducted
through a relative frequency of bloom occurrences analysis, expressed as a percentage. The

bloom frequency for each pixel is defined by Equation 2 (Zhang et al., 2015).

Cij

where F; ; is the relative frequency of bloom occurrence in the i pixel during time j
expressed as a percentage; C; ; is the count of bloom occurrence in same pixel; and TC; is the

total count of MSI images.
2.3.4 Evaluation of Surface Phytoplankton Blooms Detection

The detected areas of phytoplankton blooms were evaluated by comparing their
visible appearance with the mapped locations and extents. The incidents of phytoplankton
blooms were corroborated using RGB False Color Composite imagery and other relevant

data, including news and situation reports.
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Figure 2: Flowchart of the process in this study.
3. Results and Discussion
3.1 Results
3.1.1 Surface Currents Variations

The characteristics of the average velocity and direction of the surface current
circulation in 2023, computed from the HYCOM data in the Upper Gulf of Thailand, the
average current velocity ranges between 0.016 and 0.080 m/s. During the northeast monsoon
season (November - February), the current pattern flows counter-clockwise to the southwest,
with November 2023 having the highest current velocity of about 0.080 m/s. During the first
transition monsoon (March - April), the circulation pattern is clockwise to the northeast, but
the current velocities are not very high, with March 2023 having the lowest current velocity

of about 0.016 m/s. During the southwest monsoon (May - September), the circulation pattern
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is clockwise, flowing to the east and southeast. During the second transition monsoon
(October), the current direction begins to change counter-clockwise to the south, as shown in

Figure 3 and Figure 4.
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3.1.2 Surface Phytoplankton Blooms Detection and Extraction

Phytoplankton bloom detection using MCI and NDCI from Sentinel-2 MSI was
analysed. The analysis showed that in areas of intense surface activity, phytoplankton blooms
exhibited high MCI and NDCI values. The criteria for extracting surface phytoplankton
bloom areas in this study involved using positive MCI (MCI > 0.01) and NDCI (NDCI > 0.1)
values. An example case of surface phytoplankton bloom detection is illustrated by
comparing Sentinel-2 MSI RGB False Color Composite images, spectral indices (MCI and
NDCI), and the extraction of surface phytoplankton bloom areas. This example shows a
surface phytoplankton bloom on 14 August 2023, comparing (a) Sentinel-2 MSI RGB False
Color Composite images in band 5 (705 nm), band 3 (560 nm), and band 2 (490 nm), (b)
MCI, (c) NDCI, and (d) the extraction of surface phytoplankton bloom areas, as shown in
Figure 5.

(©) (d)

Figure 5: Comparison of Sentinel-2 MSI showing a surface phytoplankton bloom on 14
August 2023 between (a) Sentinel-2 MSI RGB False Color Composite images in band 5 (705
nm), band 3 (560 nm), and band 2 (490 nm), (b) MCI, (c) NDCI, and (d) the extraction of

surface phytoplankton bloom areas (red color).
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3.1.3 Spatial Distribution and Occurrence of Surface Phytoplankton Blooms

The spatial distribution and occurrence of phytoplankton blooms in 2023 were
analysed using time-series satellite images from the Sentinel-2 MSI. This analysis involved
counting the occurrences of blooms and the total number of MSI images to determine the
relative frequency of bloom occurrences. Figure 6 shows the monthly count of bloom
occurrences in the upper Gulf of Thailand for 2023. Additionally, phytoplankton blooms
occur within a radius of 10 km from the estuaries of the Bang Pakong, Chao Phraya, Tha
Chin, and Mae Klong rivers, encompassing the entire study area, as shown in Figure 7. It
was found that near-estuarine and coastal areas experienced more frequent bloom
occurrences than offshore areas. Based on the monthly spatial distribution, it was observed
that there was a gradual increase from August to November, followed by a gradual decrease

in December.

The annual relative frequency of bloom occurrences in the Upper Gulf of Thailand in
2023 is shown in Figure 8. Figures 8 indicate that the relative frequency of bloom
occurrences near estuarine and coastal areas is higher than in other regions, particularly in the
Tha Chin estuary. Based on the relative frequency of bloom occurrences within a 5 km radius
of the Bang Pakong, Chao Phraya, Tha Chin, and Mae Klong estuaries, it was found that all
four river estuaries were affected by phytoplankton blooms in almost every month of 2023.
Overall, the average annual frequency of blooms in the four main river estuaries was 18.62%.
The Tha Chin estuary had the highest average annual frequency at 28.59%, followed by the
Bang Pakong River at 16.27%, the Chao Phraya River at 11.30%, and the Mae Klong River
at 7.95 %. Also, the average annual frequency of blooms within a 10 km radius of the four
main river estuaries was 13.29%. The Tha Chin estuary had the highest average annual
frequency at 15.49%, followed by the Bang Pakong River at 12.97%, the Chao Phraya River
at 12.19%, and the Mae Klong River at 10.05%. These blooms have significantly impacted
aquaculture and tourism in the coastal zone, especially along the Chonburi coast, which is

renowned for its popular tourist beaches.
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September 2023

Figure 6: The monthly count of bloom occurrences in the Upper Gulf of Thailand in 2023.

Phytoplankton Blooms Area Within 10 Km

Rasius of Estuary (Sq.km.)

October 2023

180
160
140
120

100

Mae Klong River Estuary (Within a 10 km Radlus)
Tha Chin River Estuary (Within a 10 km Radius)

Chao Phraya River Estuary (Within a 10 km Radius)
Bang Pakeng River Estuary (Within a 10 km Radius)
m= Four Main River Estuaries (Within a 10 km Radius)

Phytoplankton Blooms Area (Study Area)

B

-
Jan
0.99
11.98
1.4
.89
15.29

20.55

Feb
002
018
il
0.05
0.36
1.56

Mar
0.00
0.64
0.10

0.75
4.16

Apr
1.85
0.21
.58
007
7
7.50

Novembér 2025

Phytoplankton Bloom Area in 2023

May
1.2
53.16
13.64
3.95
21
127.80

Jun
0.38
25.70
22.41

1.37
49.86
64.33

1
Jul

0.84
16,70
0.57
0.25
18.36
37

Aug

16.74
28,75
28.90
1371
88.10

569,23

Sep
.00
44.99
31.55
43.88

120.42
385.73

Oct
17.22
103.10
1.12
210
12354
374.64

Dleceml;er 2023

Nov
34.86
T3S
27.28
15.65

158.13
687.04

Dec
19.80
67.58
5.62
5.50
98.50
205.26

800

700

600

S00

400

300

100

Figure 7: Phytoplankton blooms occur within a radius of 10 km from the estuaries of the

Bang Pakong, Chao Phraya, Tha Chin, and Mae Klong rivers, encompassing the entire study

arca.

Page 12 of 21

Count of Bloom Occurrence
L]
3

Phytoplankton Biooms Avea of Study Avea (Sq.Km)



2044

AL R 5 Asian Conference on Remote Sensing (ACRS 2024)

100°0'0"E 100°15'0"E 100°30'0"E 100°45'0"E 101°0'0"E
1 1 L L 1
=T 7 N

Bangkok
w ‘Q E

& |

4
ol i
{ C mdmcng.';aa Z

Samut Prakarn

13°30'0"N

Lo )8
\Samut S ong'fl ran

2
*

E =
= b
[ A
-y L
ot [5)
!

&

[

LI 7l

D)

0

~

- -

o

E =

_l -

z ] w
= b
& | Phetchaburi -

" Chon Buri

] |
-5 610

Relative Frequency of Bloom Occurrence (%)

12°45'0"N
L

Rayong

PrachuapIihini¥Kiian)

30'0"N
12°30'0"N

-

100°0'0"E 100°15'0"E 100°30'0"E 100°45'0"E 101°0'0"E

Figure 8: The annual relative frequency of bloom occurrences in the Upper Gulf of Thailand

in 2023.
3.1.4 Evaluation of Surface Phytoplankton Blooms Detection

The evaluation for detecting surface phytoplankton blooms utilised criteria for
extracting bloom areas from MCI and NDCI. Scatter plots of MCI and NDCI, using the
selected intense phytoplankton bloom areas as the area of interest (AOI) on August 14, 2023,
are shown in Figure 9. Figure 9 demonstrates that the scatter plots are consistent and show

high correlations, especially in the range of MCI > 0.01 and NDCI > 0.1.
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Scatter Plot

MCI

Figure 9: A scatter plot of MCI and NDCI was generated using selected intense
phytoplankton bloom areas as the area of interest (AOI) on August 14, 2023.

The results indicate that phytoplankton bloom detection using MCI and NDCI from
Sentinel-2 MSI successfully characterized the phytoplankton blooms in both offshore and
nearshore areas. Additionally, the data indicate that some of the phytoplankton blooms had
reached the shoreline by this date, consistent with field data and news reports, particularly in
the case of August 12-19, 2023 (Department of Marine and Coastal Resources, 2023a,
Department of Marine and Coastal Resources, 2023b). This phenomenon was caused by the
bloom of a dinoflagellate called Noctiluca scintillans, a species that does not produce toxins
but can cause the death of aquatic animals due to its lack of oxygen, resulting in a large

number of dead aquatic animals being found along the coast.
3.2 Discussion

The results of surface phytoplankton bloom detection and extraction using spectral
indices, including the MCI and the NDCI, were quite effective and reliable in coastal and
offshore waters, especially in estuary areas with high turbidity and optically complex waters,
when both indices were used together. A limitation is that the MCI frequently indicates the
presence of algae in waters with high sediment concentrations (Wynne et al., 2018). This
corresponds with the results of the MCI and NDCI, as shown in Figure 5, which indicate that
the Bang Pakong River estuary had higher turbidity and sediment concentrations compared to
other river estuaries. The MCI values exhibited high readings, whereas the NDCI values
exhibited low readings. The NDCI can also detect surface phytoplankton blooms in coastal
turbid productive waters, consistent with the study by Caballero et al. (2020), which applied
the NDCI to monitor small blooms more effectively using Sentinel-2 imagery, revealing
surface patches and a heterogeneous distribution. Therefore, this method’s effectiveness is

due to the estuary’s relatively turbid water and high sediment content, which affect the
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characteristics of the plankton bloom phenomenon. These findings are consistent with the
study by Wang et al. (2019), which indicated that the surface suspended sediment front
played a crucial role in defining the shoreward boundary of the phytoplankton bloom region.
High turbidity, causing light attenuation, emerged as a significant factor restricting

phytoplankton blooms in turbid nearshore waters.

The 2023 study on the spatial distribution and occurrence of surface phytoplankton
blooms revealed that most blooms occurred year-round in estuaries, along the shore, and in
offshore areas. This finding aligns with Chumnantana (2006), who reported year-round
phytoplankton blooms at major stations. Similarly, Lirdwitayaprasit et al. (2006) documented
nine occurrences of blooms caused by Noctiluca scintillans and seven by C. furca at the Bang
Pakong river mouth between June 2003 and November 2004, predominantly during the rainy
season and often following heavy rainfall by 1-2 days. Additionally, Luang-on et al. (2023)
observed that phytoplankton blooms, specifically Green Noctiluca scintillans, were found
farther from the shore and estuaries compared to other types such as dinoflagellates and
cyanobacteria. The occurrence and distribution of Green Noctiluca scintillans blooms, along
with other phytoplankton blooms, varied with the monsoon season. These observations
confirm the mechanisms of seasonal phytoplankton blooms dynamics in relation to monsoon-
induced variables. The intensity of phytoplankton blooms near coasts and river mouths is
proportional to nutrient loads, while in offshore areas, vertical water column movement and
stability are also crucial (Buranapratheprat et al., 2008). Blooms were not always found in
high-nutrient nearshore waters but were observed farther from river mouths (Rungsupa et al.,
2003). Suwanlertcharoen and Prukpitikul (2018) also reported occurrences in both coastal

and offshore areas.

Furthermore, the surface current patterns during the southwest monsoon season likely
facilitate the bloom of cells in the eastern inner Gulf, as the total surface current flows
eastward. HYCOM surface current data from 2023 supports this, showing currents flowing
east and southeast from May to September. The results indicated that the velocity of the
surface current circulation during the northeast monsoon season is higher than during the
southwest monsoon season, consistent with the study by Kongprom et al. (2015) on surface
current patterns in the Upper Gulf of Thailand using High Frequency Radar in 2013. The
circulation characteristics, particularly during the northeast and southwest monsoon,

correspond to the spatial distribution characteristics of the phytoplankton bloom area.
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4. Conclusions

In this study, spectral indices, including the MCI and NDCI, derived from Sentinel-2
MSI imagery via GEE were utilised to detect surface phytoplankton blooms and to analyse
the spatiotemporal distribution and occurrence of these blooms in the Upper Gulf of

Thailand.

The results of this study indicated that surface phytoplankton bloom detection and
extraction using the MCI and the NDCI were quite effective and reliable in coastal and
offshore waters, especially in estuary areas with high turbidity and optically complex waters,
when both indices were used together. The 2023 study on the spatial distribution and
occurrence of surface phytoplankton blooms revealed that most blooms occurred year-round
in estuaries, along the shore, and in offshore areas. Analysing the relative frequency of bloom
occurrence in each month of 2023 indicated that near-estuarine and coastal areas experienced
more frequent bloom occurrences than offshore areas. Overall, the average annual relative
frequency of bloom occurrences within a 5 km radius in the estuary where the Tha Chin
River was highest at 28.59%, followed by the Bang Pakong River at 16.27%, the Chao
Phraya River at 11.30%, and the Mae Klong River at 7.95%. Additionally, the characteristics
of the average velocity and direction of the surface current circulation in 2023, computed
from the HYCOM data, showed that the surface current patterns during the southwest
monsoon season likely facilitated the bloom of cells in the eastern inner Gulf, as the total
surface current flows eastward. Overall, the circulation characteristics, particularly during the
northeast and southwest monsoon, correspond to the spatial distribution characteristics of the

phytoplankton bloom area.

This study indicates that the spectral indices, including the MCI and NDCI, are
reliable methods for routinely detecting and monitoring surface phytoplankton blooms.
Additionally, understanding the spatiotemporal distribution and occurrence of these blooms is
essential for comprehending the phenomenon in the marine environment. Furthermore, the
capabilities of Sentinel-2 provide valuable ecosystem observations for monitoring water
quality and the spatiotemporal distribution of blooms, which are critical for ecological and

management purposes at a regional scale.
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