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Abstract
Upper ocean responses to the passage of sequential tropical cyclones over the northwestern
South China Sea (SCS) in 2011 were investigated using satellite remote sensing data, Argo reanalysis
data, and an array of mooring data. We found that the sea surface low temperature region lasted for more
than 38 days and two phytoplankton blooms occurred after the passage of sequential tropical cyclones.
The upper ocean cooling reached 2–5 °C with a right-side bias was observed along the typhoon track to
about 200 km. The maintenance of low temperature region and the two phytoplankton blooms were mainly
driven by upwelling and near-inertial turbulence mixing induced by the sequential tropical cyclones. The
ﬁrst phytoplankton bloom appeared on the 7th day after the passage of the three tropical cyclones, and the
chlorophyll-a (chl-a) concentration increased by 226%, which may be mainly driven by typhoons induced
upwelling. The second phytoplankton bloom occurred on the 30th day, the chl-a concentration increased by
290%. Further analysis suggested that only the typhoons with similar characteristics as Nesat and Nalgae
can induce strong near-inertial oscillation (NIO). Strong turbulent mixing associated with the near-inertial
baroclinic shear instability lasted for 26 days. The measured mean eddy diﬀusivity in the upper ocean was
above 10-4 m2/s after typhoon Nesat. Enhancement of the turbulent mixing in the upper ocean helped to
transport nutrient-rich cold waters from the deep layer to the euphotic layer, and is a major mechanism for
the long-term maintenance of low temperature region as well as the second phytoplankton bloom.
Keyword: sequential tropical cyclones; two phytoplankton blooms; tropical cyclones induced upwelling;
turbulence mixing by the near-inertial baroclinic shear instability

1 INTRODUCTION
The western North Paciﬁc see the largest number
of tropical cyclones annually, and their intensity is
also greater with respect to other cyclone-rich
basins. Typhoons that pass through the South China
Sea (SCS) landed in Guangdong Province and
Hainan Province of China, and Vietnam. Strong
winds and heavy rains posed a huge threat in the
coastal areas (Chen et al., 2013). They occurred
about 10 times a year over SCS, mostly between
July and October. However, the sequential tropical
cyclones are relatively rare over the SCS.
When a tropical cyclone transits the sea surface,
sea surface cooling (SSC) is one of the most apparent
features of air-sea interactions, and has an important

impact on the upper ocean temperature distribution
and the exchange of air-sea heat ﬂux. In particular, the
SSC may last for more than two weeks and aﬀect
atmospheric circulation on a large scale (Hart et al.,
2007; Liu et al., 2008). Simultaneously, the SSC also
has a signiﬁcant negative feedback eﬀect on the
tropical cyclone intensity, weakening or possibly
even closing the energy supply to tropical cyclone
(Timmermann et al., 2005; Soloviev et al., 2014).
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According to the observed records, the tropical
cyclone can generally reduce the sea surface
temperature (SST) by 2–6 °C (D’Asaro, 2003; Lin et
al., 2013; Zhang et al., 2014). Typhoon Kai-Tak in
2000 was an exception, the maximum SSC over SCS
was 10.8 °C (Chiang et al., 2011). There is still
considerable controversy about the driving mechanism
that permits a tropical cyclone to give rise to SSC.
Some studies have suggested that the SSC is mainly
driven by tropical cyclone induced Ekman pumping
(Babin et al., 2004; Chiang et al., 2011; Zhao et al.,
2013; Guan et al., 2014). Some scientists believe that
the combined eﬀect of turbulent mixing and upwelling
is the primary cooling mechanism (Price et al., 1994;
Dickey et al., 1998; D’Asaro et al., 2007; Price, 2009;
Zhang et al., 2016), with air-sea ﬂuxes playing a
minor role (Price, 1981). Other researchers hold the
viewpoint that SSC is mainly a result of the turbulent
mixing caused by tropical cyclones (Price, 1981;
Jacob et al., 2000; Sriver and Huber, 2007; Zhang et
al., 2014). At present, owing to the lack of eﬀective in
situ measurements obtained under tropical cyclone
forcing conditions, there is still no convincing
observational evidence that can be used to determine
whether upwelling or turbulent mixing is the main
driving mechanism for the SSC. More importantly,
tropical cyclones also exert a major inﬂuence on the
marine ecosystem (Subrahmanyam et al., 2002; Lin et
al., 2003, 2008; Shi and Wang, 2007; Zheng and Tang,
2007; Shang et al., 2008; Zhao et al., 2008; Sun et al.,
2010; Zhao et al., 2017; Wu and Li, 2018). Recent
work by Zhang et al. (2014) indicated that the nearinertial turbulence mixing induced by tropical storm
can promote the exchange of nutrients ﬂuxes between
the deep layer and the upper ocean. The passage of a
tropical cyclone usually induces near-inertial
turbulent mixing and upwelling. All these physical
processes can bring deep nutrient-rich cold waters to
the upper ocean, where nutrients are scarce. The roles
that tropical cyclone induced near-inertial turbulent
mixing or upwelling plays in phytoplankton blooms
remains unclear.
While oceanic responses to the passage of
individual tropical cyclones have been extensively
studied, very few studies have focused on sequential
tropical cyclones (Wu and Li, 2018). In 2011, the rare
phenomenon of three sequential tropical cyclones
Haitang (September 24), Nesat (September 29) and
Nalgae (October 3), provided a unique opportunity to
study the upper ocean responses to the three sequential
tropical cyclones in SCS. The objective of this study
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is to reveal the upper ocean responses to sequential
tropical cyclones and associated physical mechanisms
for the SSC and phytoplankton blooms in the
northwest region of SCS. The manuscript is organized
as follows: the data and methods are introduced in
Section 2, results are presented in Section 3,
discussions are reserved for Section 4, and conclusions
are in Section 5.

2 DATA AND METHOD
2.1 Tropical storm Haitang, typhoons Nesat and
Nalgae
According to the best typhoon track data provided
by the Shanghai Typhoon Research Institute, nine
typhoons entered the SCS in 2011, two of which were
generated locally, and the rest originated in the
western Paciﬁc Ocean. Typhoons 17 (Nesat) and 19
(Nalgae), and tropical storm 18 (Haitang) were
generated successively from September to October
2011. Typhoon Nesat generated at 00:00 on September
23 (13°N, 139°E), with a central pressure and
maximum wind speed of 1 004 hPa and 12 m/s,
respectively (Fig.1). At 00:00 on September 25, it
became a strong tropical storm of central pressure and
maximum wind speed of 985 hPa and 28 m/s,
respectively, before strengthening into a typhoon at
18:00 on September 25, with its central pressure of
975 hPa and maximum wind speed of 33 m/s. It
continued to strengthen to reach a strong typhoon
level with its central pressure and maximum wind
speed of 950 hPa and 45 m/s, respectively. Typhoon
Nesat entered the SCS and began to weaken after
landing in the Philippines, and landing on Hainan
Island 3 days later with a maximum wind speed of
25 m/s. Tropical Storm Haitang generated at 18:00 on
September 23 (16.2°N, 110°E), with a central pressure
of 998 hPa and a maximum wind speed of 15 m/s. The
wind speed reached a maximum of 18 m/s at 00:00 on
September 25 in the area of the Xisha Islands, and
then landed on Vietnam. Typhoon Nalgae generated
at 12:00 on September 26 at 18°N, 139°E and moved
northwestward, following a trajectory that was similar
to that of typhoon Nesat. The central pressure reached
950 hPa when landing Luzon Island at 18:00 on
September 30, with a maximum wind speed of 38 m/s.
Wind speed began to decrease as typhoon Nalgae
entered the SCS, and became a strong tropical storm
level at 18:00 on October 1. It landed on Hainan
Island at 18:00 on October 3. Nalgae landed on
Hainan Island 4 days after Nesat.
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Fig.1 The tracks of three sequential typhoons in the SCS in 2011
Time interval between adjacent circles is 6 h. Colors of the circle indicates typhoon intensity. Star indicates location of the mooring site.

2.2 Satellite remote sensing data and Argo
reanalysis data
The 10-m wind speed data were obtained from the
Cross-Calibrated Multi-Platform data (Wentz et al.,
2015) with a spatial and temporal resolution of
0.25°×0.25° and 6 h, respectively. The wind speed
was produced from a combination of satellite data,
moored buoy data and modeled wind data, the wind
speeds was used to calculate the wind ﬁeld of tropical
cyclones as well as Ekman pumping velocity. The
MW-IR Optimally Interpolated (OI) SST daily
product was provided by Remote Sensing Systems,
which combined the through-cloud capability of the
microwave data (MW) with the high spatial resolution
of the IR SST data, and had better spatial coverage of
daily data. It had a daily temporal resolution including
ascending and descending orbit segments. The daily
average value was obtained by averaging the
ascending and descending passes or assigning the
available one if only one pass was available. The SST
data was from December 1997 to 2017. These datasets
were able to resolve unstable waves in the tropics and
the cold wake of the sea when typhoon passed (Wentz
et al., 2000).
Merged chlorophyll-a (chl-a) concentration data
from three ocean color sensors (MODIS-Aqua,
MERIS and SeaWiFS) were retrieved using the
Garver-Siegel-Maritorena
(GMS)
algorithm
(Maritorena et al., 2010). The daily chl-a data used in
this study have a spatial resolution of 9 km.

We used Argo reanalysis data to calculate buoyancy
frequency. The data were selected from the Global
Ocean Argo gridded dataset (BOA_Argo) (Li et al.,
2017) with a horizontal resolution of 1°×1° and 58
vertical standard layers down to 1975 dbar.
2.3 Mooring observations data
A mooring array had been deployed at 16°51.374′N,
112°19.118′E, near the Xisha Islands in the
northwestern SCS for 143 days from August 1 to
December 21 2011. The depth of the mooring site was
1 491 m. At the depth of 460 m, the mooring array
station was equipped with a 75-kHz upward-looking
acoustic Doppler current proﬁler (ADCP) for
measuring the velocity proﬁles. Vertical sampling
interval was 16 m, and the measurement frequency
was 1 800 Hz, and eﬀective measurement of water
depth was 58–442 m. During the period of deployment,
three sequential tropical cyclones, tropical storm
Haitang, typhoons Nesat, and Nalgae, passed near the
mooring station. The time interval between the three
typhoons passing through the mooring station was
5 days and 4 days, respectively.
2.4 Calculation method of upwelling and eddy
diﬀusivity
Ekman transport is governed by the balance of the
wind stress and Coriolis force in the horizontal plane,
resulting in the convergence and divergence of sea
water at the Ekman pumping velocity (EPV), EPV
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can be calculated as (Price, 1981)

(1)
EPV=curl  /  f  ,
where f=2ωsinθ is the Coriolis parameter, ω is the
rotational velocity of the Earth, θ is the latitude, ρ is

the density of the ocean, and  the wind stress, can
be given by
 

(2)
  a CD U U ,

where ρa is the density of air, U is the 10 m high wind
speed, and the drag coeﬃcient can be parameterized
as follows (Powell et al., 2003):

CD =1.2  10-3 , U <11 m/s


 (0.49+0.065U )  10-3 , 11<U  25 m/s

(3)
 2.115  10-3 , U >25 m/s.
Parameterization of the rate of dissipation of
turbulent kinetic energy in the continental shelf ocean
region is expressed as (Mackinnon and Gregg, 2003)
 N  Slf 
(4)
  ,
 N 0  S0 
where N0=S0=3 cph, ε0=10-8 W/kg, Slf is the lowfrequency shear of background velocity, and N is the
buoyancy frequency, which can be calculated from
the BOA_Argo temperature and salt content products
(Lu et al., 2018). Eddy diﬀusivity κρ can be derived
from (Osborn, 1980)

  0 

κρ=Γε/N2,

(5)

where Γ is the mixing coeﬃcient, we take it as 0.2 in
this study.

3 RESULT
3.1 Response of SST
Figure 2 shows SST evolutions during the passage
of tropical storm Haitang, typhoons Naset and Nalgae
from September 21 to November 2, 2011 in the
northwestern region of SCS. Before tropical storm
Haitang arrived, the SST of the northwestern region
of SCS was generally higher than 29 °C (Fig.2a).
When tropical storm Haitang passed through the
mooring area, the SST dropped by more than 2 °C
(Fig.2b & c). Figure 2d shows the response of SST to
typhoon Nesat. Compared with Fig.2c, the cooling
area enlarged signiﬁcantly, the second day was the
largest SST drop (SSC>5 °C) on the right side of the
typhoon track. Over the following days, the low
temperature area decreased dramatically (Fig.2e).
When the typhoon Nalgae passed through the mooring
area, however, the area of low temperature
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strengthened again, and the mean SST dropped by
2.2 °C (Fig.2f). Over the next 10 days, the sea surface
heated up again, SST increased by 1.2 °C, and the
area of low temperature was greatly reduced once
more (Fig.2g). But two weeks later, the area of low
temperature expanded again, the greatest SST dropped
was more than 2 °C (Fig.2h). It should be noted that,
after the passage of the three sequential tropical
cyclones, the low temperature region lasted for more
than 38 days in the northwestern of SCS where the
mooring observation system located (Fig.3). Whether
this is in response to upwelling or other physical
mechanisms will be discussed in the next section.
The time series of observation was more than 45
days during the transition from late summer
(September) to mid-autumn (November). The
seasonal variation may be important for such a long
period. In order to clarify the role of seasonal
variations in the process of SSC, we calculated
climatological SST from September 21 to November
2 during 1998–2017 (Fig.4). The climatological SST
decreased by about 1 °C from September 23 to
November 10 due to seasonal change. At the same
time, however, the SST in 2011 was less than 1.5 °C
above the climatological SST.
3.2 Response of phytoplankton bloom
From the end of September to early of October,
three tropical cyclones passed through the mooring
area at intervals of 5 d and 4 d, respectively. After
sequential tropical storm, as shown in Fig.5, there
were two phytoplankton blooms, with the ﬁrst
appeared on the 7th days after the passage of Nalgae,
as evident by the surface chl-a concentration increased
by 226%; and the second large-scale phytoplankton
bloom emerged on 30th days after typhoon Nalgae, as
evident by the surface chl-a concentration increased
by 290% (Fig.6). The possible driving mechanisms
for the phytoplankton blooms will be analyzed in the
next section.
We also calculated climatological surface chl-a
concentration from September 21 to November 2
during 1998–2017 year as a reference (Fig.6). The
climatological surface chl-a concentration changed
little during this period.

4 DISCUSSION
Previous studies have suggested that the SSC and
phytoplankton blooms after the passage of typhoon
are closely related to Ekman pumping induced by
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Fig.2 Horizontal distribution of SST in the SCS in 2011 on the following dates
a. September 21; b. September 26; c. September 27; d. September 29; e. October 1; f. October 4; g. October 15; h. November 2. Black lines represent typhoon
tracks. Time interval between adjacent dots is 6 h.
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typhoon (Babin et al., 2004; Zhao et al., 2008; Chiang
et al., 2011). Here, Eqs.1–2 were used to calculate the
value of EPV caused by typhoon. As shown in Fig.7,
the intensity of Ekman pumping on both sides of the
typhoon path was quite diﬀerent. The upwelling in the
right-hand side was not only stronger than left-hand
side, but also larger in extent. As suggested by Price
(1981) that the rightward bias of the SST drop due to
the resonance of rotation of the wind vector with
wind-driven inertial currents. In the three tropical
cyclones, typhoon Nesat induced the strongest value
of EPV, the maximum value of EPV was 1.8×10-4 m/s
on September 29 (Fig.7c). This was closely related to
the sustained low temperature region before the midOctober (Fig.2f) and the ﬁrst phytoplankton bloom in
early October (Fig.6). After the passage of typhoon
Nalgae, on November 2, EPV dropped to 5×10-6 m/s
in the mooring area (Fig.7f), which is about two
orders of magnitude smaller than that measured
during typhoon Nesat. Therefore, we can deduce that
there must be other physical mechanisms that play a
key role in processes of the SSC and the second
phytoplankton bloom after mid-October.
The ADCP observational dataset were used to
calculate the eastward and northward baroclinic
velocities and their vertical proﬁle of power spectrum.
As shown in Fig.8, The eastward baroclinic velocity
power spectrum was very similar to that of northward
baroclinic velocity. Moreover, the baroclinic energy
dominated the whole water depth at a frequency of
10-5 Hz, this was roughly equal to the local inertial
frequency. This implied that the existence of nearinertial oscillations (NIO) induced by tropical

cyclones. To further analyze the NIO signal, nearinertial velocities within (0.8–1.2 f) were extracted by
using a second-order Butterworth ﬁlter applied in the
time domain (Kunze, 1985). The tropical storm
Haitang and typhoons Nesat and Nalgae all induced
NIOs (Fig.9a). Haitang induced weak NIO signal and
near-inertial energy that was distributed only in the
upper 100 m (Fig.9a). Both typhoons Nesat and
Nalgae induced strong near-inertial ﬂows. The nearinertial ﬂow contour (isophase line) between October
4 and 19 exhibited a consistent slope (indicated by the
green ellipse in Fig.9a), and was used to estimate
vertical phase velocity of the near-inertial wave. The
average vertical phase velocities of the near-inertial
internal waves induced by typhoons Nesat and Nalgae
were 0.25 m/s and 0.12 m/s, respectively. Propagation
time of near-inertial energy was 25 days for Nesat and
28 days for Nalgae. On the basis of propagation depth
and time, we infer that NIOs that occurred on October
4 were generated by typhoon Nesat and those that
occurred on October 21 were generated by typhoon
Nalgae. Typhoon Nesat induced a maximum nearinertial velocity of 0.3 m/s at a depth of 186 m, while
typhoon Nalgae induced a near-inertial velocity of
0.26 m/s at a depth of 122 m (Fig.9a).
The near-inertial wave induced by typhoon Nesat
had a vertical wavelength of about 350 m, which was
twice that induced by typhoon Nalgae. The horizontal
scale of the near-inertial internal wave induced by
typhoon Nesat reached 50 km, but that induced by
typhoon Nalgae was less than 20 km. Wind forcing
injects energy into the ocean and is distributed to
diﬀerent modes of ocean motions, and part of this
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Fig.7 Variations of Ekman pumping velocity in the northwestern region of SCS from September–October 2011
a. 12.00 on September 24; b. 00.00 on September 28; c. 00.00 on September 29; d. 18.00 on October 2; e. 06.00 on October 3; f. 00.00 on November 2. All
times are for UTC. The colors and arrows indicate the magnitude of the EPV and 10-m wind direction, respectively. Time interval between adjacent dots is
6 h, red dot represents typhoon position.

energy input is dissipated at the bottom of mixed layer
and in the thermocline, and the rest penetrates the
thermocline into the deeper layer waters (D’Asaro et
al., 1995). Downward transport of energy induced by
typhoons Nesat and Nalgae reached strongest at water
depth of 180 m and 130 m, respectively. It should be
emphasized that, as shown in Fig.9, the strongest
velocity shear triggered by typhoon Nalgae was about
2 times larger than that of Nesat, while the nearinertial energy transmitted by typhoon Nesat was

deeper than that of typhoon Nalgae. This suggests that
typhoon Nalgae had dissipated more near-inertial
energy in the upper ocean through the shear instability
mechanism rather than typhoon Nesat. In order to
clarify which is more important, winter monsoon or
near-inertial mixing, we calculated the wind stress in
the area of the mooring station for September 23 to
December 31 in 2011. As shown in the Fig.10, the
winter monsoon was prevailing between late
November and December. Prior to November 12, the
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value of wind stress was relatively steady and weak,
and therefore unlikely to induce strong turbulent
mixing. Apart from the decrease in SST, phytoplankton
bloom associated with primary production was
another obvious response to the passage of the tropical
cyclones. On the one hand, near-inertial mixing raised
the high chl-a concentrations in the subsurface to the
surface layer, on the other hand, strong turbulent
mixing can break up the barrier of the thermocline,
and enhanced the exchange ﬂuxes of nutrients from
the deeper layer into the euphotic layer. During the
passages of typhoons Nesat and Nalgae, the diapycnal
ﬂux of nutrients could be calculated by
 Cnutrient
Fnutrient =- 
,
z
where Cnutrient is the nutrient concentration. For
 Cnutrient
, the nutrient ﬂux is determined by
constant
z
the eddy diﬀusivity κρ. The maximum eddy diﬀusivity
in the upper ocean was 3.24×10-4 m2/s, which was
signiﬁcantly higher than the background eddy
diﬀusivity of 10-5 m2/s (Fig.11). That is to say, the

0.5
0.4

nutrient ﬂux has increased by one order of magnitude
than that without near-inertial turbulent mixing.
Therefore, we conclude that enhancement of nearinertial turbulent mixing in the upper ocean by
typhoons Nesat and Nalgae was the major physical
mechanism that led to the second phytoplankton
bloom and the long-term maintenance of low
temperature after mid-October in the northwestern
region of the SCS.
An obvious question is why the chl-a concentrations
declined from October 8 to 19. This may be due to
two reasons:
(1) The EPV induced by typhoons rapid declined
from 1.8×10-4 m/s on September 29 to 5×10-6 m/s on
November 2. This implied that the nutrients transport
by Ekman pumping was inadequate after the passage
of typhoon Nalgae.
(2) As shown in Fig.11, the eddy diﬀusivity induced
by near-inertial oscillations was weak in the upper
ocean between October 8 and 12. As a result, the
vertical nutrient transport capacity by both upwelling
and near-inertial mixing was weak, possibly resulting
in the observed decrease in chl a. However, after
October 13, chl a began to increase as near-inertial
mixing began to intensify.

5 CONCLUSION
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Fig.10 Temporal variation of the wind stress in the area of
the mooring site in 2011

In this study, the eﬀects of tropical storm Haitang,
typhoons Nesat, and Nalgae in 2011, on the
distributions of SST and chl-a concentrations were
investigated in the northwestern SCS using satellite
remote sensing data, Argo reanalysis data, and a
mooring array dataset. We found that, after the three
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sequential tropical cyclones, the low temperature
region in the northwestern SCS lasted for 38 days,
and more importantly, there were two phytoplankton
blooms appeared in the same region. The ﬁrst
phytoplankton bloom occurred on the 7th day after
typhoons. The second phytoplankton bloom occurred
on the 30th day, which is the key discovery in this
study. We proposed that the upwelling induced by
typhoons were responsible for the SSC before midOctober and the ﬁrst phytoplankton bloom in October
8. A dynamic analysis demonstrated that the low
temperature region of northwestern of SCS still
continued to maintain after mid-October and the
second phytoplankton bloom in November 4 were the
result of the strong near-inertial turbulent mixing
induced by typhoons Nesat and Nalgae. The mean
eddy diﬀusivity after the passage of typhoon Nesat
was above 10-4 m2/s, which is one order of magnitude
greater than the mean eddy diﬀusivity of the open
ocean. The enhancement of the turbulent mixing in
the upper ocean was conducive to transportation of
nutrient-rich cold waters from the deep layer to the
euphotic layer, leading to the long-term maintenance
of the low temperature region as well as the second
phytoplankton bloom in the northwestern region of
the SCS.
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