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trophic pathways in the marine ecosystem. This study evaluates the

performance of algorithms (Sahay, Brewin) to retrieve PSC using

total chlorophyll-a from the Moderate Resolution Imaging

Spectroradiometer onboard Aqua satellite (MODISA). The validation

of satellite-derived PSC with in situ data showed better statistical

indicators for Sahay's algorithm in retrieving PP (R% 0.73, slope:

0.74, intercept: 0.10, RMSE: 0.08), NP (R%: 0.67, slope: 0.99, intercept:

—.01, RMSE: 0.04), and MP (R% 0.76, slope: 0.81, intercept: 0.08,

RMSE: 0.12). Both algorithms performed similarly for NP and MP

retrievals, while Sahay's algorithm showed better accuracy for PP.

Subsequently, the PSC retrieved from Sahay’s algorithm was ana-

lysed to understand their spatio-temporal variability with respect to

the environmental conditions. The PSC concentration varied within

a year in accordance with monsoonal changes in northern Arabian

Sea. The temporal variation of PSC concentration showed an

inverse relationship of MP with PP, which was attributed to the

nutrient availability during the period. The spatial distribution

exhibited relatively higher concentrations of MP in the north during

the winter monsoon (January to March) and along the western and

southeastern coasts of the Arabian Sea during the summer mon-

soon (June to August). MP dominated the offshore northern

Arabian Sea during the winter monsoon, whereas the PP exhibited

higher concentration throughout the summer. The outcomes of
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and oceanographic processes, and PSC dynamics in northern
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1. Introduction

Phytoplankton are photoautotrophic microorganisms ubiquitous in marine environ-
ments, ranging in size from micrometre to millimetres (Bharathi, Venkataramana, and
Sarma 2022; Diaz et al. 2023). Serving as primary producers in the marine environment,
phytoplankton produce organic matter utilizing the sunlight that fuels the oceanic food
web. In general, phytoplankton are abundant in surface waters and primarily controlled
by the availability of nutrients and optimum photosynthetically active radiation (Wang
etal. 2021). The spatio-temporal distribution of phytoplankton is regulated by a multitude
of environmental factors, with major contributions from solar radiation, vertical mixing
processes such as upwelling and downwelling, and nutrient availability (McManus and
Woodson 2012). Owing to the aforementioned, any decline in phytoplankton abundance
can impact the energy transfer within the ecological pyramid, from the base of the pelagic
food web, and thereby can limit the growth and survival across higher trophic levels
(Falkowski, Barber, and Smetacek 1998).

Spatio-temporal quantification of phytoplankton size classes provides invaluable
insights to understand the biogeochemical processes underneath, aiding towards the
management of higher trophic levels, including fisheries. Phytoplankton Size Classes
(hereafter, PSC) play a proactive role in nutrient regulation, N, and carbon fixation, as
well as light harvesting, thereby regulating the overall biogeochemistry and transport
within the euphotic zone (Liu et al. 2018). Considering the cell size, phytoplankton are
commonly classified into three categories: picophytoplankton (PP; < 2 um), nanophyto-
plankton (NP; 2-20 um), and microphytoplankton (MP; > 20 um) (Sieburth, Smetacek, and
Lenz 1978). PP account for half of the photosynthetic biomass in coastal waters as well as
offshore euphotic zones (Partensky, Hess, and Vaulot 1999). NP comprises flagellates,
small ciliates, and dinoflagellates. NP play a pivotal role through the food chain in the
microbial loop, contributing to organic matter recycling and supporting higher trophic
levels (Sherr and Sherr 2002). MP includes diatoms, cyanobacteria, and dinoflagellates
(Mukherjee, Suresh, and Manna 2018). In addition, MP play an important role in new and
export production. Therefore, it has been acknowledged that considering PSC is essential
in understanding the oceanic biogeochemistry (Uitz et al. 2010).

Among different ocean basins, the Arabian Sea (AS) is considered one of the most
productive regions, primarily attributed to the substantial nutrient enrichment from
riverine/terrestrial runoff, atmospheric dust deposition, convective mixing during the
winter monsoon, and lateral advection during the summer monsoon and a multitude of
physical processes (Kuttippurath et al. 2023; Prakash et al. 2015; Rixen et al. 2020; Wiggert
et al. 2005). With the favourable conditions of nutrient enrichment and physical mixing,
this tropical basin supports a diversified phytoplankton community, which often exhibits
blooms (Baliarsingh et al. 2018; Jyothibabu et al. 2015). The MP size class in northern AS is
typically dominated by diatom and dinoflagellate species during the winter monsoon,
and the ambient water quality, ocean dynamics, sunlight, and nutrient availability shape
their abundance and community composition (Thomas 2015). The AS experiences
a seasonal shift in phytoplankton community structure, as the size class distribution varies
in response to environmental conditions (Ali et al. 2022; Sahay et al. 2017; Shanmugam
et al. 2016). The nutrient enrichment from deep mixing favours large diatoms within the
MP size class to flourish during the late winter convective phase in northeastern AS.
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However, as stratification develops towards early spring, the smaller NP and PP, as well as
mixotrophic dinoflagellates, such as Noctiluca scintillans, become more prominent, indi-
cating the post-convective stratification of the water column and its regenerated produc-
tion, which supports smaller plankton communities (Padmakumar et al. 20177). On the
other hand, during the winter - spring transition, cold-core eddies in northeastern AS
sustain high phytoplankton productivity through vertical nutrient supply, even after
surface convection declines, thereby signifying the contribution of physical forcing in
controlling PSC dynamics in this region (Smitha et al. 2022). PSC have been observed to
play a significant role in the evolution cycle of algal blooms, especially in northern AS,
which experiences high-biomass blooms of diatoms and dinoflagellates (dominated by
Noctiluca scintillans) during the winter monsoon period (Albin et al. 2023; Baliarsingh et al.
2018). Even though earlier research has studied variability of PSC utilizing in situ data in
a few open ocean pockets of northern AS, it's important to delineate the long-term
patterns over the broad spatial range, which can aid in understanding environmental
conduciveness for high-biomass algal blooms (Lathika 2015; Padmakumar et al. 2017;
Sahay et al. 2017; Smitha et al. 2022). Recent decadal studies have demonstrated the
potential of ocean colour remote sensing to characterize the PSC in the entire AS basin (Ali
et al. 2022, 2025; Baliarsingh et al. 2018; Barik et al. 2020).

In the context of synoptic monitoring of marine algae, ocean colour remote sensing
has been proven successful in providing critical information on the phytoplankton
biomass through the retrieval of chlorophyll-a (henceforth chl-a) concentration (Kalita
and Lotliker 2024). With advancements in ocean colour remote sensing, PSC concentra-
tions are also being retrieved from satellite data, providing insights into ecosystem
structure and primary production. Recent studies have further demonstrated the use of
machine learning approaches for predicting seasonal and long-term changes in satellite-
retrieved PSCs as well as quantifying the effect of ecological drivers (Ali et al. 2022, 2025;
Brewin et al. 2010; Ciotti and Bricaud 2006; Sahay et al. 2017). Against the above backdrop,
the present study was undertaken to evaluate the performance of PSC-retrieving ocean
colour algorithms tailored to the AS and subsequent discerning of long-term variability of
PSC with special reference to episodic high-biomass algal bloom events in northern AS.

2. Materials and methods
2.1. Study area

This study was carried out in the open ocean domain (14° to 24° N and 60° to 68°E) of the
AS, covering northern, central, and some parts of the southern regions (Figure 1). The AS
experiences a tropical monsoonal climate. The surface current pattern in the AS changes
twice during a year due to the influence of monsoon winds. During the winter months
(November to February), the wind blows from the northeast, resulting in the current
flowing towards the west. The southwest monsoon winds during the summer monsoon
(June to September) blow across the southern part of the AS, and an intense upwelling
takes place in southeastern AS during this period (Reddy 2007). The upwelling generally
prevails earlier in the southern part and gradually spreads northward along the coast of
eastern AS. During the winter monsoon, relatively insignificant Ekman transport occurs in
southeastern AS while convective mixing occurs in northern AS (Longhurst 2007).
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Figure 1. Map of study area. Symbols indicate in situ sampling stations onboard FORV Sagar Sampada
cruise ID: SS383 (blue filled triangle), 356 (green filled square) and 348 (red filled circle). Northern
Arabian Sea was categorized into 20 boxes (red) of 2° x 2°, where the climatological variability was
analysed. The black box (20° to 24° N and 62° to 66° E) indicates the core algal bloom area.

Changes in mixed-layer depth, which are influenced by variations in surface heat flux,
are the primary cause of the interannual variability of the winter algal bloom in northern
AS. These variations influence nutrient transport into surface waters, which regulates the
frequency and seasonality of phytoplankton blooms in this region (Keerthi et al. 2017).
Governed by different ocean dynamics, southeastern AS experiences high productivity
during the summer monsoon, while the same occurs in northern AS during winter
(Padmakumar et al. 2017). During inter-monsoon periods, the AS becomes relatively
oligotrophic (Thoppil 2023). For the ease of the present study to comprehensively cover
the open ocean domain, northern AS was divided into 2°x 2° boxes covering 14°-24°
N latitude and 60°E- 68° E longitude (Figure 1).

2.2. Data and methodology

The in situ chl-a data used in the present study were measured during ocean expeditions
onboard the research vessel FORV Sagar Sampada (cruise ID: S5348, SS356, and SS383).
Water samples were collected using Niskin bottles. Filtration was carried out onboard
immediately after sample collection, under subdued light conditions. PSC-fractionated
chl-a concentration analysis for MP, NP, and PP was carried out by sequential filtration of
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a known volume of water samples using filters (47 mm diameter, make: Merck-Millipore)
having pore sizes 20 um, 2 um, and 0.2 um (Baliarsingh et al. 2018; Brewin et al. 2014);
methodological details are further elaborated in Wei et al. (2022). The residues retained on
the filter paper were subjected to extraction for 24 hours in the dark and refrigerated
conditions with 90% acetone. After 20 hours of extraction, the extract was centrifuged for
20 minutes at 4000 rpm. Subsequently, the spectral measurements were carried out using
a UV-Visible Double Beam Spectrophotometer (Shimadzu, UV-2600), and the concentra-
tion of chl-a was estimated by following the protocol defined by Strickland and Parsons
(1972) and as detailed in Baliarsingh et al. (2018).

Satellite-retrieved chl-a (4 km spatial resolution, daily) was obtained from the Moderate
Resolution Imaging Spectroradiometer onboard Aqua satellite (MODISA), available at
NASA’s OceanColorWeb portal (https://oceancolor.gsfc.nasa.gov/). The monthly climatol-
ogy was prepared from the daily data using SeaWiFS Data Analysis System (SeaDAS v7.5.1)
software. The following sensor default algorithm was used for the retrieval of chl-a from
the MODISA (Equation 1).

— Rs(hoie) |
logio(chl —a) :Go+2a,~ logo | —=~olue/ )
i=1 R ()\green)

Where, a = [0.2424,—2.7423,1.8017,0.0015, —1.2280)]
For MODISA, R;s(Apie) is the maximum of remote sensing reflectance (R,) at wavelengths
(A) 443 and 488 nm. Agreen is 547 nm.

The chl-a concentration of different PSC, viz. PP, NP, and MP were retrieved using the
algorithms by Sahay et al. (2017) and Brewin et al. (2010) from total chl-a concentration
(Table 1). These abundance-based models consider total chl-a concentration as the
combined contribution of the individual PSC, namely PP, NP, and MP. PSC algorithms
were applied to MODIS-retrieved chl-a data, and logical expression bands were created
for all different PSC using SeaDAS (version 8.1.0). The performance of the PSC-retrieval

Table 1. Model parameterization to calculate chlorophyll-
a concentration in different size classes (pico, nano and microphy-
toplankton), using satellite data, provided by Brewin et al. (2010)
and Sahay et al. (2017). The notations in the equations are chlor-
ophyll-a concentration (C), which is the sum from pico (Cp), nano
(Cy), and microphytoplankton (Cy). C, and (7' are the asymptotic
maximum values that can be attained by the combination of pico
and nanophytoplankton (Cpy) and picophytoplankton (Cp), respec-
tively. Spy and Sp are the corresponding initial slopes (adapted from
Miranda et al. 2021.).

C=CG+C+Cu

Coy = C:g;\l [1 — efSPNC}

Cy=C—Cpy

G=C =[1-e5]

Cv="=Cn—0Cp

Parameter Brewin et al. (2010) Sahay et al. (2017)
Gy 0.977 1.2330

(¢4 0.095 0.7243

Sen 0.910 0.6792

Sp 7.822 0.6645
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algorithms (Brewin et al. 2010; Sahay et al. 2017) with respect to in situ PSC data from
northern AS was evaluated by adopting a similar strategy, as followed by Miranda et al.
(2021).

3. Results and discussion
3.1. Spatio-temporal variability of chlorophyll-a in the Arabian Sea

The monthly climatology maps of MODISA-chl-a concentration in the AS showed a clear
link between high algal biomass and the monsoonal cycle (Figure 2). Higher chl-
a concentration occurred during January to March in western as well as in northern AS.
Since April, the concentration started decreasing, and May-June witnessed minimal chl-
a in the entire basin, except for some localized areas in the coastal eastern AS.
Furthermore, the chl-a concentration was found to increase in the southern parts and
reached its maximum during September (western AS and in the coastal southeastern AS).
While western Arabian Sea retained chl-a during October, the concentration started
reducing in other areas. September had relatively higher chl-a levels. In the context of
early monsoon months (June and July), persistent cloud cover possibly hindered satellite
detection of chl-a signals, resulting in data gaps (Kumar et al. 2007).

During the initial phase of the winter monsoon (December), phytoplankton blooms
emerge in northern AS, driven by dry northeasterly winds that enhance evaporation and
surface cooling, which is also discernible in the present investigation (Figure 2). The
resultant increment in surface water density promotes convective mixing, which entrains
nutrients from deeper layers into the euphotic zone, supporting rapid phytoplankton
growth. Biomass progressively builds through January, reaching a peak in February when
mixing is intense and chl-a concentration is highest (Kuttippurath et al. 2023; Longhurst
2007). As the winter monsoon weakens in March, mixing declines and the nutrient supply
becomes exhausted, resulting in a sharp reduction in phytoplankton biomass, with
blooms persisting mainly near the coast. By April - May (inter-monsoon period), the
water column becomes highly stratified due to increasing solar heating, and the absence
of wind-driven mixing limits nutrient replenishment. This leads to oligotrophic conditions
and relatively low productivity in the open ocean, while coastal regions show only
localized patches of chl-a, possibly sustained by terrestrial runoff. Rising temperature
also suppress the growth of some cold-adapted phytoplankton groups, thereby further
lowering surface biomass in the long term (Boyce, Lewis, and Worm 2010; Poloczanska
et al. 2013).

Following this nutrient-depleted phase, the onset of the southwest monsoon in June
reinitiates the bloom cycle through strong coastal upwelling and basin-scale mixing,
restoring nutrient levels and triggering widespread phytoplankton proliferation. The
shift in monsoon winds plays a key role in controlling phytoplankton assemblages’
response to changes in the mixed layer within the upwelling region. This link is so strong
that any year-to-year changes in the timing or intensity of the winds are immediately
mirrored in the seasonal patterns of the ecosystem (Longhurst 2007; Smith 1984). As the
summer monsoon influence often extends up to October — November in northern AS, the
continued nutrient supply prevents the onset of nutrient limitation, thereby sustaining
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Figure 2. Spatial distribution of chlorophyll-a monthly climatology in the Arabian Sea.

phytoplankton proliferation even after the monsoon peak (Prakash and Ramesh 2007;
Wiggert et al. 2005).

In the particular context of northern AS, the temporal variability of MODISA-retrieved
chl-a concentration analysis focused on the 20 boxes of a 2° x 2° domain, where the
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Figure 3. Temporal variability of mean chlorophyll-a monthly climatology in selected boxes (B01 - B10
as shown in Figure 1) in northern Arabian Sea. The inset shows the variability in boxes B02, B03, B06
and BO7.

climatological variability was analysed (Figures 3 and 1). The variation indicated the extent
of the high chl-a concentration in areas between 20°-24° N latitude to 62°-66° E longitudes
(inset of Figure 3, over the 2° x2° boxes of 2, 3, 6, and 7 as described in Figure 1). Initially,
the chl-a concentration exhibited a gradual increase from November to January, followed
by a rapid increase in February (reaching a maximum), and then started declining from
March onwards. The chl-a reaches its minimum concentration at the end of April due to
the low nutrient availability required for phytoplankton growth. This minimum is followed
by a gradual increase from June onwards, extending up to September, due to the effect of
the summer monsoon. The chl-a concentration in the majority of subsets (boxes) indi-
cated that the highest magnitude occurs in February and the lowest in May-June, which is
well aligned with episodic algal bloom phenology of northern AS (Baliarsingh et al. 2018;
Lotliker et al. 2018). A concomitant recent study (Anjaneyan et al. 2023) reports initiation
of winter bloom in the Gulf of Aeden (lower north-western AS) during November and
lasting till February, from November to March in the Gulf of Oman (upper north-western
AS), December to March in the Arabian Sea Open Waters, and from November to January
in the west coast of India.

3.2. Performance of the satellite algorithms for the estimation of phytoplankton
size classes

The performance of the MODISA-retrieved PSC using the two algorithms (Brewin et al.
2010; Sahay et al. 2017) was validated against the in situ PSC data collected from northern
AS (Figure 4). The validation was further statistically analysed using slope, intercept,
coefficient, root mean square error (RMSE), and absolute percentage error (APD)
(Table 2). The overall statistics indicated better performance for Sahay et al. (2017) than
Brewin et al. (2010). In the case of MP distribution, both models performed relatively well.
For Sahay et al. (2017), the APD (33%), RMSE (0.12), and the correlation coefficient (R?)
(0.76) exhibited better values (Figure 4), whereas for Brewin et al. (2010), the APD, RMSE,
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Figure 4. Scatter plot showing the relation between satellite estimate and in situ measured chlor-
ophyll-a concentration of various phytoplankton size classes using Sahay et al. (2017) [left panel] and
Brewin et al. (2010) [right panel] algorithms. The dotted line corresponds to 1:1.
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Table 2. Performance indices for the relative errors between in situ measured and satellite estimates of
chlorophyll-a concentration in various size classes using Sahay et al. (2017) and Brewin et al. (2010)
algorithms. Statistical indices include slope (S), intercept (1), coefficient (R?), root mean squared error
(RMSE), and absolute percentage difference (APD).

Plankton Algorithm S I R RMSE APD
Picophytoplankton Sahay 0.74 0.10 0.73 0.08 28
Brewin 0.01 0.09 0.25 0.17 136
Nanophytoplankton Sahay 0.99 —-0.01 0.67 0.04 18
Brewin 2.06 —-0.06 0.65 0.18 38
Microphytoplankton Sahay 0.81 0.08 0.76 0.12 33
Brewin 0.70 0.07 0.70 0.13 36

and the coefficient values are 36%, 0.13, and 0.70, respectively (Figure 4). For NP, the APD
value of Sahay et al. (2017) was 18%, RMSE 0.04, and R? 0.60. In contrast, the APD, RMSE,
and coefficient values for Brewin et al. (2010) were 38%, 0.18, and 0.65, respectively. The
values generated by the algorithm of Sahay et al. (2017) are relatively near the ideal
values, whereas Brewin's algorithm fell a little apart. For PP, Sahay et al. (2017) exhibited
APD 28%, RMSE 0.08, and R? 0.73; slope and intercept values were 0.74 and 0.10,
respectively. In the case of Brewin’s algorithm, the APD value was 136%, which exceeded
the ideal value; RMSE was 0.17, which was comparatively higher than that of the Sahay et
al. (2017) algorithm. The R2 was 0.25, much lower than the ideal value of 1. The slope and
intercept values were 0.01 and 0.09, respectively, indicating that the values derived from
this algorithm have a widespread distribution compared to the in situ measured values.
The results showed that the regionally tuned algorithm by Sahay et al. (2017) exhibited
higher accuracy than the global model for identifying variations in the long-term patterns
of PSC, especially PP, in the open ocean region of the AS. In agreement with earlier
studies, this study reinforced the suitability of Sahay et al. (2017) in retrieving PSC in north
Indian Ocean region (Baliarsingh et al. 2018; Barik et al. 2020; Miranda et al. 2021).
Given that the validation demonstrated the advantage of the regionally tuned algo-
rithm by Sahay et al. (2017), it becomes necessary to situate these findings within the
broader methodological framework of PSC retrieval. In this context, satellite-based
approaches are generally classified into spectral-based and abundance-based methods,
each suggesting distinct advantages and inherent limitations (IOCCG 2014). Spectral-
based methods adopt the criteria of light absorption or scattering by phytoplankton in
the ocean. Smaller cells tend to absorb blue light more strongly and show sharper
absorption peaks compared to larger phytoplankton. This distinct pattern forms the
foundation for classifying PSC using absorption-based techniques. In contrast, the spec-
tral backscattering approaches consider stronger backscattering at blue wavelengths by
smaller phytoplankton, while larger cells display relatively flat backscattering across the
spectrum (IOCCG 2014). The advantage of spectral backscattering methods is that they
are more direct, relying on distinct optical signatures, and can detect changes in PSC
regardless of overall concentration. However, optical noise can affect their accuracy,
limiting precise estimation under specific conditions. Variability in the optical properties
of phytoplankton, driven by changes in temperature, nutrient availability, and light
conditions, introduces additional uncertainties in PSC analysis (Brewin et al. 2015). The
abundance-based methods estimate PSC by assuming that large cells dominate when
chl-a concentrations are high, while small cells dominate at low chl-a levels. These



INTERNATIONAL JOURNAL OF REMOTE SENSING . 1

methods are easy to use and provide a basic idea of PSC distribution (Liu et al. 2023). In
this study, two abundance-based models, viz. Brewin et al. (2010) and Sahay et al. (2017)
have been validated for the same time period. Even though both the algorithms are
abundance-based, the methodological differences in estimating in situ chl-a might have
resulted in better estimation by the latter (Sahay et al. 2017).

3.3. Spatial distribution of satellite-retrieved phytoplankton size classes

Upon performance evaluation, Sahay et al. (2017) algorithm was used for PSC retrieval
from MODISA and classified into PP, NP and MP, for the long-term pattern study. The
monthly climatological distribution of the PSC in the AS is illustrated in Figure 5. Among
the different PSC, the NP distribution appears to be uniform in the central part of the AS
during May-June, with variations observed along the coastal waters due to the MP
distribution existing in the region (Figure 5i-xii). The uniform distribution throughout
the AS resulted from their ability to grow in optimum sunlight and the low-nutrient
conditions layer (Jyothibabu et al. 2013). As the monsoon period extends, the MP con-
centration slowly increases, inhibiting the growth of NP. During August, September,
October, and November, the NP concentration is at the lowest level in the coastal waters
of southern and northern AS (Figure 5h-k). December onwards, a rapid decrease in the
concentration of MP was observed in northern AS (Figure 5a-c). During this period,
northern AS experiences high-biomass algal blooms dominated by Noctiluca scintillans
(Gomes et al. 2014; Sarma et al. 2023). As the effect of the winter monsoon weakened, NP
regained its ability, and an abundant as well as uniform distribution was observed in the
AS during the inter-monsoon period (April-May). In corroboration with the present study,
Ali et al. (2025) also reported the dominance of MP in northern AS during winter and pre-
monsoon seasons, using decadal satellite data, which contributes over 50% to the total
chl-a. In addition, the study points out that between 2010 and 2021, the MP concentration
exhibited a strong decline, while PP and NP exhibited an increase attributed to the
influence of sea surface temperature (SST).

During the initial period of the summer monsoon, the PP distribution was uniform and
abundant in most areas of the AS (Figure 5D-G). Exceptions were observed in some parts
of the north-eastern and western parts, such as the Gujarat and Somali coasts, respec-
tively, where MP exhibited an increase. As the monsoon period extended, the MP con-
centration gradually increased towards the open ocean from the northwestern and north-
eastern coastal regions. This period experienced a reduction in PP concentration
(Figure 5H-I). During late November and early December, the concentration of MP
decreased in the northern part. Conversely, the PP concentration increased in the region
(Figure 5K-L). From January to early April, northern AS was observed to have a higher
concentration of MP, possibly attributed to the increase in nutrients, supported by
convective mixing and sufficient solar insolation penetration, favouring the blooming of
the MP (Dwivedi et al. 2015; Shunmugapandi, Inamdar, and Gedam 2020). This cycle
continues as the distribution of the PSC changes according to the periodic events of
the AS.

Like the variability of chl-a in northern AS, the temporal variation of PSC indicated the
higher concentration in areas between 20°-24°N latitude to 62°-66°E longitudes (over the
2° x2° boxes of 2, 3, 6, and 7 as described in Figure 1). Therefore, subsequent analysis was
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Figure 5. Monthly climatology of phytoplankton size classes fractions, in percentage, of micro (a-l),
nano (i-xii) and pico-phytoplankton (A-L) derived from satellite data using Sahay et al. (2017)
algorithm in the Arabian Sea.

carried out describing the fraction of chl-a concentration on a monthly average in PSC,
averaged over the boxes 2, 3, 6 and 7 (Figure 6, boxes as defined in Figure 1) for five years
(October 2013 to September 2018). The relation between the in situ measured fraction of
chl-a concentration of MP and PP is illustrated in the inset of Figure 6. It can be observed
that MP concentration increased during February-March, whereas the NP and PP fractions
decreased, showing the inverse relationship between them. Furthermore, MP decreased
from June to September, while PP and NP increased. Between PP and NP, PP was
comparatively high. Earlier studies report an inverse trend between MP and PP, while
NP exhibits marginal variations (Ali et al. 2025; Shunmugapandi, Gedam, and Inamdar
2022).
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Figure 6. Fraction of monthly averaged chlorophyll-a concentration in phytoplankton size classes
(pico, nano and micro) averaged over the boxes 2, 3, 6, and 7 (defined in Fig. 3).

The satellite-retrieved PSC concentration matched the in situ PSC concentration well.
The variability exhibited a clear class shift from PP to NP and MP, as illustrated in Figure 5.
The shift in PSC can be attributed to changes in the hydrographic conditions associated
with ecosystem dynamics (Shalapyonok, Olson, and Shalapyonok 2001). The high con-
centration of PP in the offshore waters of northern AS during April-June can be attributed
to optimum sunlight, high SST, high salinity, high nitrate, and low nutrient stoichiometry
(Roy and Anil 2015). Relatively higher SST results in high stratification, leading to oligo-
trophic conditions where smaller PSCs only thrive (Kuttippurath et al. 2023; Shin et al.
2017). MPs, usually dominated by diatoms, prefer relatively cooler, nutrient-rich waters
with moderate sunlight intensity for survival. Moreover, PP prefer low-silicate waters over
diatoms. This is evidenced by the high MP in northern AS during the winter monsoon and
in southeastern AS during the summer monsoon, where silicate-enriched conditions
prevail (Vijayan et al. 2021).

During the winter monsoon, cool and dry winds blow from the northeast over the AS
(Wiggert et al. 2000), resulting in convective mixing, which causes an increase in the
mixed layer depth, allowing perturbations in the pycnocline, nitricline, and silicicline. The
increased nutrients trigger MP growth and enhance productivity. While the diatoms
dominate over dinoflagellates in the non-eddy areas, where convective mixing was active,
dinoflagellate blooms contributed to the abundance in the periphery of the cold-core
eddies (Smitha et al. 2022). The reason for the relatively large-sized dinoflagellates (i.e.
mixotrophic Noctiluca scintillans) to proliferate in the periphery was attributed to the high
salinity prevailing in the region as a result of the AS high salinity waters intrusion, along
with slackened convective mixing in the periphery, resulting in low nutrient concentra-
tions (Prasannakumar and Prasad 1999; Smitha et al. 2022). Moreover, the mean ratio of
silicate/nitrate in the euphotic zone becomes lower, resulting in a ‘silicate-stressed’
condition for the proliferation of diatoms (Lakshmi et al. 2021). In nutrient-rich conditions,
the endosymbionts of mixotrophic Noctiluca help the species to survive through photo-
synthesis, utilizing available nutrients (Manigandan et al. 2024). Once the nutrients are
limited, Noctiluca, being a mixotroph, grazes on smaller phytoplankton, disturbing the
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base of conventional food chains (Devi et al. 2021). As zooplankton do not prefer to
predate on these, the abundance of Noctiluca at the base of the food chain represents
a threat of food chain malfunction (Goes et al. 2018; Thomas, Nandan, and Padmakumar
2020).

During the summer monsoon, the high-biomass scenarios were observed along south-
eastern AS. During this period, winds blow from the southeast direction, parallel to the
coast, causing the warmer surface waters to be replaced by the cooler, nutrient-rich
deeper waters (Narayanan et al. 2022). Additional river discharges dilute the surface
waters and recharge them with nutrients. Therefore, the region becomes nutrient-rich,
supporting phytoplankton growth (Figure 5). MP thrives in these regions, which are
generally dominated by diatoms. In this area, there is no limitation for silicate, and the
nutrient stoichiometry (Si/N, Si/P, and N/P) remains ideal for diatoms to dominate (Shah
1973).

Although this study offers useful insight into how PSCs vary across space and time in
northern AS, it also has several limitations. The accuracy of PSC estimates is restricted by
the assumptions built into existing classification algorithms, which may oversimplify the
real optical and physiological diversity of phytoplankton communities. Satellite-based chl-
a measurements can also be influenced by atmospheric correction issues, sensor calibra-
tion issues, and shallow light penetration in coastal waters. These factors may introduce
biases in PSC estimates. In addition, gaps in satellite coverage and the lack of simulta-
neous in situ observations limit the strength of seasonal interpretations. Future research
would benefit from improved algorithms tailored to regional conditions, more advanced
bio-optical modelling, and expanded field campaigns that use hyperspectral sensors and
autonomous platforms to enhance PSC retrievals, especially for regular operational
product generation, which can aid in understanding this dynamic environment.

4. Conclusion

In conclusion, this study highlights the dynamic variability of PSC distribution in northern
AS, emphasizing the strong influence of monsoonal processes on chl-a concentrations.
The key strengths and unique contributions of this study lie in its integration of satellite-
based PSC retrievals with in situ cruise measurements, providing a more comprehensive
assessment of PSC dynamics in northern AS. The study uniquely captured spatial hetero-
geneity and seasonal variability in PSC distributions. This integrated approach enhances
confidence in the retrieval algorithms. The application of the three-component PSC-
retrieving algorithm by Sahay et al. (2017) allowed the effective retrieval of pico-, nano-,
and micro-phytoplankton contributions from total chl-a, offering valuable insights into
the ecological functioning of this region. Seasonal shifts, particularly the prominent algal
blooms observed during the summer monsoon, were linked to the reversal and intensi-
fication of trade winds, subsequent Ekman transport, and upwelling processes that enrich
the euphotic zone with nutrient-laden waters. These findings underscore the significance
of monsoon-driven physical forcing in structuring phytoplankton communities, with
potential implications for primary productivity, carbon cycling, and the broader marine
food web. The salient outcomes of the present study are i) better performance of Sahay et
al. (2017) algorithm in retrieving PSC from MODISA satellite data with relatively higher
efficacy in retrieving PP in comparison to Brewin et al. (2010), ii) pre-dominance of MP in
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northern AS during winter monsoon and along the western and south eastern coastal
water of AS during summer monsoon, iii) inverse relationship of PP with MP, and iv)
preponderance of PP in the open ocean waters of northern AS during summer monsoon.
To improve the PSC estimations, future studies should combine extensive field measure-
ments with longer-term time-series data, regional biogeochemistry-based bio-optical
models, and higher-resolution satellite observations. For improving knowledge on eco-
system responses in the AS, the study aims at future expansion to include the effects of
climate-driven changes in monsoon patterns and variability using more robust regionally
tuned-validated satellite retrieval algorithms.
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