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Abstract

This study examines the imprint of cyclone Dana on chlorophyll-a (chl-a) variability in the coastal waters of the north-
western Bay of Bengal. In situ observations and satellite/model-derived biophysical parameters were combined to char-
acterize the upper-ocean responses. Dana exhibited a low translational speed during its intense phase, which amplified
the Ekman Pumping Velocity, promoting upwelling of cooler, nutrient-rich sub-surface water. This fertilization produced
approximately a two-fold increase in chl-a concentrations after the cyclone, accompanied by a sea surface temperature
drop of about 2.2 °C indicative of vertical mixing and upwelling. Phytoplankton abundance rose in the post-cyclone
phase, although diatoms dominated throughout. A synthesis of previous Bay of Bengal cyclones confirmed a multifold
post-cyclone rise in chl-a. These findings highlight the influence of low translational speed in modulating cyclone-driven

biophysical coupling within tropical coastal ecosystems.
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1 Introduction

Phytoplankton play a pivotal role in marine ecosystems,
serving as primary producers that sustain the food chain up
to the top trophic levels, such as large fish [1]. Phytoplank-
ton ecology is largely controlled by ambient water quality,
including nutrient availability, water column transparency,
and other factors. Therefore, variations in phytoplankton
communities can reveal significant changes in water quality
and nutrient availability, acting as indicators of ecological
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stress from issues such as eutrophication, algal blooms,
and climate change [2]. Additionally, monitoring these
patterns is crucial for managing fisheries, predicting algal
blooms, ecosystem trophodynamics, and understanding
global carbon cycling [2, 3]. Thus, consistent phytoplank-
ton monitoring aids in better coastal management and helps
devise strategies to protect marine biodiversity and support
the livelihoods of human populations dependent on these
ecosystems.

The Bay of Bengal (BoB) is a semi-enclosed basin in
the north Indian Ocean. This Bay experiences seasonally
reversing tropical monsoon patterns, with precipitation
exceeding evaporation [4]. The large volume of fluvial
inflow from several Indian rivers into the BoB led to surface
salinization due to the formation of a thick barrier layer [5].
The north-western BoB receives a large volume of riverine
inflow from major rivers such as the Ganga, Brahmaputra,
Mahanadi, and Godavari, which enhances phytoplankton
productivity, especially in coastal waters [6]. In the context
of the phytoplankton community and biomass, this region
experiences seasonal blooms, mostly during the pre-south-
west monsoon and after its withdrawal [7]. Amongst sev-
eral pockets of the north-western BoB, the coastal waters
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of Odisha (an Indian state bordering the western BoB) have
been reported with several algal blooms and exhibit a long-
term bimodal pattern in the distribution of phytoplankton
biomass (proxy: chlorophyll-a, hereafter chl-a) with a pri-
mary peak during pre-southwest monsoon and a secondary
during post-southwest monsoon [8].

Apart from the general physical forcing that is mostly
driven by reversing monsoons and boundary currents (in this
case, East India Coastal Current), extreme events such as
tropical cyclones exert a significant impact on the regional
biogeochemistry, especially phytoplankton ecology, being
the first respondents to such events [9]. It’s important to
mention here that the north-western BoB on the east coast
of India is one of the hotspots of cyclone landfall. Tropical
cyclones are the most catastrophic natural disasters, driv-
ing vigorous upper-ocean mixing, leading to upwelling and
nutrient entrainment into the upper light zone, and resulting
in an increase in phytoplankton production [10-12].

In particular, the biophysical response to the cyclone is
controlled by cyclone intensity, Ekman pumping velocity,
translational speed, and subsurface oceanic conditions [13,
14]. Cyclone-induced vertical mixing and upwelling elevate
surface chl-a levels by transporting nutrients to the upper
layers [15, 16]. Primary production is further increased by
nutrient enrichment from terrestrial sources, which is facili-
tated by excessive rainfall and freshwater runoff [17, 18].

In the recent past, a severe cyclonic storm, “Dana,”
brewed in the BoB and made landfall near Bhitarkanika and
Dhamra Port region on the east coast of India on 25 Octo-
ber 2024 (Fig. 1). The coastal waters of these regions of
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Fig. 1 Geographic location of the study area and the best-track trajec-
tory of Tropical Cyclone Dana in the Bay of Bengal. Coloured markers
represent the cyclone intensity at successive positions according to the
India Meteorological Department (IMD) classification, illustrating its
progression from Depression (D) to Deep Depression (DD), Cyclonic
Storm (CS), and Severe Cyclonic Storm (SCS) before landfall along
the Odisha coast
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the north-western BoB are ecological-economical hotspots
owing to the effect of major river estuaries, pronounced
capture fisheries, migratory sea turtles’ mating grounds, etc.
[19, 20]. Against this backdrop, this study was undertaken
in the coastal waters of the north-western BoB to decipher
the effect of cyclone Dana on the variability of biophysi-
cal parameters, with special reference to phytoplankton
ecology.

Although these studies have collectively established the
general pathway linking cyclone-induced mixing, upwell-
ing, nutrient entrainment, and chl-a enhancement in the
BoB, several aspects of this response remain inadequately
resolved for the north-western coastal sector. Much of the
available evidence derives from satellite observations,
which are frequently interrupted by dense cloud cover dur-
ing and immediately after cyclone passage, and which are
further biased in the optically complex, river-influenced
waters of this region. Rapid-response field measurements
acquired at the immediate landfall zone across the pre- and
post-cyclone phases, therefore, remain scarce. Moreover,
most reports emphasize chl-a as a proxy of phytoplankton
biomass, whereas the accompanying shifts in phytoplankton
abundance and taxonomic composition, together with their
propagation to higher trophic levels, are rarely documented
for a single event. The relative role of translational speed,
as independent of peak intensity, in governing the magni-
tude of the biological response also remains insufficiently
constrained for the BoB. The present study addresses these
gaps by combining rapid-response in situ observations with
satellite and model-derived biophysical fields to resolve
how the low translational speed of cyclone Dana modulated
Ekman-driven upwelling and the coupled responses of chl-
a, phytoplankton community, and higher-trophic response,
and by placing this event within a regional synthesis of BoB
cyclones.

2 Materials and methods

2.1 Study area, cyclone Dana, and pre-survey
background

The BoB, located in the northeastern Indian Ocean, borders
India, Bangladesh, Myanmar, and Sri Lanka. This semi-
enclosed basin is characterized by complex oceanographic
features, making it a critical region for studying physical,
chemical, and biogeochemical processes influenced by
monsoonal dynamics and terrestrial runoff [21]. The coastal
waters of the BoB exhibit distinct physical, chemical, and
biogeochemical attributes influenced by its dynamic inter-
actions with rivers, monsoons, and anthropogenic activities.
Physically, the region is characterized by high freshwater
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input from major rivers like the Ganges, Brahmaputra, and
Irrawaddy, resulting in strong salinity gradients and strati-
fication, especially during the monsoon season [22]. Nutri-
ent dynamics, particularly nitrogen and phosphorus, drive
primary productivity and contribute to seasonal hypoxia
in certain areas. The interactions between nutrient load-
ing, organic matter decomposition, and microbial activity
further shape its biogeochemical environment, influencing
ecosystem health and marine biodiversity [23]. In general,
tropical cyclones are known to affect the coastal waters of
the western BoB through changes in biogeochemistry and
increases in chl-a, and sometimes leading to higher fisheries
productivity [17, 24].

Tropical cyclone Dana formed in the BoB as a low-pres-
sure area on 20 October 2024. It moved nearly north-north-
westwards and intensified into a depression over east central
BoB on 22 October 2024. Subsequently, within 4 days of
its formation, it became a severe cyclonic storm. As per
the cyclone forecast by the Indian Meteorological Depart-
ment (IMD), regarding its landfall on the east coast of India
close to the Bhitarkanika and Dhamara region of Odisha,
field surveys were conducted in the near-coastal waters of
Kendrapara District (Pentha) and Bhadrak District (Dha-
mara) on 23 October 2024 (Fig. 1). Cyclone Dana crossed
the north Odisha coast close to Habalikhati (Bhitarkanika)
and Dhamra Port on 25 October 2024 as a severe cyclonic
storm. After the passage of the cyclone, again, field surveys
were conducted on 29 October 2024 and 9 November 2024

(Fig. ).
2.2 Methodology-in situ data

Water samples were collected from two stations in the
coastal waters of the study area to analyze different water
quality parameters. To estimate the chl-a, surface seawa-
ter samples were collected and subsequently filtered onto
GF/F filter paper, extracted in 90% acetone, and measured
spectrophotometrically using a UV—Visible spectrophotom-
eter (Make: Shimadzu, Model: UV-2600) by following the
standard protocol [25]. For the measurement of Coloured
Dissolved Organic Matter (CDOM), seawater samples
were filtered through 0.22 pm membrane filters and mea-
sured using a spectrophotometer (Make: Shimadzu, Model:
UV-2600) following Kowalczuk and Kaczmarek (1996)
[26]. One liter of surface seawater sample was collected and
preserved with fixatives (Lugol’s iodine solution and 3%
neutralized formaldehyde) for phytoplankton taxonomy. In
the laboratory, qualitative and quantitative estimations were
carried out by following standard identification keys [27].

2.3 Methodology-satellite/model data

The cyclone track information, maximum sustained wind
speed, and translational speed of cyclone Dana were
obtained from the IMD best track data [28] and IMD reports
[29]. The daily chl-a concentrations with 4 km spatial reso-
lution were retrieved from the Moderate Resolution Imag-
ing Spectroradiometer-Aqua (MODISA) satellite [30].
The daily chl-a climatology was calculated using available
cloud-free data for 2002-2024. The daily Sea Surface Tem-
perature (SST) was obtained from the Group for High Reso-
lution Sea Surface Temperature (GHRSST) with a spatial
resolution of 0.01 Decimal Degrees [31, 32]. The daily wind
components were retrieved from EOS06/Oceansat-3 Scat-
terometer [33]. Ekman components were derived using the
Scatterometer wind fields as per the following

Ekmanzonalmasstransport (Mx) = Ty (1)

f

Ekmanmeridionalmasstransport (My) = I )

f

EkmanPumpingVelocity (EPV) = Curl (Tf> 3)
Pw

where 7 is wind stress, f is the Coriolis parameter, and p,,
is the seawater density [34].

3 Results

In the present study, to investigate the effect of cyclone
Dana, the temporal evolution of daily SST, SST climatol-
ogy, daily chl-a concentrations, its climatology and, in
situ chl-a concentrations during the pre-and post-cyclonic
phases was analysed (Fig. 2). In general, one of the primary
prerequisites for cyclogenesis is the prevalence of SST
exceeding~26 °C [35, 36]. In the present study, SST exhib-
ited relatively higher values (~31 °C), which were~1.5 °C
above its climatology, indicating conducive conditions for
cyclone evolution prior to landfall. After the passage of the
cyclone, a notable decline in SST (~2.2 °C) was observed,
which signified surface cooling likely driven by enhanced
vertical mixing and upwelling in response to the cyclone.
During landfall, the SST dropped below its climatological
value. As observed in previous cyclones in the BoB, SST
normalized to climatological values returned to climatologi-
cal values within a day. The lower SST indicated mixing in
the water column, injecting phytoplankton growth-promot-
ing nutrients into the upper light zone.
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Fig. 2 Temporal variations in satellite-derived chlorophyll-a concen-
tration and sea surface temperature (SST) within a 0.5°x%0.5° region
(86.9-87.4°E, 20.3-20.8°N) in the Bay of Bengal. Dashed lines rep-
resent MODIS-Aqua observations, solid lines indicate climatological

To decipher the response of cyclone and resultant per-
turbation in ambient environmental conditions, satellite-
retrieved distribution of chl-a was investigated. However,
given the chl-a data gaps, primarily due to limited satellite
coverage during intense cloud cover, particularly during and
immediately following the cyclone, sporadic in situ observa-
tions were carried out at the predicted cyclone landfall loca-
tion [29]. The comparative analysis of pre (~2.2 mg m°)
and post-cyclone (~4 mg m>) phase chl-a concentration,
as revealed from in situ data, discerned a significant rise
with~twofold increment aftermath of the cyclone (Fig. 2).
Moreover, a pronounced upsurge in chl-a concentrations
was observed subsequently, peaking at 6.8 mg m™> in
coastal waters of Dhamara and 6.2 mg m > in the Pentha
region (Fig. 2). While examining satellite data for the wider
spatio-temporal analysis, significant data gaps due to cloud
cover during cyclone yielded sporadic value without conti-
nuity. However, in situ chl-a concentration provided com-
paratively higher values with respect to satellite-retrieved
chl-a climatology.

Given a prominent cyclone-induced increase in chl-a
concentration, which suggested possible nutrient entrain-
ment into the surface layers, EPV variability over the bay
was investigated. In general, during cyclonic conditions,
EPV increases in coherence with the cyclone progression.
The resultant churning of the water column introduces
subsurface nutrients to the surface [37]. This variability of
EPV vis-a-vis cyclone Dana is illustrated in Fig. 3, where
positive values denote upwelling and negative values down-
welling. As depicted in Fig. 3, a significantly higher EPV
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means, and coloured circles denote in situ chlorophyll-a measurements
collected at Dhamara and Pentha. The vertical dashed line marks the
landfall of Tropical Cyclone Dana

(>4x10"* m s ') can be noticed during the intense period
of the cyclone. Specifically, on 23rd October, a dramatic
spread of higher EPV was observed over the entire northern
BoB.

The spatio-temporal variation of SST during cyclone
Dana in the BoB revealed significant cooling patterns driven
by the cyclone’s passage (Fig. 4). Prior to the cyclone’s
arrival, elevated SST provided the requisite energy to sus-
tain the preexisting low-pressure area, thereby fueling the
intensity of the cyclone. As the cyclone traversed the ocean,
its intense, spiralling winds generated a pronounced wind
stress curl, invoking EPV that induced upwelling (Fig. 3).
This upwelling entrained cooler, nutrient-rich subsurface
waters into the euphotic zone, not only a remarkable SST
decline in the cyclone’s wake but also a significant enhance-
ment in chl-a. A significant decline in SST, to 2.5 °C on
25-26 October, was observed following the intense phase of
the cyclone on 24th at 18:00 h. However, spatially, the cool-
ing was more prominent on the right side of the cyclone’s
track, consistent with enhanced wind stress and Ekman
dynamics. The cooling signature was observed a day after
the passage of cyclone Dana. It can be noted that higher
cooling was observed during the cyclone’s intense phase.
This is in corroboration with the earlier study on cyclone
Sidr, which reported a significant increase in chl-a by 3 to
10 times on the right side of the cyclone track in the BoB,
attributed to cyclone-induced mixing [38].

Tropical cyclones characterized by high maximum sus-
tained wind speeds and low translational velocities often
induce profound oceanic responses. Figure 5 shows the
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Fig. 3 Spatio-temporal evolution of Ekman pumping velocity (m
s 1x107%) and surface wind stress during the passage of Tropical
Cyclone Dana over the Bay of Bengal (21-25 October 2024). Shaded
colours represent Ekman pumping velocity, arrows denote wind stress

temporal evolution of maximum sustained wind speed and
translational speed during cyclone Dana. The maximum
sustained wind speed (60 kt) and low translational speed
(10.8 kmph/ 3 m s ") [39] facilitated vigorous surface churn-
ing, resulting in the entrainment of nutrient-rich subsurface
waters into the euphotic zone. It moved more slowly than
the average translational speed (13.9 kmph) of the cyclone
in the BoB during the entire life cycle. The lower transla-
tional speed and higher maximum sustained wind speed
provided a favourable condition for higher EPV (Fig. 4),
strengthening water-column mixing and creating a favour-
able environment for phytoplankton growth.

The spatial variability of chl-a in the BoB after cyclone
Dana is shown in Fig. 6, with dates selected based on satel-
lite data availability. The significantly higher values of chl-a
(>10 mg m>) can be noticed in the study area (Fig. 6). It
is interesting to note that the sequential increment of chl-
a concentration after the landfall of the cyclone could be
due to the availability of nutrients and relatively higher
photosynthetic active radiation [14]. Hence, the intensity
of tropical cyclones is positively correlated with the post-
cyclonic increase in chl-a [12, 16]. Another ecological phe-
nomenon, i.e., the prevalence of a large number of jellyfish,

08
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vectors, the solid black line indicates the cyclone best-track, and the
black dot marks the cyclone centre on each day. Landfall occurred
along the Odisha coast on 24 October 2024

was observed along the coast of Dhamara and caught in
fishermen’s nets. This ancillary information provided evi-
dence supporting high chl-a concentration and subsequent
development of the food chain. A higher abundance of jel-
lyfish signified a higher zooplankton through a developed
food chain.

To investigate the qualitative response of phytoplankton
to cyclone Dana, a taxonomic analysis was conducted. It
revealed a rise in phytoplankton abundance in the post-
cyclone period (avg. 7689 nos/l) in comparison to the
pre-cyclone period (avg. 4633 nos/l). Among different
phytoplankton groups, diatoms predominated during both
the pre- and post-phases of the cyclone. The total phyto-
plankton abundance values (range 2000 to 16,000 nos/l)
are in agreement with the upsurge in phytoplankton bio-
mass (i.e., chl-a concentration). The rank order of phyto-
plankton groups was diatom > dinoflagellate > cyanobacteria
during the pre-cyclone phase, whereas two new groups,
such as euglenoids and green algae, were observed after
the passage of cyclone Dana, and the rank order of phyto-
plankton groups was as diatom>dinoflagellate >cyanobac-
teria>euglenoids>green algae. Cyclones often favour the
growth of larger phytoplankton groups, such as diatoms,
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Fig. 4 Daily evolution of sea surface temperature (SST; °C) during
the passage of Tropical Cyclone Dana over the Bay of Bengal (21-26
October 2024). Colour shading represents SST, the solid black line
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indicates the cyclone best-track, and the black dot marks the cyclone
centre on each day. The cyclone made landfall along the Odisha coast
on 24 October 2024
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Fig. 5 Temporal evolution of the maximum sustained wind speed (kt) and translational speed (km h™") of Tropical Cyclone Dana over the Bay of
Bengal (22-25 October 2024). The vertical dashed line and cyclone symbol indicate the time of landfall along the Odisha coast

due to the sudden replenishment of the ambient medium
with silicate and other nutrients [40]. Conversely, smaller
phytoplankton groups, such as cyanobacteria, proliferate
under post-cyclone conditions when nutrient levels stabi-
lize [41]. These shifts can impact the entire marine food
web and biogeochemical cycling in the region. Cyclones

@ Springer

provide excellent opportunities to investigate phytoplankton
responses to mesoscale nutrient pulses that are typically not
observed in regular monitoring. The peak of phytoplankton
abundance likely represents the usual response time of the
phytoplankton assemblage to the sudden influx of nutrients
caused by the cyclone [42].
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Fig. 6 Spatial distribution of MODIS-Aqua-derived chlorophyll-a
concentration (mg m™>) following the passage of Tropical Cyclone
Dana over the Bay of Bengal. The maps depict the temporal evolution

Another important parameter is CDOM, which more
often interferes with the efficient retrieval of chl-a from
satellites. It revealed no such significant change after the
passage of cyclone (,CDOM,,, 0.18-0.25 m™") in compari-
son with the pre-cyclone phase (0.28-0.33 m™!). As there
were no significant changes in CDOM magnitude (0.08—
0.09 m 1), it can be hypothesized that there was no signifi-
cant terrigenous influx/river discharge in the coastal waters
[43].

4 Discussion

Tropical cyclones in the BoB have been reported to exert
significant effects on coastal water quality, especially on the
variability of chl-a. For instance, cyclone Phailin triggered
a significant increase in chl-a concentration, particularly in
the coastal waters of the north-western BoB [37]. Similarly,
cyclone Hudhud also caused a notable upsurge in chl-a lev-
els, with the post-cyclone phase witnessing a doubling of
concentration in some regions, which persisted for weeks
[9]. Another study carried out during cyclone Sidr showed
the impact of the extreme event, resulting in a phytoplank-
ton bloom and an enhancement in fishery production after
its passage [38]. Beyond enhanced primary production, the
biological imprint of such events can propagate through
the food web and manifest as conspicuous higher-trophic
responses along the coast. A mass jellyfish beaching event
was reported along the Puri coast following the landfall of
ESCS Mocha [44]. Likewise, widespread fish mortality
accompanied by jellyfish beach stranding was documented
along the northeastern coast of Odisha following the pas-
sage of the VSCS Yaas [45].

To provide a comparative account of the effect of tropi-
cal cyclones on the chl-a variability, relevant secondary

1.5 2 25 3

: 89 91 93 095
L — 3
354 455 556 65 7 7510 mgm)

of surface chlorophyll-a on 28 October, 31 October, and 2 November
2024, highlighting the post-cyclone biological response. The black dot
indicates the cyclone landfall location along the Odisha coast

data (literature) were mined for the Indian coastal waters
(Table 1). This review revealed that in the Indian Ocean,
relatively weaker tropical cyclones can induce intense phy-
toplankton blooms under favorable conditions, but not all
stronger cyclones do. Some parameters like cyclone inten-
sity, translation speed, pre-existing mixed layer depth, and
nutricline depth regulate the relationship between the ampli-
tude of chl-a concentration and tropical cyclones’ effect
[12].

As per the available literature, the analysis of cyclone
activity and its effects on chl-a concentration is detailed in
Table 1. Cyclones categorized as Extremely Severe Cyclonic
Storms (ESCS) have been observed to influence the coastal
water to a maximum extent in terms of an upsurge in chl-a
concentration, in the aftermath of the cyclone, whereas the
Very Severe Cyclonic Storms (VSCS) category has a mini-
mum influence in raising chl-a concentration after the pas-
sage. Among the ESCS category, cyclone Fani (year 2019)
was reported to cause a maximum increase in chl-a con-
centration. In this context, it can be hypothesized that the
ESCS category was associated with the highest wind speed
and lower translational speed, which could be the major rea-
son behind allowing sufficient time for the extreme event
to churn the water column, resulting in a relatively higher
degree of nutrient entrainment, thereby boosting chl-a after
its passage. On the other hand, regarding the VSCS cate-
gory, for instance, cyclone Okhi, which was associated with
high wind speed and translational speed, the chl-a signature
was less in the aftermath of the cyclone. Furthermore, the
Odisha Super Cyclone (1999) recorded a substantial post-
cyclone chl-a increase to 20 mg m >, attributed to enhanced
nutrient upwelling driven by strong winds and vertical mix-
ing [46]. A relative increase in water column mixing due
to the low translation speed of the cyclone is also evident
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Table 1 Published records of tropical cyclone-induced changes in sea surface temperature (SST) and chlorophyll-a concentration across the Indian

seas

Sl Cyclone name Region Landfall Date Cyclone Dura- Pre-cyclone Post- Pre-cyclone Post-cyclone  Trans-
No (DD-MM-YYYY)  Category tion SST (°C) cyclone Chl-a con-  Chl-a concen- lational
(Days) SST (°C) centration  tration (mg Speed
(mgm?®) m?) (ms™
1 The 1998 AS 09-06-1998 ESCS 5 31 28 - - 6.97
Gujarat
cyclone
2 Odisha Super BoB 29-10-1999 SUCS 5 >28 224 1 20 4.64
Cyclone
3 2000 Tropical BoB 29-11-2000 VSCS 3 28.26 26.18 0.24 1.8 4.6
Cyclone
4 2001 North AS 24-05-2001 ESCS 7 - <25 0.1t0 0.4 5t08 2.42
Indian Cyclone
5 Sidr BoB 15-11-2007 VSCS 5 29.46 28.19 0.12 0.3 4.365
6  Nargis BoB 02-05-2008 VSCS 6 >30 28.24 - - 3.30
7  Phyan AS 11-11-2009 CS 2 29.9 27.9 1 0.45 8.23
8  Phailin BoB 12-10-2013 VSCS 5 28.46 27.3 0.65 6.16 5.39
9  Hudhud BoB 12-10-2014 VSCS 5 29.7 27.4 2.28 6.62 4.17
10 Vardah BoB 12-12-2016 VSCS 5 29 27.8 0.05-0.24 8 3.48
11 Ockhi AS 01-12-2017 VSCS 8 28.6 26.8 0.29 1.8 425
12 Fani BoB 03-05-2019 ESCS 8 30.4 28.4 0.61 10.93 4.06
13 Amphan BoB 20-05-2020 SuCs 6 31.55+0.97 28.88+0.58 0.11+£0.02 0.64+0.48 3.86
14 Yaas BoB 26-05-2021 VSCS 3 >30 27 0.16 0.6 3.03

The table summarizes cyclone name, region, landfall date, India Meteorological Department (IMD) cyclone category, duration, translational
speed, pre- and post-cyclone SST and chlorophyll-a concentrations, and corresponding references. Abbreviations: CS Cyclonic storm, SCS
Severe cyclonic storm, V'SCS Very severe cyclonic storm, ESCS Extremely severe cyclonic storm, SuCS Super cyclonic storm, BoB Bay of
Bengal, AS Arabian sea. The source of information supported by references is provided in the Supplementary Material

from the relatively lower SST in the cyclone category
SUCS>ESCS>VSCS.

Taken together, the observations indicate that the bio-
logical response to Dana was governed less by peak inten-
sity than by the cyclone’s low translational speed, which
extended the residence time of wind forcing over the water
column and sustained Ekman-driven upwelling. This mech-
anism links the amplified Ekman Pumping Velocity, the
post-cyclone surface cooling, and the approximately two-
fold rise in chl-a into a single coherent pathway of nutrient
entrainment and rapid fertilization. The magnitude of such a
response is further modulated by the structure of the upper-
ocean mixed layer. A deep upper-ocean mixed layer favours
tropical cyclone intensification by maintaining high SSTs
and reducing cyclone-induced surface cooling, thereby sus-
taining ocean-to-atmosphere heat fluxes [47]. The strong
winds associated with cyclone passage enhance vertical
mixing and entrainment, deepening the mixed layer and
thermocline while injecting cold, nutrient-rich subsurface
water into the euphotic zone [11, 48]. This nutrient enrich-
ment promotes phytoplankton blooms and the formation or
intensification of the deep chlorophyll maximum [49]. In
the open ocean, cyclone-induced mixing typically increases
the mixed layer depth by 20-30 m, highlighting the sig-
nificant impact of extreme weather events on upper-ocean
physical and biogeochemical processes [50]. Within the
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shallow, river-influenced waters of the present study, this
coupling is reflected in the biological signal recorded after
Dana. The concurrent increase in phytoplankton abundance,
the persistence of diatom dominance, and the appearance
of euglenoids and green algae are consistent with the suc-
cessional response expected when a pulsed nutrient supply
reaches a coastal assemblage. The elevated occurrence of
jellyfish along the Dhamara coast further suggests propa-
gation of this pulse through the food web. Such episodic,
cyclone-driven productivity events carry implications for
regional carbon cycling and fisheries, yet they are poorly
resolved by routine monitoring due to their short duration.
Several constraints temper the interpretation of these
results and define priorities for future work. The fertiliza-
tion of the water column was inferred from the coupled
response of Ekman Pumping Velocity, surface cooling,
and chl-a rather than from direct measurement of nutrient
concentrations, so the magnitude of nutrient entrainment
could not be quantified. Likewise, the pre-cyclone mixed
layer depth was not characterized, which limits assess-
ment of how the background stratification modulated the
amplitude of the chl-a response. In these optically complex,
river-influenced coastal waters, satellite retrieval is further
affected by coloured dissolved organic matter and by persis-
tent cloud cover during and immediately after the cyclone;
this explains the divergence between the sparse satellite
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values and the higher in situ chl-a and constrains the preci-
sion of the field record. Direct nutrient sampling, estimation
of mixed layer depth from profiling observations, and sus-
tained autonomous monitoring would allow these uncertain-
ties to be resolved and would strengthen the attribution of
biological change to cyclone forcing in future events.

5 Conclusion

Cyclone Dana provided an instructive case for examining
how a tropical cyclone imprints on phytoplankton biomass
and abundance in the coastal waters of the north-western
BoB. The dominant control was the cyclone’s low transla-
tional speed, which prolonged wind forcing over the water
column, intensified the Ekman Pumping Velocity, and drove
upwelling of nutrient-rich subsurface water into the eupho-
tic zone. This fertilization produced an approximately two-
fold post-cyclone rise in chl-a and a concurrent increase in
phytoplankton abundance, while diatoms retained domi-
nance and two additional groups, euglenoids and green
algae, emerged after the cyclone. The comparative synthesis
of earlier BoB cyclones reinforced that post-cyclone chl-a
enhancement is regulated jointly by cyclone intensity, trans-
lational speed, and pre-existing ocean conditions rather than
by intensity alone. Because satellite retrieval is constrained
by persistent cloud cover and adverse weather during
such events, sustained in situ capability remains essential.
Deployment of autonomous, high-frequency water-quality
observatories in these ecologically and economically impor-
tant waters would provide the uninterrupted records needed
to resolve rapid biophysical responses and to advance the
ecosystem-based objectives of the United Nations Decade
of Ocean Science (2021 to 2030).

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s41324-0
26-00704-w.
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