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Abstract: The upper-ocean physical and biochemical responses to sequential tropical cyclones (TCs)
Kyarr and Maha in the Arabian Sea (AS) were investigated using data from satellites and Bio-Argo
floats. Corresponding to slow and strong sequential TCs, two cooling processes and two short
chlorophyll a (chl-a) blooms occurred on the sea surface, separated by 6–7 days, and three cold eddies
appeared near the TC paths, with sea surface temperatures dropping more than 6 ◦C. Phytoplankton
blooms occurred near cold eddies e1, e2, and e3, with chl-a concentrations reaching 12.76, 23.09,
and 16.51 mg/m3, respectively. The depth-integrated chl-a analysis confirmed that the first chl-a
enhancement was related to the redistribution of chl-a associated with TC-induced Ekman pumping
and vertical mixing at the base of the mixed layer post-TC Kyarr. The subsequent, more pronounced
chl-a bloom occurred due to the net growth of phytoplankton, as nutrient-rich cold waters were
brought into the euphotic layer through Ekman pumping, entrainment, and eddy pumping post-TC
Maha. Upwelling (vertical mixing) was the dominant process allowing the resupply of nutrients near
(on the right side of) the TC path. The results derived from a biogeochemistry model indicated that
the chl-a evolution was consistent with the observations recorded on Bio-Argo floats. This study
suggests that in sequential TC-induced phytoplankton blooms, the redistribution of chl-a is a major
mechanism for the first bloom, when high chl-a concentrations occur in the subsurface layer, whereas
the second bloom is fueled by nutrients supplied from the deep layer.

Keywords: sequential tropical cyclones; physical and biochemical response; chlorophyll-a; Bio-Argo
floats; Arabian sea

1. Introduction

Identifying the response of the upper ocean to tropical cyclones (TCs) is one of the
most challenging problems in oceanography [1–4]. As a TC passes, the clockwise rotation
of the wind stress on the right side of the cyclone resonates with the near-inertial oscillation
in the Northern Hemisphere. This triggers strong surface divergence, upwelling, and
entrainment [1,5], resulting in substantial sea surface cooling after the TC passage [6–8].
For example, Typhoon Kai-Tak, which occurred in 2000 in the South China Sea, caused a
maximum sea surface cooling of 10.8 ◦C [9]. Thus, TCs play an essential role in temperature
redistribution and air–sea heat flux exchanges in the upper ocean. Simultaneously, a
decrease in the sea surface temperature (SST) also has a significant negative feedback
effect on the TC intensity, weakening or possibly shutting down the energy supply to a
TC [10–13].

At present, satellite remote sensing observations are a powerful data source for inves-
tigating the characteristics and mechanisms of ocean color element responses to TCs [14].
Extensive studies have been conducted on the physical and biogeochemical responses of
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the ocean to TCs based on satellite observations [14–19]. Remote-sensed chlorophyll a
(chl-a) is widely used to produce higher resolution images of phytoplankton concentrations.
Strong blooms of phytoplankton are occasionally detected when slow-moving TCs linger
over a region [14,18]. Pan et al. [20] found that the chl-a blooms during a typhoon event
may be attributed to multiple factors related to the ocean dynamic conditions and cyclone
characteristics. However, due to the lack of in situ measurements during short-duration
TC forcing, systematic investigations of the spatial and temporal structure of plankton
evolution with TC wind forcing are still insufficient [21], and particularly investigations
of biochemical and physical processes, and the role of wind forcing in biological repro-
duction [22,23]. Overwhelming evidence shows that the phytoplankton blooms that occur
during TCs are related to phytoplankton growth and the redistribution of phytoplankton
by physical processes [22,23]. A recent study by Wang et al. [23] suggested that TC-induced
ocean mixing is a major mechanism for ocean surface cooling and phytoplankton blooms
in a short period. Chai et al. [24] showed that typhoon-induced mixing dominated the
variability of surface chl-a during the passage of Trami, leading to the redistribution of
chl-a within the upper ocean. Entrainment mixing can transport nutrient-rich cold waters
from the deep layer to the euphotic zone, sustaining elevated chl-a growth [21,25–27]. More
importantly, in addition to transporting nutrients upward, the entrainment mixing induced
by TCs can also carry phytoplankton in the euphotic layer to deeper layers, leading to a
decrease in euphotic layer phytoplankton. Therefore, investigations of the relative roles of
these different processes, including phytoplankton growth, nutrient supplies, and phyto-
plankton redistribution, are of great significance for understanding ecosystem dynamics
influenced by TCs. Studying the vertical variations in the biochemical elements in the
water column is one of the most important ways researchers can understand the reactive
responses of ecosystems during a TC.

Although surface data, such as SST and chl-a data, are relatively easy to obtain by satel-
lite altimetry methods, obtaining high-resolution in situ data (via moored arrays, gliders, or
towed instruments) of the profile distributions of chl-a and nutrients during the passage of a
TC is extremely difficult, especially from the subsurface layer. In addition, obvious regional
differences exist in the temporal and spatial distributions of global Argo observation data,
mainly reflected in the Bio-Argo observation data. For example, only a handful of Bio-Argo
observation data are available in the South China Sea and the Northwest Pacific Ocean,
whereas a large amount of Bio-Argo data representing the surrounding waters at the same
latitudes (Arabian Sea: AS) provide a good opportunity to study the ecological response
of the upper ocean to TCs. The AS in the western North Indian Ocean is a region where
important air–sea interactions occur, and they are strongly influenced by the seasonally
reversed Indian monsoon system. The monsoon system can induce substantial seasonal
variations in upper-ocean circulation, SSTs, mesoscale eddies, and heat budgets [28,29]. In
the western North Indian Ocean, TCs can form in the pre-summer monsoon (May–June)
and post-summer monsoon (October–November) periods [30]. Annually, one or two TCs
can be generated over the AS, and few of these cyclones become sufficiently intense to
be classified as very severe or supercyclonic storms [31]. Kuttippurath et al. [32] demon-
strated that the average chl-a concentration associated with TC-induced phytoplankton
blooms is approximately 1.65 mg/m3, which is approximately 20–3000% higher than the
average open ocean or pre-TC chl-a levels. As global warming develops, the number of
extremely severe TCs is likely to increase in the AS, meaning that the upper ocean has a
more intense response to TCs [33]. The chl-a concentrations associated with TC activities
have been increasing steadily over the past 20–35 years; this increase is mainly attributed
to the increasing intensities of strong TCs [34]. The increasing trend in primary production
associated with TC activities can partially mitigate the declining trend of ocean productivity
under the background of global warming. TC frequencies and TC-induced phytoplankton
blooms are high in the post-summer monsoon period in the AS, and the strong winds
associated with TCs initiate intense upwelling, resulting in the enhancement of surface
nutrients after the passage of TCs [32].
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In this study, we aimed to investigate the dominant phytoplankton biomass processes
in response to two TCs and analyze the biophysical dynamics of the ocean based on
satellite, Bio-Argo, and biogeochemistry model datasets. The vertical profiles of physical
and biogeochemical parameters measured by six Bio-Argo floats, in addition to the bio-
geochemistry model datasets characterizing the temporal evolutions of chl-a and nitrate
concentrations, were used to identify phytoplankton dynamics. We explored whether local
phytoplankton growth resulted from the replenishment of nutrients or from subsurface
phytoplankton redistribution by vertical transport during sequential TCs, Kyarr and Maha.
This investigation may improve our understanding of ocean biophysical dynamics, which
is of fundamental importance in global carbon cycles.

2. Materials and Methods
2.1. Remote Sensing Data

The daily merged satellite-derived chl-a concentration data product was obtained from
observations from multisource satellite sensors (the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS (National Aeronautics and Space Administration: NASA)), Moderate-resolution
Imaging Spectroradiometer (MODIS (NASA)), Medium-resolution Imaging Spectrometer
(MERIS (European Space Agency: ESA)), Visible Infrared Imaging Radiometer Suite-Suomi
National Polar-orbiting Partnership (VIIRS-SNPP (NASA)) and Joint Polar Satellite System
(JPSS1(ESA)), and Ocean Land and Colour Instrument-Sentinel-3A and -3B (OLCI-S3A and
S3B(ESA))); these products provide end-users with the best chl-a concentration estimates at
a spatial resolution of 4 km. The dataset is available on the website of the Copernicus Marine
Environmental Monitoring Center (CMEMS, http://marine.copernicus.eu/ (accessed on
1 April 2021)) and was used to characterize the biomass dynamics at the sea surface [35].
SST and 10 m wind field data were downloaded from the Remote Sensing Systems data
center (RSS, http://www.remss.com/ (accessed on 1 April 2021)). The 10 m wind data
were used to calculate the wind stress. The spatial resolutions were 9 km and 25 km
for the SST and 10 m wind field data, respectively, and their temporal resolutions were
1 day and 6 h, respectively. Sea level anomaly (SLA) and geostrophic current data were
obtained from the CMEMS with a spatial resolution of 25 km and a temporal resolution of
1 day. We also used daily multisource (SeaWiFS, MODIS, and MERIS) composite cloud-
corrected photosynthetically available radiation (PAR) (I0: Einstein m−2d−1) data with an
attenuation coefficient at a 490 nm wavelength (K490) and a 4 km resolution to retrieve the
light conditions in the upper oceans [36]; these data were downloaded from the following
website: http://hermes.acri.fr/ (accessed on 1 April 2021).

2.2. In Situ Observations

As a part of the India Argo project (ftp://ftp.ifremer.fr/ifremer/argo (accessed on 5
April 2021)), 14 Bio-Argo floats equipped with biogeochemical and conductivity temperature-
depth (CTD) sensors were deployed in the AS to collect ocean data. In this study, high-
quality in situ data, e.g., temperature, chl-a, and dissolved oxygen (DO) concentration data
recorded by floats in the AS from 5 October to 30 November 2019 were used, focusing on
the timings of TC Kyarr and TC Maha. The Bio-Argo float observations were performed at
5-day or 10-day intervals from depths of 5 m to 2000 m. Six floats, labeled 2902175, 2902205,
2902210, 2902202, 2902272, and 2902120, and located in high-chl-a patches were selected in
this study (Figure 1). Furthermore, observations from floats 2902272 and 2902210 in cold
eddies e1 and e2, respectively, were selected to reveal the changes in vertical physical and
biochemical structures. The statistical results of these float data are listed in Table 1.

http://marine.copernicus.eu/
http://www.remss.com/
http://hermes.acri.fr/
ftp://ftp.ifremer.fr/ifremer/argo
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Figure 1. The study area (black rectangle) in the Arabian Sea (AS). The paths of the two sequential 
TCs in 2019; the black and orange lines represent the tracks of TCs Kyarr and Maha, respectively. 
The interval between adjacent circles is 6 h, and the color of the circle indicates the intensity of the 
TC. The dotted lines represent the location of the cold eddies e1, e2, and e3 (1 November 2019–7 
November 2019). The Bio-Argo floats are represented by various colored symbols, 6 Bio-Argo floats 
were selected among them. The small (large) symbols represent the location of Bio-Argo floats dur-
ing pre (post)-TC Kyarr. 

Table 1. Statistical results of the Bio-Argo floats. 

Location e1 e2 
Argo 2902272 2902210 

Period Pre-TC (22 Oct) Post Kyarr (1 Nov) Post Maha (11 Nov) Pre-TC (25 Oct) During Maha (4 Nov) Post Maha (14 Nov) 
Surface chl-a 

(mg/m3) 
0.67 1.7 1.12 0.3 0.45 4.97 

Max chl-a 
(mg/m3)/dept

h (m) 
1.68/29 2.1/20 7.12/24 1.26/47 0.50/26 5/9 

Integrate chl-
a (mg/m2) 

51.3 60 131.01 47.89 39.64 117 

MLD 
(m)/variance 

(m) 
24.12/5.2 44.51/7.6 25.69/4.5 31.78/6.2 58.53/6.9 30.67/5.4 

EPV (m/s) 
(period) 

2.3 × 10−5 (Pre-TC) 
2.8 × 10−4 (During 

Kyarr) 
1.0 × 10−4 (During 

Maha) 
1.8 × 10−5 (Pre-TC) 

9.1 × 10−5 (During 
Kyarr) 

2.7 × 10−4 (During 
Maha) 

Total wind 
work (KJ) 

72 85 

Total forcing 
time (hour) 

36 57 

Note that Pre-TC: before 25 October; During Kyarr: 26 October to 30 October; Post Kyarr: 1 Novem-
ber to 2 November; During Maha: 2 November to 5 November; and Post Maha: after 6 November. 
The depth-integrated chl-a is calculated over the upper 100 m depth. 

Figure 1. The study area (black rectangle) in the Arabian Sea (AS). The paths of the two sequential
TCs in 2019; the black and orange lines represent the tracks of TCs Kyarr and Maha, respectively.
The interval between adjacent circles is 6 h, and the color of the circle indicates the intensity of the
TC. The dotted lines represent the location of the cold eddies e1, e2, and e3 (1 November 2019–7
November 2019). The Bio-Argo floats are represented by various colored symbols, 6 Bio-Argo floats
were selected among them. The small (large) symbols represent the location of Bio-Argo floats during
pre (post)-TC Kyarr.

Table 1. Statistical results of the Bio-Argo floats.

Location e1 e2

Argo 2902272 2902210

Period Pre-TC
(22 October)

Post Kyarr
(1 November)

Post Maha
(11 November)

Pre-TC
(25 October)

During Maha
(4 November)

Post Maha
(14 November)

Surface chl-a (mg/m3) 0.67 1.7 1.12 0.3 0.45 4.97
Max chl-a (mg/m3)/depth (m) 1.68/29 2.1/20 7.12/24 1.26/47 0.50/26 5/9

Integrate chl-a (mg/m2) 51.3 60 131.01 47.89 39.64 117
MLD (m)/variance (m) 24.12/5.2 44.51/7.6 25.69/4.5 31.78/6.2 58.53/6.9 30.67/5.4

EPV (m/s) (period) 2.3 × 10−5

(Pre-TC)
2.8 × 10−4

(During Kyarr)
1.0 × 10−4

(During Maha)
1.8 × 10−5

(Pre-TC)
9.1 × 10−5

(During Kyarr)
2.7 × 10−4

(During Maha)
Total wind work (KJ) 72 85

Total forcing time (hour) 36 57

Note that Pre-TC: before 25 October; During Kyarr: 26 October to 30 October; Post Kyarr: 1 November to 2
November; During Maha: 2 November to 5 November; and Post Maha: after 6 November. The depth-integrated
chl-a is calculated over the upper 100 m depth.
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Multiyear average nitrate profiles extracted from the World Ocean Atlas 2018 (WOA18,
https://www.nodc.noaa.gov/ocs/woa18 (accessed on 1 April 2021)) were also used to
represent the oceanic nutrient levels in October in the upper ocean above 200 m.

2.3. Model Data

The Nucleus for European Modelling of the Ocean (NEMO) version of the Global-
Analysis-Forecast-Bio-001-028 dataset (v3.6-Stable) was used in this study [37], and it is
derived from the daily CMEMS (Global-Analysis-Forecast-Phy-001-024) product [38]. The
initial nitrate, phosphate, silicate, and DO conditions were obtained from the World Ocean
Atlas 2013 (https://www.nodc.noaa.gov/OC5/woa13/ (accessed on 1 April 2021)). The
operational Mercator Ocean biogeochemical global ocean analysis and forecast system at
1/4 degrees was used to generate 3D global ocean forecasts with weekly updates. The
time series is aggregated in time, in order to obtain a full two-year sliding window time
series. These data products include daily and monthly mean profiles of biogeochemical
parameters, such as chl-a, nitrate, phosphate, silicate, DO, dissolved iron, primary produc-
tion, phytoplankton, pH, and surface partial pressure of carbon dioxide over the global
ocean. The Global-Analysis-Forecast-Bio-001-028 product has a horizontal resolution of
25 km, with 50 vertical layers from a depth of 0 to 5700 m. The product is published on the
CMEMS dissemination server after automatic and human quality controls, and is available
online and disseminated through the CMEMS Information System. The quality information
document for Global Biogeochemical Analysis and Forecast Product that compares the
model and the ocean color observations shows that the statistics are very good in the
open sea (depth higher than 1000 m). The model and float chl-a concentrations compare
reasonably well, and have a correlation coefficient of 0.81, a positive bias of 0.26, and a
RMSE of 0.59 [37].

2.4. Methods
2.4.1. Ekman Pumping Velocity

As Ekman transport is affected by wind stress and Coriolis forces in the horizontal
direction, sea water converges and diverges, influencing the Ekman pumping velocity
(EPV) [1]:

EPV = curl (τ/ρf) (1)

where ρ and f are the sea-water density and the Coriolis parameter, respectively, f = 2ω sinθ
is the Coriolis force,ω is the rotational angular velocity of the Earth, θ is the latitude, ρ is the
density of ocean water, and

→
τ is the wind stress. The wind stress is calculated as follows:

→
τ = ρaCD|

→
U|
→
U, (2)

where ρa is the density of air,
→
U is the wind speed 10 m above sea level, and CD is the drag

coefficient [39]. The drag coefficient is calculated as follows:

CD =


1.2× 10−3 ,

→
U < 11 m/s(

0.49 + 0.065
→
U
)
× 10−3 , 11 ≤

→
U ≤ 25 m/s

2.115 × 10−3 ,
→
U > 25 m/s

(3)

2.4.2. Mixed Layer Depth and Euphotic Layer Depth

The mixed layer depth (MLD) was calculated from the Bio-Argo float temperature
and salinity profiles using two criteria: a change in temperature of 0.2 ◦C relative to the
value at a 10 m depth and a change in density of 0.02 kg/m3 relative to the value at a 10 m
depth [40]. For each profile, the mean of these two values was chosen to indicate the MLD.

https://www.nodc.noaa.gov/ocs/woa18
https://www.nodc.noaa.gov/OC5/woa13/
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PAR is the spectral range of solar radiation from 400 to 700 nm that photosynthetic
organisms are able to use in the process of photosynthesis. KD490 can be converted into
the attenuation coefficient at PAR wavelengths (K) using the following equation [41]:

K = 0.0085 + 1.6243×K490 (4)

The euphotic layer depth, defined here as the depth at which 1% of surface irradiance
penetrates, was estimated from I0 assuming the Lambert–Beer relationship:

I(z) = I0e−Kz (5)

2.4.3. Wind Work and Forcing Time

The vertical entrainment caused by TCs can disrupt water stratification and bring
nutrients upward into the surface layer. During a TC, strong winds inject high kinetic
energy into the ocean, and the work done by the wind stress (W) to the ocean surface can
therefore be calculated as follows [4]:

W =
∫ ∣∣τxu + τyv

∣∣ dt (6)

where u and v are the ocean surface velocities and τx and τy are the wind stress components
in the x and y directions, respectively.

The translation speed of each TC was estimated based on the method outlined by Mei
et al. [42]. The temporal resolution of the wind field data was interpolated to 0.5 h, the
region with wind speeds higher than 17 m/s was identified as the TC-influenced region, and
the cyclone wind forcing time was determined using the duration of the cyclone-influenced
region [4].

3. Results
3.1. Sequential Tropical Cyclones and the Study Area

The best-track data representing the sequential TCs Kyarr and Maha were obtained
from the International Best Track Archive for Climate Stewardship (IBTrACS; https://www.
ncei.noaa.gov/ (accessed on 1 April 2021)) and included the maximum sustained wind
speed at the sea surface and the TC center locations at 6 h intervals. The TC classification
was based on the Saffir–Simpson hurricane scale (Figure 1). TCs Kyarr and Maha passed
over the AS during the period from 25 October to 5 November 2019, and the two TCs
moved northwestward in similar routes and reached the levels of Category 4 and Category
3 over the study area (61–71◦E and 15–21◦N), respectively. First, TC Kyarr was generated
and reached the TC level at 15.8◦N and 71.3◦E and became a Category-1 TC at 00:00 on
26 October. It reached the Category-4 level at noon on 27 October with a maximum wind
speed of 71 m/s and maintained this intensity and an average translation speed of 3.4 m/s
until 29 October. The TC induced strong mixing and upwelling with cold subsurface waters
due to the high winds associated with the slowly moving TC; these processes significantly
lowered the SSTs, leading to energy losses into the ocean over a sufficiently long period of
time to cause rapid decay [12]. Then, TC Kyarr began to weaken as it turned southwestward
(Figure 2). Afterward, TC Maha formed at 8.8◦N and 74.8◦E and moved northwestward at
06:00 on 30 October; then, it intensified over the northwest AS and became a Category-3
TC with a maximum wind speed of 48 m/s and an average translation speed of 3.8 m/s on
4 November (Figures 1 and 2). The time interval of the sequential TCs entering the study
area was 5 days.

https://www.ncei.noaa.gov/
https://www.ncei.noaa.gov/
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Figure 2. Translation speed and maximum wind speed of TCs Kyarr and Maha.

3.2. Horizontal Distributions of EPV, SST, SLA and Chl-a

Prior to TCs Kyarr and Maha, the northeast monsoon prevailed over the study area
(Figure 3(a1)), and the SSTs were warmer than 29 ◦C (Figure 3(b1)). As TC Kyarr entered the
AS, cyclonic winds dominated over the study area (Figure 3(a2)). After TC Kyarr passed
from 29 October to 5 November, the sea surface continued to cool, and the maximum
temperature decrease was more than 5 ◦C (Figure 4b). At this time, three weak, cold
centers can be seen on the sea surface along the track of TC Kyarr (Figure 3(b2)). After the
passage of TC Maha, the SSTs continued to cool, and three cold patches expanded with
maximum SST cooling magnitudes of approximately 6 ◦C (Figure 3(b3)); the expansion of
these three cold patches was halted after 19 November (Figure 3(b5)). Sea surface cooling
was not significantly enhanced along the path of TC Maha, probably because the system
was moving over the ocean with a much deeper mixed layer [43]. After the passage of TC
Kyarr, the three cold centers were related to three cold eddies e1, e2, and e3 with radii of
166.5, 175.2, and 186.4 km, respectively (Figure 3(c2)); the minimum SLAs of these three
cold eddies were −7.26, −14.27, and −20.56 cm. The spatial patterns of the three eddies
were consistent with the horizontal structure of the chl-a biomass patches (Figure 3(d4)).
The maximum response values of chl-a in e1, e2, and e3 were 12.76, 23.09, and 16.51 mg/m3,
respectively, from 20 October to 19 November 2019. As the two TCs moved slowly in e2 and
e3, larger chl-a concentrations appeared in these eddies. The surface chl-a concentration
increased by 31.6 times compared with that measured before the passage of the TCs. After
the passage of TC Maha, the minimum SLAs of three cold eddies with radii of 166.5, 175.2,
and 186.4 km (Figure 3(c2)) were −7.26, −14.27, and −20.56 cm, respectively. Cold eddy e2
and cold eddy e3 merged to become one cold eddy, and the e1 and e2 eddies strengthened
(Figure 3(c4)); by 19 November, these cold eddies had strengthened (Figure 3(c5)), with
maximum geostrophic swirl speeds of 0.46 and 0.69 m/s, respectively.

Based on the daily EPV, SST, SLA, and sea surface chl-a series (Figure 4), it was
found that after the passage of the Kyarr and Maha, there were two cooling processes in
the sea surface that temporally corresponded to two EPV peaks, with a lag of 1–2 days
(Figure 4a,b). The cold eddies in the study area were generated (enhanced) by the strong
EPVs during TC Kyarr (Maha) (Table 2). The maximum cooling (6 ◦C) and minimum SLA
(−20 cm) appeared in cold eddy e3 from 6 November to 12 November (Figure 4b,c). The
low SSTs and the high negative SLAs were maintained for more than 30 days due to eddy
and Ekman pumping and water entrainment mixing induced by the TCs. As shown in
Figure 4a,d, the increase in surface chl-a concentrations occurred 3 days later than the large
EPVs. The surface chl-a concentrations had two short increasing periods. Six Bio-Argo
floats (2902175, 2902205, 2902210, 2902202, 2902272, and 2902120) located in high-chl-a
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patches were selected to display the daily surface chl-a concentration variations. As shown
in Figure 5, two short periods of increased surface chl-a concentrations were recorded at
floats 2902175, 2902205, 2902210, 2902202, 2902272, and 2902120. The first period of higher
surface chl-a concentrations occurred from late October to early November. A subsequent
increase occurred from 4 to 10 November. The surface chl-a reduction identified between
the post-Kyarr and post-Maha periods may have been related to the growth stage and
vertical distribution of phytoplankton (Table 1). The physical mechanisms of these two
chl-a increase events are explored in the next section.
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Table 2. Statistical characteristics of the three cold eddies.

Eddy Radius
(km)

Maximum
Geostrophic

Current
(m/s)

Maximum
SST

Cooling
(◦C)

Minimum
SLA (cm)

Maximum
Chl-a

(mg/m3)

Maximum
EPV (m/s)

e1 166.5 0.59 −3.95 −7.26 12.76 8.1 × 10−4

e2 175.2 0.56 −5.28 −14.27 23.09 9.3 × 10−4

e3 186.4 0.75 −5.47 −20.56 16.51 6.9 × 10−4
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Figure 5. Two short periods of surface chl-a enhancement were derived from remote sensing data at
2902175, 2902205, 2902210, 2902202, 2902272, and 2902120.

3.3. Vertical Distributions of Temperature, Chl-a, and DO

The data from two floats, 2902272 and 2902210 in e1 and e2, respectively, were used
to further investigate phytoplankton variations in response to sequential TC forcing, as
shown in Figure 6. The vertical profiles were recorded by two Bio-Argo floats, 2902272 and
2902210, located in the center of e1 and the edge of e2, respectively. Before the passage of
TC Kyarr, the MLDs were 24.12 and 31.78 m at floats 2902272 and 2902210, respectively.
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As recorded by float 2902272, on 1 November (approximately 4 days after the passage
of TC Kyarr), the temperature in the upper mixed layer dropped by more than 2 ◦C, and
the MLD deepened to 44.51 m, with the subsurface water temperatures increasing in the
depth range of 78 to 95 m (Figure 6a). The water temperatures cooled in the depth ranges
of 102 to 300 m and 5 to 78 m. The maximum chl-a concentration increased from 1.65 to
2.18 mg/m3, and the chl-a depth decreased from 28.57 to 14.28 m; this measurement may
indicate that strong upwelling and vertical mixing changed the vertical distributions of
temperature and chl-a. The DO decreased above a depth of 60 m and increased in the
depth range of 60–82.9 m (Figure 6e). This can be explained by the water entrainment
mechanism at the bottom of the mixed layer transporting the deeper low-DO waters to the
layer above 60 m and the higher-DO waters downward to the layer below 60 m. On 11
November (approximately 6 days after the passage of TC Maha), the subsurface maximum
chl-a concentration increased from 2.12 to 7.15 mg/m3 (Figure 6c), and the DO increased
continuously above 22.85 m and decreased below 22.85 m. The former process was related
to chl-a photosynthesis, whereas the latter may have been associated with the organic
matter degradation process.

The area occupied by float 2902210 was affected by TC Kyarr (which had passed
5 days earlier) and TC Maha (which was currently passing through the area) on 4 Novem-
ber. TC Maha was closer to this float and located south of the float area. The mixed layer
temperature also dropped by more than 2 ◦C, and the MLD extended to 58.53 m, with
subsurface water temperatures increasing in the depth range of 52 to 132 m (Figure 6b).
The temperature decrease measured in the mixed layer and increase measured in the sub-
surface layer were caused by entrainment mixing at the bottom of the mixed layer [27].
Simultaneously, a significant change in the vertical structure of chl-a was observed, and the
subsurface maximum chl-a concentration decreased significantly while the chl-a concentra-
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tions in the depth ranges of 0 to 41 m and 80 to 120 m increased. This is the same driving
mechanism associated with entrainment mixing at the bottom of the mixing layer discussed
in the previous section; this mechanism caused the chl-a community to redistribute up
and down in the subsurface layer. As discussed in the previous section, no active chl-a
reproduction was observed before 4 November, and the vertical structure of chl-a was
mainly controlled by vertical transport. The changes in DO recorded on 4 November
are very interesting. The decrease (increase) in DO above a depth of 45 m (at depths of
45–130 m) was determined by physical redistribution processes. By 14 November, the
situation had changed. The increased DO in the water layer above 45 m was related to
the release of oxygen by chl-a photosynthesis, whereas the decreased DO levels in the
water layer below 45 m may have been associated with reduced oxygen consumption by
organisms. Phytoplankton growth was very active until 14 November; the subsurface
maximum chl-a concentration increased from 0.45 to 5 mg/m3, and the peak chl-a depth
moved upward toward the surface (Figure 6d). These changes indicate that entrainment
by TCs can bring deep, nutrient-rich waters into the euphotic layer; under favorable light
conditions, these nutrients can then be consumed by phytoplankton in the sunlit layer,
leading to phytoplankton blooms, as observed after the passages of TCs Kyarr and Maha.
In addition to bringing nutrients upward, entrainment can also transport phytoplankton
from the euphotic layer to deeper layers, resulting in decreased phytoplankton in the
euphotic layer and increased phytoplankton in both the surface and deep layers. The
question arises: which is more important for the increase in sea-level chl-a concentrations:
physical transport or biological biomass reproduction? This question will be clarified in the
next section.

4. Discussion

The temporal and spatial scales of the cold eddies identified in this study are simi-
lar to those of the chl-a biomass patches (Figure 3), revealing the dynamic connection of
phytoplankton growth with these eddies. The upwelling and entrainment induced by TCs
may drive locally nutrient-rich waters upward into the euphotic layer. Investigations of the
relative importance of different physical processes, such as upwelling, entrainment and
nutrient supply-induced photosynthesis, in phytoplankton growth are vital for identifying
the mechanisms driving phytoplankton blooms. Therefore, discussing the relative contri-
butions of hydrodynamic processes and biological production is important. In this paper,
we present observations of the evolution of the vertical water column structure during
the passage of two subsequent TCs; the results show the clear responses of temperature,
chl-a, and DO to these events. In this section, we discuss whether the observed increases in
chl-a during the TCs were linked to in situ phytoplankton growth as a result of nutrient
replenishment or simply to the redistribution of the subsurface phytoplankton community.
Finally, we compare our results with those output by the biogeochemistry model.

4.1. Light and Nutrient Conditions in the Euphotic Layer before the TCs

The upper sunlit layer of the ocean, known as the euphotic layer, is the most important
factor regulating the growth of phytoplankton. Generally, active phytoplankton growth
occurs due to the presence of sufficient nutrients and light in the euphotic layer. In this study,
the light was not strong in high-chl-a areas compared with the surrounding waters after
the studied TCs (Figure 7a), and the euphotic layer depths at the locations of floats 2902272
and 2902210 were 36.96 and 29.81 m, respectively; these values suggest that light was not
the only factor limiting phytoplankton growth. In contrast, the monthly average euphotic-
layer nitrate concentrations at floats 2902272 and 2902210 were 0.66 and 0.85 µmol/L,
respectively, whereas much higher nitrate concentrations appeared below the euphotic
layer (Figure 8). According to Nelson’s theory [44], 1 µmol/L is the nutrient threshold for
phytoplankton growth. Thus, the nitrate level in the euphotic layer before the TCs may have
been below this nitrate threshold and thus unfavorable for phytoplankton growth, leading
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to an oligotrophic environment (Figure 7b). TC forcing may have significantly changed this
oligotrophic environment and played an important role in marine ecosystem dynamics.
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4.2. The Translation Speed and Wind Speed of TCs Kyarr and Maha

The translation speed and wind speed of a TC determine the forcing time to the upper
ocean [41,45]. The forcing time can be considered the period during which wind speeds
exceed 17 m/s along a TC path [4]. When the TC moves faster, the wind velocities on the
right side of the TC path adopt a clockwise deflection that resonates with the near-inertial
current to produce effective entrainment mixing [27,46,47]. Thus, a cold center is often
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observed at the surface, and subsequently, a cold tongue extending from this cold center
can also be observed (Figure 4b). When the TC moves slowly, the forcing time of the TC
on the upper ocean is longer, and the generated cooling area is generally located close
to the TC path [1,2,26,48–50]. The vertical profiles of temperature and DO at the eddy
center (float 2902272) after the passage of TC Kyarr clearly exhibited strong upwelling
(with an uplifted isotherm) in the upper ocean (Figure 6a). Hence, slow-moving TCs tend
to produce more persistent upwelling [1,51]. Notably, the slower a TC, the closer the
cooling center to the TC path [50]. In our study, the strong TCs Kyarr and Maha moved
at speeds of 3.4 and 3.8 m/s, respectively (Figure 2). The translation speed (Ts) of these
TCs was thus closer to the phase speed (c1) of the first baroclinic mode (Froude number,
Fr = Ts/c1~1, c1 = 2.9 m/s) [52,53]; therefore, right-side sea surface cooling and chl-a
augments were attributed to both Ekman pumping and entrainment mixing at the base of
the mixed layer. In addition, Huang and Oey [54] used a coupled biological-physical model
to demonstrate that sub-mesoscale recirculation cells are very important for TC-induced
right-side cooling and phytoplankton blooms, and that vertical mixing alone results in only
weak asymmetry. The vertical buoyancy frequency (N2) profiles derived from the floats
are shown in Figure 9. These physical processes induced the weakening of upper-ocean
stratification (the maximum N2 values decreased from 8.2 × 10−4 to 4.8 × 10−4 and from
5.1 × 10−4 to 3.5 × 10−4), leading to the accumulation of phytoplankton after the passage
of the TCs [55]. Both TCs moved at almost the same average speed, and TC Maha shifted
backward to a deflection of nearly 150◦ on 5 November, thus extending the forcing time in
the e3 area and possibly having a great impact on the upper ocean (Figure 10a). When the
wind-stress forcing time is longer, more nutrient-rich cold water from the deeper layer can
move upward to the surface layer. Therefore, when studying physical and biogeochemical
responses to TCs, the intensity, translation speed, physical mechanism. and chl-a biomass
reproduction associated with TCs must be comprehensively considered. The strong vertical
mixing and upwelling caused by slow and strong sequential TCs can not only disrupt the
vertical distribution of phytoplankton (e.g., inducing the first surface chl-a bloom after TC
Kyarr), but can also transport nutrients into the euphotic layer (e.g., leading to the second
surface chl-a bloom after TC Maha), and both led to two short chl-a blooms.
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4.3. Impact of Physical Processes on Phytoplankton Enhancement in the Upper Ocean

The forcing time increased gradually in the study area along the TC paths from south
to north. The longest forcing time was approximately 65 h in e3; this period was longer
than the inertial period (1/f = 36.75 h, where f is the local inertia frequency) (Figure 10a).
The work done by wind stress (W) had a similar pattern to that of the forcing time, and
the highest value was more than 200 kJ in e3 (Figure 10b). The wind-induced perturbation
energy propagated downward through the near-inertial internal waves, resulting in strong
water entrainment at the base of the mixed layer [46,56,57]. The long forcing time of the
strong wind stress curl during the passages of Kyarr intensively contributed to the forma-
tion of the three cold eddies. The TC-induced cold eddies could have caused the horizontal
exchange and vertical transportation of biochemical elements by physical processes (e.g.,
eddy pumping, eddy stirring, eddy trapping, and eddy–wind Ekman pumping) [58–60].
Liu et al. [61] found that eddy pumping caused by TC-induced cyclonic eddies was the most
important physical process responsible for increasing surface chl-a concentrations rather
than Ekman pumping or turbulent mixing following the passage of a TC. For sequential
TCs with slow translation speeds and strong winds (estimated Fr values ranging from 1.2 to
1.4), the turbulence resulting from water entrainment mechanisms, together with eddy and
Ekman pumping, caused upward nutrient fluxes that sustained chl-a biomass reproduction
and water cooling in the mixed layer [23,62–64]. In addition to providing nutrient supplies,
strong mixing also induced phytoplankton fluxes from the euphotic layer to the deep layer,
leading to a decrease in phytoplankton in the euphotic layer. Simultaneously, the mixed-
layer warm water was also transported by entrainment mixing to the deep layer, resulting
in a temperature drop in the mixed layer and a temperature increase in the subsurface layer
(Figure 6). The redistribution of phytoplankton in the upper ocean cannot change the total
chl-a concentration. If chl-a production does not occur, the chl-a augmentation resulting
from vertical redistribution may reduce the subsurface maximum chl-a concentration.

Whether a surface chl-a bloom is generated by the redistribution of phytoplankton
with vertical gradients or by biological production is a key issue that must be considered
when identifying the evolution and dynamics of surface chl-a blooms. Therefore, the
depth-integrated chl-a was calculated to further clarify this difference. As observed by
floats 2902272 and 2902210 (Figure 6), the chl-a profiles were approximately homogeneous
below a depth of 100 m; thus, the depth-integrated chl-a concentrations were calculated
over the upper 100 m depths. The depth-integrated chl-a concentrations obtained in
the pre-TC, during-TC, and post-TC periods are listed in Table 1. During the first short
period of surface chl-a enhancement, the depth-integrated chl-a concentrations changed
from 51.3 to 60 mg/m2 and from 47.89 to 39.64 mg/m2 at floats 2902272 and 2902210,
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respectively. These changes imply that the chl-a distribution was mainly controlled by
physical transport [24]. In contrast, the depth-integrated chl-a concentrations observed
in the second bloom event reached 207.98 mg/m2 at float 2902272 and 117 mg/m2 at
float 2902210, and substantial production occurred in the second event. Overall, these
results confirm that in the post-TC Kyarr period, the major mechanism responsible for the
surface chl-a bloom was subsurface phytoplankton redistribution, whereas for post-TC
Maha, the major mechanism was phytoplankton production with turbulent mixing and
upwelling-induced nutrient supplies in the surface layer.

The biogeochemistry model products obtained for October and November are shown
in Figure 11; the output temporal evolution of chl-a was consistent with the observations
derived from the Bio-Argo floats. As shown in Figure 11, two short-period chl-a blooms can
be found corresponding to TCs Kyarr and Maha. During the period of TC Kyarr, the depth-
integrated chl-a (surface chl-a) concentrations changed from 35.67 mg/m2 (0.24 mg/m3)
to 38.85 mg/m2 (0.63 mg/m3) at float 2902272 and from 39.14 mg/m2 (0.19 mg/m3) to
43.36 mg/m2 (0.86 mg/m3) at float 2902210 (Figure 12c,d). The first chl-a peak occurred
on October 29th (31st) at float 2902272 (2902210). This phenomenon occurred because
phytoplankton cells were redistributed by physical processes [24]. With vertical mixing
and upwelling, the nitrate concentration in the surface water at float 2902272 (2902210)
increased to 2.4 (3.8) µmol/L (Figure 11c,d). The nitrate concentration then began to decline
as nutrient consumption and grazing increased in the restratified upper ocean, despite the
nutrient-rich upper-ocean waters caused by the first TC. With the arrival of the second
TC, the depth-integrated chl-a (surface chl-a) concentrations at floats 2902272 and 2902210
significantly increased to 50.09 mg/m2 (1.65 mg/m3) and 67.58 mg/m2 (1.72 mg/m3),
respectively. These increases may have been attributed to biological biomass reproduction.
Vertical mixing and upwelling (TC-induced Ekman pumping and eddy pumping) not
only disrupted the balance between phytoplankton division and grazer consumption, thus
reducing the encounter rates between phytoplankton and grazers, but also increased the
nutrient supplies [65]. This resulted in more pronounced phytoplankton blooms lasting
20 days after the TC events.
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Figure 11. Time series of chl-a (a,b) and nitrate (c,d) concentrations based on the biogeochemistry
model product in October and November in the areas of floats 2902272 and 2902210. Time is divided
by four black lines into five periods (Pre-TC: before 25 October; During Kyarr: 26 October to 30
October; Post Kyarr: 1 November to 2 November; During Maha: 2 November to 5 November; Post
Maha: after 5 November).
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(c,d) based on the biogeochemistry model product in October and November in the areas of floats
2902272 and 2902210.

Combined with the model and float data, we can further quantify the contributions
of different physical processes (upwelling and vertical mixing) to the vertical fluxes of
nutrients at different locations along the TC paths. Interestingly, for float 2902272 (in the
center of e1 and near the TC path), the model outputs showed that 1 (4) µmol/L nitrate
isoline was uplifted to the surface (25 m) during TC Kyarr (strong EPV (2.8 × 10−4) and
wind stress (0.9 Pa)) (Figures 11c and 12a). This means that the upper ocean was dominated
by strong upwelling rather than mixing. However, for float 2902210 (at the edge of e2 and
on the right side of the TC path), the model outputs showed that 1 (4) µmol/L nitrate isoline
was uplifted (deepened) to the surface (65 m) during TC Kyarr (weak EPV (9.1 × 10−5) and
strong wind stress (1.3 Pa)) (Figures 11d and 12b), indicating that strong vertical mixing
rather than upwelling was the dominant process affecting nutrient resupply. This was
because the current dynamics are different between the center of an eddy and the frontal
edge of the eddy. The cyclonic wind stress of a TC increases the vorticity of the cyclonic
eddy, so this relation is supported in the TC center; thus, pumping is the main driver,
whereas vertical shear is a larger driver at the edge [66]. During the passage of TC Maha,
the wind stress and EPV were 0.45 (0.92) Pa and 1 × 10−4 (2.7 × 10−4) m/s at the location
of float 2902272 (2902210). The nitrate isoline of 4 µmol/L had no significant vertical
displacement for float 2902272. However, for float 2902210, this isoline shifted from 56 to
47 m. These results imply that compared with TC Kyarr, at the 2902272 (2902210) location,
the upper ocean in the center (edge) of e1 (e2) was dominated by weaker upwelling and
mixing (stronger upwelling). These physical processes continued to maintain and enhance
the upward transport of nutrients during the TC period.

5. Conclusions

In this study, the upper-ocean physical and biochemical responses identified during
sequential TCs Kyarr and Maha in the AS were investigated using satellite and Bio-Argo
float datasets. Corresponding to the passages of the TCs, two cooling processes and two
short chl-a blooms were identified on the sea surface with time intervals of 6–7 days. Three
cold core eddies with SST decreases of more than 6 ◦C were induced by the TCs, as depicted
from the Hovmollers. As summarized in Figure 13, the initial rapid increase in the surface
chl-a concentration and decrease in the subsurface chl-a concentration were mainly caused
by physical transport redistribution post-TC Kyarr, whereas the subsequent and more
pronounced chl-a bloom in the upper ocean was due to net phytoplankton growth with
nutrient-rich cold waters entering the euphotic layer by upwelling, entrainment mixing,
and eddy pumping post-TC Maha. Upwelling (vertical mixing) was the dominant process
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by which nutrients near (on the right side of) the TC path were resupplied. The analyses of
both the depth-integrated chl-a and biogeochemistry model data confirm these different
mechanisms for phytoplankton blooms induced by sequential TCs.
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Whether climate change will lead to an increase in the number of TCs remains un-
certain, but warmer ocean temperatures and higher sea levels are expected to intensify.
The strong winds associated with TCs initiate intense upwelling and mixing, resulting in
enhanced phytoplankton biomass in the open ocean after the passage of a TC. Presently,
quantitatively estimating phytoplankton dynamic responses to TCs in the upper ocean is
difficult because low-frequency sample data fail to capture daily or weekly variabilities.
Further high-frequency, in situ observations and more comprehensive conceptual and quan-
titative model simulations are required to explain the physical driving forces associated
with TCs that modulate phytoplankton dynamics. Investigations of the role of such events
on the short-term changes in this region’s phytoplankton dynamics should be the subject
of future studies.
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