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• TC “Wind Pump” enhanced Kuroshio invasion which then inhibited the surface
Chl-a.
• Eddy-induced upwelling dominated
Chl-a increase rather than wind-driven
upwelling.
• TC-enhanced Kuroshio invasion reduced a cyclonic eddy which right on
its way.
• TC-enhanced Kuroshio conduced to a
cyclonic eddy generation in its left side.
• Air-sea heat exchange dominated SST
cooling which then inhibited Chl-a
increase.
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a b s t r a c t
New evidences provided that the tropical cyclone (TC) Linfa in 2015 induced looping path of Kuroshio invasion
into the northeastern South China Sea (NESCS) through the northwestern Luzon Strait (LS), based on the in-situ
measurements, satellite data and model output data. This TC-enhanced Kuroshio invasion with low nutrients and
denser waters suppressed the TC “Wind Pump” induced upwelling and nutrients uptake, and therefore inhibited
the Chlorophyll a concentration (Chl-a) increase from surface to ~50 m in the open ocean of the NESCS. The TCinduced Kuroshio invasion promoted the generation of the strong cyclonic eddy to its left side where weak
Ekman Pumping Velocity was observed. This enhancing cyclonic eddy then dominated the nutrients uplift and
increased the surface and subsurface (0–50 m) Chl-a through eddy pumping rather than Ekman Pumping. The
TC-declined anti-cyclonic eddy, which shoaled the Mixed Layer Depth (MLD), beneﬁted to the nutrient uptake
through TC-induced upwelling and thereby increased the surface Chl-a and raised the Chl-a Maximum Layer
(CML) to ~20 m over the southwestern LS. The temporal Chl-a variations were also inﬂuenced by TC intensities
and biochemical processes. The air-sea heat budget analysis indicated that, the air-sea heat exchange contributed
to nearly 80% of the sea surface cooling (SST cooling) over the northwestern LS with Kuroshio invasion, while
eddy-induced upwelling dominated the SST cooling over the western LS, and the wind-driven upwelling (and
mixing) controlled the SST cooling over the southwestern LS. These different formations of SST cooling then
played important role in Chl-a variations. This study is the ﬁrst case of TC “Wind Pump” induced Chl-a variations
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considering air-sea heat exchange, Kuroshio invasion and mesoscale eddies over LS, which would help to evaluate the inﬂuence of TCs over the other major heat transport arteries of the world ocean: The Gulf Stream area.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Chlorophyll a concentration (Chl-a) is referred as the key index of
phytoplankton biomass, which plays an important role in the processes
of marine atmospheric carbon cycle and energy conversion, environment monitoring and so on (Falkowski, 1994; Zhao et al., 2015). Phytoplankton photosynthesis collectively ﬁx approximately 40% of the
global total carbon in the oceans even though it only amounts to 1–2%
of the total global plant carbon (Falkowski, 1994). In most cases, the
proliferation of plankton algae (so-called ‘algal blooms’; N0.4 mg/m3)
is therefore beneﬁcial for aquaculture and wild ﬁsheries operations
(Hallegraeff, 1990; Lin, 2012). However, in some situations algal blooms
can have a negative effect, causing severe economic losses to aquaculture, ﬁsheries and tourism operations, and major environmental and
human health (Hallegraeff, 1990). The problems associated with toxic
algal blooms are becoming increasingly severe on a global scale
(Hallegraeff, 1990; Shumway, 2007).
TCs are easily generated during the summer time over the LS. TCs
have important “Wind Pump” impact on transporting and increasing
the surface and subsurface Chl-a in oligotrophic ocean waters (Chen
and Tang, 2012; Ye et al., 2013; Liu et al., 2019; Xu et al., 2019; Zheng
and Tang, 2007), through causing strong vertical mixing, upwelling, entrainment as well as near inertial wave on the upper ocean layer, especially on the right-hand side of the storm track in the Northern
Hemisphere (Babin et al., 2004; Lin et al., 2003; Price, 1981; Sun et al.,
2015). It can lift nutrients up even to the surface (Dickey et al., 1998;
Sun et al., 2015; Zhao et al., 2013). TCs can also induce cyclone eddies
or reduce anticyclone eddies so that further inﬂuence the growth and
distribution of phytoplankton (Huang et al., 2017; Pan et al., 2017;
Walker et al., 2005). TCs always induced strong Sea Surface Temperature (SST) cooling which plays an important role in upper ocean stratiﬁcation especially in tropical and subtropical waters along their tracks
(Pan et al., 2017; Stramma et al., 1986; Talley et al., 2011; Walker
et al., 2005). Air-sea heat exchange and ocean dynamic processes together contribute to the SST cooling under TC conditions (Girishkumar
et al., 2014). Although previous study has found that the net heat ﬂux
(NHF) and horizontal advection together could result in 33% of SST
cooling during TC (Girishkumar et al., 2014), few studies of marine ecology has taken air-sea heat exchange into account. In principle, TCs can
inﬂuence the euphotic zone and nutrients through physical processes
(Liang et al., 2018; Zhao et al., 2015). In addition, Stronger TC has greater
impact on marine environment while slow moving TC has much greater
inﬂuence than that of fast moving one (Pan et al., 2017; Sun et al., 2015;
Zhao et al., 2013).
The Luzon Strait located between Taiwan Island and Luzon, and is
the primary channel for water exchanging between the SCS and the
North Paciﬁc Ocean. The NESCS over the western LS is frequently inﬂuenced by the Kuroshio currents, the mesoscale eddies and TCs
(Chen et al., 2011; Chen et al., 2011b; Geng et al., 2013; Zhao and
Luo, 2010). TCs usually induce Chl-a increasing in NESCS through
TC-induced upwelling or TC-enhanced (or induced) cyclonic eddies,
so that affect the marine ecological environment (Lin et al., 2014; Ye
et al., 2013; Pan et al., 2017). The Kuroshio invasion is another important process affecting ocean near LS (Nan et al., 2011). The
Kuroshio water is high in temperature and salinity, low in nutrient
in the surface layer compared with the SCS water, thus leading to
downwelling and reduced biological response once intruding into
the NESCS (Guo et al., 2017). It can suppress the supply rate of subsurface nitrate to the euphotic zone, and thereby reduce Chl-a

(Gong et al., 1997). In some case, TC may also inﬂuence (decrease
or enhance) ﬂow and intensity of the Kuroshio (Liu and Hu, 2012;
Guo et al., 2017), but few papers have been focused on the impact
of TC-affected Kuroshio on the Chl-a over the western LS.
The water over LS is generally stratiﬁed which lead to oligotrophic
environment and low phytoplankton biomass in the upper ocean during summer time (Guo et al., 2017; Ning et al., 2004). The average
depth of Chl-a Maximum Layer (CML) over LS is about 75–100 m, and
the Chl-a is low (b0.2 mg/m3) during the summer (Liu et al., 2006;
Peñaﬂor et al., 2007; Takahashi and Hori, 1984). Except for physical processes, biochemical conditions also play important roles in changes of
Chl-a through affecting its Carbon/chlorophyll ratios (Falkowski, 1994;
Liang et al., 2018). Nutrient limitation, especially nitrogen imitation,
can lead to marked increases in the Carbon/chlorophyll ratios and
these ratios change as cells adapt to different irradiance levels or to different temperatures (Falkowski, 1994; Geider, 1987). In the late 1960s,
it became increasingly apparent that the major nutrient element limiting phytoplankton biomass throughout most of the world oceans is nitrogen (Dugdale, 1967; Falkowski, 1994). Although nitrogen ﬁxation
can provide a conduit for enhancing carbon ﬁxation by non‑nitrogen ﬁxing organisms, the magnitude of this process is probably b10% of the
new nitrogen supplied from the deep ocean (Falkowski, 1994). Thus,
upwelling of the nutrient-rich waters from the deeper layer is the principal source of nutrients fueling the phytoplankton especially over the
oligotrophic ocean such as ocean over the LS (Falkowski, 1994; Yin
et al., 2007). Net phytoplankton photosynthesis is restricted to the euphotic zone, depth of which is frequently taken as the 1% light depth
(Falkowski, 1994). Due to limit of nutrients and inﬂuence of light, the
Chlorophyll-a Maximum Layer (CML) is restricted to a subsurface
layer varied from shallow subsurface to near the bottom of the euphotic
zone (Ryther and Yentsch, 1957; Zhao et al., 2013). The average of euphotic depth is ~65 m in the world ocean (Falkowski, 1994; Ryther
and Yentsch, 1957). The relative depth between the upper mixed
layer and the euphotic zone is essential to the formation of phytoplankton blooms (Falkowski, 1994).
Many works have been aimed at studying the Chl-a responses to the
Kuroshio (Guo et al., 2017; Yamamoto et al., 1988) and the TC-affected
mesoscale eddies (Kuo et al., 2014; Yang et al., 2012), but few papers
have been focused on the impact of TC-affected Kuroshio on the Chl-a
over the western LS as in-situ data are hard to obtain during TCs in
this region. The combined effect of the TCs, Kuroshio and the mesoscale
eddies to the vertical distribution of Chl-a in this region remains largely
unknown. Therefore, to better understand the Chl-a response to the
whole air-sea system in this typical Gulf Stream area, Kuroshio, mesoscale eddies and air-sea heat exchange, should be taken into consideration. HYCOM hydrodynamic model output data then give a better
chance to detect the vertical physical processes during the passage of
the TCs.
Based on the in-situ data, satellite remote sensing data and HYCOM
output data, this paper analyzed how TC, Kuroshio, air-sea heat exchange, mesoscale eddies and biochemical processes interacted together to inﬂuence the Chl-a over the LS. This paper is organized as
follows. The methodology and data description are introduced in
Section 2. The in-situ observations, satellite remote sensing data and
HYCOM output data during TC Linfa are analyzed in Section 3. The TCinduced variability of Chl-a, physical processes (especially the Kuroshio
and mesoscale eddies), the air-sea heat exchange and the biochemical
processes are discussed in Section 4. Conclusions are summarized in
Section 5.
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2. Data and methods
2.1. Satellite products and in situ datasets
2.1.1. Tropical cyclone data
The TC data were obtained from the U.S. Meteorological website and
including 6 hourly time series of locations of the TC center, the maximum sustained wind speed (MSW) at 10 m above the mean sea level,
TC status, and satellite imagery (http://weather. unisys.com). The translation speeds of TC Linfa were estimated from time-varying locations of
its center position. TC Linfa, which is a Category 1 typhoon according to
the Safﬁr-Simpson hurricane scale, originated from a tropical depression in the west Paciﬁc Ocean on 2 July 2015 with the MSW of
~120 km/h and average translational speed of ~2.7 m/s (Fig. 1). It initially moved northwestwards through the Philippines and entered the
SCS on 5 July, with the MSW of ~83 km/h. It gradually intensiﬁed into
a tropical storm and turned northwards until 8 July when it arrived at
the southwestern Taiwan Island (22.20°N, 118.40°E), with a MSW of
~87 km/h and an average translational speed of ~2.6 m/s. It then intensiﬁed to a Category 1 typhoon (the MSW of ~120 km/h) when it arrived
the Pearl River Delta at 0600 UTC on 9 July. It ﬁnally made a landfall at
1800 UTC on 9 July.
2.1.2. Satellite data
As at a window of ±24 h, there was only 10 match-up data between
the satellite observations and our ﬁeld measurements due to TCinduced cloud coverage, which was not enough for Chl-a calibrating.
So, for calibrating MODIS Chl-a data in our study region, an in situcalibrated algorithm of Chl-a based on Remote sensing reﬂectance
(Rrs) data from MODIS in the northern SCS was quoted in formula (1)
(Pan et al., 2013). Then, the weekly sea surface Chl-a data were calculated using L3 daily Rrs data (Rrs 443, 488, 531 and 555) with a resolution of 4 × 4 km according to formula (1) (Pan et al., 2013) (http://
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oceancolor.gsfc.nasa.gov/). In order to obtain more adequate Chl-a
data, the Chl-a inverted by the Pan's algorithm from both Aqua and
Terra were integrated to obtain the ﬁnal weekly average Chl-a data.
The Chl-a retrieved from Pan's algorithm had a better correlation with
in-situ Chl-a (R2 = 0.889, RMSE = 0.063, Fig. 2a) than that of Chl-a
from NASA website (R2 = 0.797, RMSE = 0.137, Fig. 2b), which indicated that Pan's algorithm was suitable for Chl-a inversion in this
study. The monthly climatology sea surface Chl-a data at July were calculated from the weekly sea surface Chl-a obtained from the SeaWiFS,
reprocessing 5.2 from 17 Sep 1997 to 8 Dec 2010 with resolution of
0.25° × 0.25° (http://apdrc.soest.hawaii.edu/datadoc/).
The weekly rainfall data was computed using the daily data acquired
from the ASCAT dataset with a 0.25° × 0.25° resolution (http://www.
remss.com). The weekly sea surface wind ﬁeld (Wind) data and the
wind stress vector with a 0.25° × 0.25° resolution were calculated
based on daily data from ftp.ifremer.fr/. The weekly SST data were measured from the daily SST data adopted from the Group for HighResolution SST (GHRSST) OSTIA (http://poet.jpl.nasa.gov) with a
resolution of 5 × 5 km. The weekly merged sea level anomaly (SLA)
data were computed from the daily SLA extracted from the AVISO
with a resolution of 0.25° × 0.25° (http://marine.copernicus.eu/).
The weekly surface geostrophic currents data (geo-SSCs) were calculated from the daily geo-SSCs data obtained from the Globcurrent
(http://globcurrent.ifremer.fr/) with a resolution of 0.25° × 0.25°.
In order to match the resolution of Chl-a and reduce errors due to
low data resolution, all the satellite remote sensing data and NCEP
heat ﬂux data were resampled to 4 × 4 km using linear interpolation
in Matlab software.
2.1.3. In situ observations
The cruise data of potential temperature, salinity, potential density
and Chl-a data were conducted from the ﬁeld program organized by
the South China Sea Institute of Oceanography (SCSIO, Guangzhou,

Fig. 1. a) South China Sea and b) study area in the northeastern South China Sea (NESCS). Pink hexagrams are the in-situ sampling stations. Black line with yellow (tropical storm, ts) and
red points (typhoon, tp) represents the path of the TC Linfa and its intensity. The black, green and pink boxes show the study area A, B and C respectively, indicating northern, middle and
southern part of the sampling transect (LT). Black, green and pink points represent the position of three Argos (1, 2 and 3) respectively. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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of these three Argo ﬂoats from ~5–200 m were used to examine the vertical hydrographic responses to TC Linfa in the upper ocean. Quality controlled Argo proﬁles were chosen in this study, which went through a
set of automatic checks and the delayed-mode quality control system
(Xu et al., 2019).
The Nutrients (phosphate, nitrate) data were obtained from
monthly climatological World Ocean Atlas 2009 (WOA09) data set,
with spatial resolution of 1° at standard depth levels (http://iridl.ldeo.
columbia.edu/).
2.2. HYCOM data
The HYCOM + NCODA Global 1/12° Analysis data are carried out on
a Mercator grid between 78°S and 47°N (1/12° equatorial resolution)
and there are 32 vertical layers. Weekly three-dimensional potential
temperature, salinity and currents data were calculated from the daily
three-dimensional potential temperature, salinity and currents data
produced by this HYCOM + NCODA Global 1/12° Analysis (GLBa0.08)
(http://hycom.org/dataserver/glb-analysis) with a resolution of 1/12°.
The accuracy of HYCOM model data was checked (Fig. 3). Temperature data of HYCOM show good correlations with the in-situ temperature data (R2 = ~0.82). (R2 = ~0.44) As the accurate measurement of
salinity has been a major difﬁculty so far, the correlation between salinity (R2 = ~0.44) was worse than that of temperature. Yet, the HYCOM
salinity data is also consistent with the in-situ salinity data within a reasonable range. In addition, the HYCOM temperature and salinity data
along the LT matched up well with the in-situ temperature and salinity
data at stations from each study area. Therefore, HYCOM data can be
used to detect the vertical hydrographic responses to TC Linfa.
2.3. Calculations
2.3.1. Chl-a calibration
Developed algorithm of Chl-a based on ﬁled measurements using
Rrs data from MODIS in the northern SCS was used as the calibrated algorithm for remote sensing Chl-a (Pan et al., 2013):

Fig. 2. Relationships between in-situ Chl-a and satellite retrieved Chl-a. a) Relationship
between in-situ Chl-a and satellite retrieved Chl-a based on Pan's developed algorithm
(Pan et al., 2013). b) Relationship between in-situ Chl-a and satellite retrieved Chl-a
from NASA website.

China), Chinese Academy of Science on 15–17 July 2015. The potential
temperature, salinity and potential density were measured and recorded every 1 s from CTD (SBE-911 plus, Sea-Bird Co.) along the cruise
tracks (Fig. 1). Most of the cruise tracks are parallel to a vertical transect
at 119°E, which is almost parallel to the track of TC Linfa including station 54 and station 61 to 68 over the western LS in the NESCS. This transect intersects with the storm track at 20.5°N near station 64. Along this
cruise track, the Chl-a data were collected on board and measured back
to the lab determined by ﬂuorescence according to a previous study (Ye
et al., 2013). All the cruise Chl-a data collected in this study were at standard depths from surface to 200 m.
Observations from Argo ﬂoats (www.argodatamgt.org/) were used
in this study to investigate temporal changes of Chl-a in the upper
layer (~0–200 m) over the western LS during TC Linfa in 2015. Three
Argos (Argo1 (2901502), Argo2 (5904563) and Argo3 (5902162))
were found located near the northern, middle and southern Luzon Transect (LT) respectively (Fig. 1). These three Argos measured vertical proﬁles of hydrographs (potential temperature, salinity and potential
density) from ~5 m to 2000 m (with different vertical resolutions)
with time intervals of 4 days (Argo5904563, 5902162) or 10 days
(Argo2901502). Potential temperature, salinity and potential density

f ðxÞ ¼

C¼

f

f

maxðRrs443; Rrs488Þ
Rrs555

; Rrs555 N0

maxðRrs443; Rrs488Þ
Rrs531

; Rrs555b0

0:264−2:195  f ðxÞ þ 1:323  f ðxÞ2 −0:9869  f ðxÞ3

; Rrs555 N0

0:2386−3:223  f ðxÞ þ 1:979  f ðxÞ2 −1:142  f ðxÞ3

; Rrs555b0

ð1Þ
where C is the total Chl-a at sea surface.
2.3.2. Mixed Layer Depth, Pycnocline and euphotic zone
The MLD is deﬁned as the depth at which the density gradient ﬁrst
exceeds 0.01 kg/m4 to be estimated from the Argo temperature proﬁles
(Wijesekera and Gregg, 1996).
The Pycnocline is deﬁned as the depth at which the density gradient
ﬁrst exceeds 0.015 kg/m4 to be estimated from the Argo temperature
proﬁles according to National standard GB/T 12763.7-2007.
The depth of the euphotic zone (Ze) is deﬁned as the depth at which
the photon ﬂux equals 1% of the ﬂux measured just above the air–sea interface (Cao and Yang, 2002):
−0:35
Z e ¼ 35  C Chl

where CChl is the total Chl-a at the surface (0 m).

ð2Þ
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Fig. 3. The relationship between the (a) potential temperature (T, °C) and (b) salinity (S, psu) of the HYCOM data and the cruise data; The comparison of the potential temperature (°C) or
salinity (psu) proﬁle data between the HYCOM and the cruise data at station S62 (c), station S66 (d) and station S54 (e) over the Luzon Transect at 15–17 July after the TC Linfa.

2.3.3. Ekman Pumping Velocity and Ekman Layer Depth
The Ekman Pumping Velocity (EPV) was calculated from the surface
wind stress vector (τ) as follows (positive means upwards) (Ye et al.,
2017):

EPV ¼ Curl

τ
f  ρω


ð3Þ

f is the Coriolis force parameter, ρω is the sea water density set to
1025.0 kg/m3.
The Ekman Layer Depth (ELD, De) was calculated as follows (Talley
et al., 2011):
De ¼

!
7:12
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  u10
sinϕ

ð4Þ

ϕ is latitude (in radian), u10 is the wind speed at 10 m above sea
level.
2.3.4. Net heat ﬂux and heat budget analysis
The weekly NHF (Qnhf, positive means downward) were calculated
from the daily Heat Flux data obtained from the NCEP/NCAR Reanalysis

1 project with a resolution of 1.75° × 2° using formula (5) (http://www.
esrl.noaa.gov/psd/data/) (Talley et al., 2011):
Q nhf ¼ −ðQ LH þ Q SH þ Q LW þ Q SW Þ

ð5Þ

where QLH, QSH, QLW, QSW are the latent net heat ﬂux, the sensible net
heat ﬂux, the net long-wave radiation and the net short-wave radiation
at sea surface respectively (positive means upwards).
The SST change due to the air-sea heat exchange (NHF) alone
(ΔSSTnhf) can be estimated from Formulas (5) and (6) (Ye et al.,
2017), and the SST change due to the TC-induced vertical motion (vertical mixing and the upwelling, ΔSSThyd) was referred as the difference
between the total ΔSST and the ΔSSTnhf:
ΔSST nhf ¼

Q nhf
Δt

ρC p
H

ð6Þ

where ρ represents the seawater density (1025 kg/m3), Cp is the speciﬁc
heat of seawater at constant pressure (4.2 × 103 J/(Kg°C)), H is the MLD,
and Qnhf is the NHF. As the NHF-induced SST changes had been calculated according to daily data rather than weekly averaged one, and
their resolutions were all resampled into 4 × 4 km, so the contribution of air-sea heat exchange during TC Linfa could match up with
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the temporal window of the TC and therefore presented a reasonable
result.
2.3.5. Total vertical velocity
The total vertical velocity (w) in each standard layer was calculated
from the horizontal currents derived from HYCOM data based on the
volume continuous equation (Talley et al., 2011):
∇V ¼

∂u ∂v ∂w
þ
þ
∂x ∂y ∂z

ð7Þ

where u, v, wrepresent the meridional, zonal and vertical velocities respectively. The V represents the volume of waters between each standard layer.
3. Results
3.1. Horizontal and vertical distribution of the Chl-a
3.1.1. Surface Chl-a distribution
The sea surface Chl-a before TC Linfa (Fig. 4a) shows a slight trend of
increase from the south to the north over the western LS and the

maximum sea surface Chl-a of ~0.26 mg/m3 appears in Area A, which
presents the same pattern as the monthly climatology sea surface Chla at July (Fig. 4f). The pre-TC Chl-a in Area B and C (~0.1 mg/m3)
consisted with Liu's ﬁnding (Liu et al., 2006). Liu also documented
that the surface Chl-a over the western LS was ~0.1 mg/m3 in average
and the depth of the CML were around ~50–100 m with values up to
0.27 mg/m3 based on the cruise data (Liu et al., 2006). The water column
integrated Chl-a within 0–100 m was b~10 mg/m3 calculated from the
cruise data over the NESCS at summer time without TCs (Liu et al.,
2006). This study deﬁned the surface Chl-a of ~0.1 mg/m3, the maximum Chl-a at the CML of ~0.27 mg/m3, the water column integrated
Chl-a within 0–100 m of ~10 mg/m3 and depth of the CML of
~50–100 m as the normal level over the LT.
Surface Chl-a in Area A was higher than Area B and C one week before TC Linfa. There was no signiﬁcant increase of surface Chl-a over
Area B and C one week before TC Linfa (28 June to 4 July) with values
lower than 0.10 mg/m3 (Fig. 4a1, e), while surface Chl-a in Area A
(S62: 0.26 mg/m3) was N2 times of Area B and C (S65: 0.07 mg/m3,
S67: 0.06 mg/m3). One week after TC Linfa, a signiﬁcant increase of surface Chl-a (~0.28 mg/m3) occurred at station S65 (Area B) while surface
Chl-a decreased to ~0.14 mg/m3 at station S62 (Area A, Fig. 4a3, e). Data
gap occurred at station S67 (Area C) due to clouds coverage (Fig. 4a3, e).

Fig. 4. Surface Chl-a variations calculated from satellite reﬂection remote sensing data based on Pan's calibrated algorithms. Merged surface Chl-a concentration (mg/m3) from MODIS
Aqua and Terra. a) one week before, b) during, c) one week after and d) two weeks after TC Linfa respectively. e) Surface Chl-a changes at stations S62, S65 and S67 from study area A,
B and C respectively. f) The monthly climatology surface Chl-a (mg/m3) in July from SeaWiFS.
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Fig. 5. The vertical proﬁles of a) Chl-a, b) potential temperature, c) salinity and d) density from the cruise data over the Luzon Transect at 15–16 July 2015. Black line with dots indicates
pycnocline where potential density gradient is bigger than 0.015 kg/m4. Black dashed lines represent the board of three study areas.

It is consistent with the in-situ surface Chl-a data along LT about 8 days
after TC Linfa (Fig. 5a). Surface Chl-a increased obviously and developed
into algal blooms (~0.4 mg/m3) at station S67 (Area C) two weeks after
TC Linfa (Fig. 4a4, e). Surface Chl-a gradually recovered but still higher
than that of pre-TC period at station S65 and S67 (Area B and C),
while surface Chl-a maintained low values and still lower than pre-TC
period at station S62 (Area A) three weeks after TC Linfa (Fig. 4a4, e).
3.1.2. Vertical distribution
Data in Fig. 5 were collected one week (7–8 days) after TC Linfa. It
presented a signiﬁcant increase of Chl-a from surface to N50 m with average values larger than 0.4 mg/m3 over Area C (Station 67–68 and Station 54) and Area B (Station 65–66, Fig. 5a). These were 3–4 times of the
normal Chl-a level (~0.1 mg/m3) in these regions. The average depths of
the CMLs in Area C and Area B were ~13.0 m and ~25.0 m respectively.
These indicated uplift of the CML according to the normal level of CML
(~50–100 m). The total Chl-a within water column from surface to
100 m over these areas were ~25 mg/m3, which were 2–3 times of the
normal level. Meanwhile, the Chl-a (~0.15 mg/m3) was similar to the

normal Chl-a level from surface to 40 m over Area A (Station 61–64),
but the subsurface Chl-a were 2 times of the normal level from
~40–110 m with average values of 0.4 mg/m3 and CML at normal
depth around 75 m in this region. The average Chl-a of the CMLs around
station 61 and 64 (~0.35–0.4 mg/m3) were both smaller than that of station 62 (N~0.4 mg/m3) in Area A, and the CMLs were relatively thinner
too. These suggested that the signiﬁcant increase of Chl-a in the surface
and subsurface were mainly due to the proliferation of phytoplankton
rather than vertical redistribution of phytoplankton (Fig. 5a). Reasons
of the growth of phytoplankton would be discussed in Section 4.
3.2. Physical observations
3.2.1. Temperature and salinity ﬁelds
The water mass with relatively low temperature (~27 °C) occurred
at CTD Stations 65, 66 and 67, and water mass with relatively high temperature (~28 °C) occurred at Stations 68, 69 and 54 in the upper layer
(Fig. 5b). Convexity of temperature contours and salinity contours in
station 62, 65 and 68 were an indication of the occurrence upwelling

8

Y. Liu et al. / Science of the Total Environment 741 (2020) 140290

occurrence in Areas A, B and C respectively. The upwelling in Area B
(station 65) was the strongest. The average depths of the upper
Pycnocline were ~37.3 m, ~26.5 m and ~21.7 m over Area A, B and C respectively. The CML was much shallower than its Pycnocline over Area
A while the CMLs were deeper than their Pycnocline over Area B and
C. Moreover, relatively high temperature and high salinity waters
were found over Area A comparing to Area B and C. It (Fig. 5) indicated

that TC Linfa induced upper ocean physical processes, and these upper
ocean physical changes should relate to the Chl-a changes after TC
Linfa. More discussion about the physical processes will be given later.
Temperature and salinity proﬁles before and after TC Linfa over the
LT (18°N and 22°N at ~119°E), were obtained from three Argos
(Argo1, Argo2 and Argo3), which referred to three study Areas (A, B
and C) respectively (Fig. 6). This LT was roughly parallel to the track of

Fig. 6. Potential temperature (T, in red lines) and salinity (S, in black lines) and potential density (D, in blue lines) proﬁles in the upper 200 m observed by a) Argo 1, b) Argo 2 and c) Argo 3
before (solid lines), during (long dash lines) and after (short dash lines) the passage of the TC Linfa. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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TC Linfa and crossed Linfa over Station 64 (~20.5°N and 119°E). The
northern LT was ~10–20 km east to the TC track and middle and southern LT was ~10–15 km west to the TC track.
At Argo1 (Argo2901502, ~20.5°N and 119.2°E, Fig. 6a–b) over Area A,
the salinity from ~0–70 m was ~0.6 psu larger and density was ~0.9 kg/
m3 larger than that of the other two Argos before and 3–4 days after TC
Linfa. The salinity curves had peaks within 30–50 m before TC Linfa. As
will be discussed later, these high salinity and density waters were
probably caused by the Kuroshio invasion. A signiﬁcant decrease of salinity within ~0–70 m occurred 3–4 days and 12–14 days after TC
Linfa. As mentioned later, this may be due to the heavy rainfall and
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strong upwelling. The salinity curve 2 days after TC Linfa (11 July
2015) crossed with the pre-TC (1 July 2015) salinity curve at ~50 m,
which indicated a strong TC-induced vertical mixing 2–3 days after TC
Linfa over the northern LT. In addition, the signiﬁcant decrease of density represented a signiﬁcant Mixed Layer deepened after TC Linfa. The
signiﬁcant uplift of density curve 2–3 days after TC Linfa (~0–100 m)
suggested a strong upwelling occurred several days after TC Linfa from
~100 m to a shallow subsurface layer or even to the surface at Argo1
over the northern LT.
At Argo2 (Argo5904563, ~19.5°N and 119.5°E, Fig. 6a, c) over Area B,
temperature was ~30.8 °C at the surface with the MLD of ~35 m pre-TC.

Fig. 7. Wind ﬁeld (arrows) coupled with distribution of EPV a) one week before, b) during, c) one week after and d) two weeks after TC Linfa in the study area. Red line is the path of TC
Linfa. EPV, ELD and MLD along the sampling transect are shown in line charts e) one week before, f) during, g) one week after and h) two weeks after TC Linfa. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Then, salinity continued increasing and temperature continued decreasing (maximum decrease of ~2 °C) in the surface (~0–90 m) from pre-TC
period (1 July 2015) to 2 days after TC (9 July 2015). MLDs (~35 m)
showed little change during this time. It suggested a weak TC-induced
vertical mixing over Area B. Then, Salinity showed a signiﬁcant decrease
(~0.5 psu) with continuous decreasing of temperature at ~0–40 m two
weeks after the TC (25 July 2015), which was probably caused by
heavy rainfall after TC Linfa. But salinity continued increasing with
ﬁrstly decrease then increase of temperature at the deeper subsurface
(~40–100 m) two weeks after TC Linfa (25 July 2015). The density
curve at 9 July crossed with the density curve at 25 July at four places
(~25 m, 75 m, 110 m and 150 m) as well as the temperature curves
(Fig. 6c, d). The density at 9 July and 25 July were both much bigger
than that of pre-TC period (1 July), indicating a strong and continuously
enhancing upwelling at Argo2 over Area B (~19.5°N and 119.5°E).
At Argo3 (Argo5902162, ~18°N and 119.5°E, Fig. 6e, f) over Area C, a
signiﬁcant salinity peak occurred at ~50 m before TC Linfa (2 July 2015),
which indicated an intrusion of water mass with the same temperature
but high salinity. Then, salinity slightly decreased and the peak disappeared 4 days after TC Linfa (10 July 2015). Salinity signiﬁcantly decrease at ~0–60 m and slightly increase at ~60–125 m 12 days after TC
Linfa (18 July 2015) comparing to pre-TC period (2 July 2015). Temperature was ~31 °C at the surface with the MLD of ~36 m pre-TC (2 July
2015), and it showed a signiﬁcant uplift from ~0–250 m (maximum increase of ~4 °C) with the MLD shoaled to ~27 m 4 days after TC Linfa (10
July 2015). Temperature gradually recovered 12 days after TC Linfa (18
July 2015) but still with an average decrease of ~1 °C comparing to the
pre-TC period from 0 to 250 m. The MLD was ~5 m deeper than the
pre-TC period 12 days after TC Linfa. The density increased with time
from surface to ~120 m 4 days after TC Linfa and then recovered with
time from surface to ~50 m but still increased at 60–200 m. It indicated
that there might be a TC-induced upwelling from ~0–120 m within
4 days after TC Linfa, and it gradually recovered from ~0–50 m but
there still was a slight increase at ~60–250 m almost two weeks after
TC Linfa at Argo3 over Area C (~18°N and 119.5°E).
3.2.2. Wind and EPV affected by TC Linfa
As mentioned earlier, TC Linfa moved into the study region (LT) on 6
July and left the study region at 8 July (Fig. 1). During these 3 days period, TC Linfa maintained its status as a tropical storm. Its MSW ﬁrstly
reduced on 7 July over Area B and C, and then intensiﬁed on 8 July
over Area A (Fig. 1). Fig. 7 presents the weekly wind vectors and EPVs
before and after TC Linfa.
Before TC Linfa on 28 June to 4 July, the pre-TC time-mean winds
over the study region were characterized by relatively weaker winds
of b5 m/s. The northeastwards winds prevailed over the whole transect
during this period. The weekly wind ﬁelds showed a large-scale cyclonic
pattern prevailed with strong winds of N8 m/s over the whole study region during TC Linfa on 5–11 July (Fig. 7b). It should be noted that the
horizontal structure of surface winds inside the TC was not resolved
well by the ASCAT remote sensing dataset (Fig. 7b), due mainly to its
relatively coarse horizontal resolution of 26 km in comparison with
the typical radius (about 150 km) of TC Linfa. The weekly-mean winds
were still strong and nearly northeastwards one week after TC Linfa
on 12–18 July, with the time-mean winds of about 8 m/s over the
study region (Fig. 7c). Two weeks after TC Linfa on 19–25 July, the
weekly-mean winds weakened signiﬁcantly and were nearly northward (Fig. 7d), with the time-mean winds of b4 m/s.
The large and positive EPVs indicated occurrence of strong windinduced upwelling. The negative EPV indicates occurrence of windinduced downwelling. There were rarely Ekman Pumping (b|
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0.1 × 105| m/s) over the NESCS especially the LT with southwest wind
(Fig. 7a). Distributions of the EPVs indicated that the wind-induced upwelling before TC Linfa (28 June to 4 July, Fig. 7a) was very weak over
the whole study region. The ELD, MLD and EPV were 25 m, 65 m and
~0 m/s in average respectively before TC Linfa (28 June to 4 July 2015,
Fig. 7a and e). But large and negative EPVs (~−0.5 to −1 × 105 m/s) occurred with counterclockwise wind direction, deeper MLD (~40 m) and
greatly deeper ELD (~145 m) along the storm track over the LT during
TC Linfa (5 July to 11 July 2015, Fig. 7b, f).
It should be noted that there were two peaks of increasing negative
EPV within Area A (~−1 × 105 m/s) and Area B (~−0.65 × 105 m/s) respectively. The EPV, ELD and MLD recovered quickly and basically restored to the pre-TC level (b−0.2 × 105 m/s, ~60 m and ~22 m
respectively) over Areas A and B one week after TC Linfa (12 July to 18
July 2015, Fig. 7c and g). Meanwhile, the EPV, ELD and MLD (~
−0.7 × 105 m/s, ~70 m and ~40 m in average respectively) were still
deeper (faster) than pre-TC period in Area C one week after TC Linfa.
The MLD and EPV recovered to the pre-TC level (25 m and ~0 m/s)
but the ELD was still slightly deeper (~15 m) than pre-TC level over
the whole LT two weeks after TC Linfa (19 July to 25 July 2015, Fig. 7d,
h). These ﬁgures indicated that TC Linfa induced signiﬁcant upwelling
through EPV over the LT within several days, and the effect of TCinduced EPV lasted less than one week in Areas A and B but more
than one week within Area C. It matched up well with the Argo1 and
Argo3 data (Fig. 6) that there should be strong TC-induced upwelling
in Areas A and C. However, the weak EPV wasn't consistent well with
the strongest continuously enhancing upwelling over Area B showed
in Argo2. Thus, the TC-induced EPV was not the main factor generating
the strongest upwelling in Area B.
3.2.3. Currents and eddy ﬁelds
Oceanic circulation especially large-scale oceanic circulation over
the NESCS may also affect the distributions of Chl-a after TC Linfa. The
clockwise geo-SSCs and positive SLA (~12–16 cm) indicate a preexisting anti-cyclonic eddy (Fig. 8b) at Area C (17–19.5°N and
118.5–120°E) with the SST of ~30–31 °C one week before TC Linfa at
28 June to 4 July 2015. It is a large size mesoscale anti-cyclonic eddy
with its area of ~3.75 × 104 km2. Station 54 and 68 were located inside
this anti-cyclonic eddy (~25 km to the west of its center) and station 66
was at the edge of this anti-cyclonic eddy. The Argo3 (5902162) was
also located inside this anti-cyclonic eddy (~25 km to the east of its center). Meanwhile, there was a pre-existing cyclonic eddy (with counterclockwise geo-SSCs and SLA of ~−2 to −3 cm) over Area A (21–22°N
and 119–120°E) with its size of ~100 km and its SST of ~30–31 °C. Station 61, 62 and 63 were at the western edge of this cyclonic eddy
while the Argo1 (2901502) was at the northern edge of this cyclonic
eddy and to the east of station 63. During TC Linfa from 5 July to 11
July 2015, this pre-TC cyclonic eddy moved southward and strengthened (1.5 times) with its size slightly expanded along the meridian
(20–22°N and 119–120°E) and SST cooling of ~2.5–3 °C. The anticyclonic eddy over Area C gradually dissipated with its clockwise pattern weaken and SST drop of ~1.5–2 °C (Fig. 8c) at the same time. One
week after TC Linfa from 12 July to 18 July 2015, the pre-TC cyclonic
eddy in Area A moved southward and separated into two weaker cyclonic eddies with SST decreased to ~27 °C. One cyclonic eddy located
around Area A (stations 61–62, 21.5°N and 119.5°E) and the other located around Area B (station 64–65, 20°N and 119.4°E). The anticyclonic eddy in Area C disappeared with the geo-SSCs changed into
eastward and northeastward (Fig. 8d). Two weeks after TC Linfa from
19 July to 25 July 2015, the cyclonic eddy in Area A declined while the
weak cyclonic eddy in Area B strengthened with its center located at

Fig. 8. a) The T-S proﬁle over the Luzon Transect. The black line represents the Kuroshio waters and the blue line represents the typical SCS waters. Geostrophic currents (m/s) and SLA
(cm) are shown in b) one week before, c) during, d) one week after and e) two weeks after TC Linfa respectively. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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~20.5°N and ~119.8°E and a slightly SST recovery (~0.5–1 °C). SST
slightly restore to ~29–29.5 °C in Area C with northeastward geo-SSCs
(Fig. 8e). These (Fig. 8b–e) indicated that a pre-existing cyclonic eddy
in Area A declined, a cyclonic eddy was generated and enhanced in
Area B, and a pre-TC anti-cyclonic eddy dissipated after TC Linfa.
The T-S proﬁle of the LT (Fig. 8a) was made by the CTD data including all stations along LT (station 61–68 and 54) about one week after TC
Linfa (15 July to 17 July 2015). The T-S proﬁles of station 61 and 62,
comparing to climatological monthly average data of station 62 in July,
were much more similar to the Kuroshio waters (black curve) than

the typical SCS waters (blue curve) at the surface layer (~0–90 m,
Fig. 8d). The subsurface (~90–135 m) TS proﬁles in station 64 were
much more similar to the Kuroshio waters, while the TS proﬁles were
much similar to the SCS waters and climatological monthly average
data of station 62 and 66 at other depths (surface-~80 m and
~135–300 m). The TS proﬁles in station 66 for Area B and stations 68
and 54 for Area C were much similar to the typical SCS waters and climatological monthly average data of station 61 and 66 from the surface
to ~300 m (Fig. 8d). These indicated that Kuroshio signiﬁcantly invaded
into the NESCS and mainly inﬂuenced Area A after Linfa. The temporal

Fig. 9. Distributions of a) rainfall, b) SST and c) NHF before and after the passage of TC Linfa. Numbers 1 to 4 indicate the satellite observation before, during, one week after, and two weeks
after TC Linfa respectively.
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distribution of the oceanic circulations also presented the same phenomenon (Fig. 8b–e). The Kuroshio mainstream was almost blocked
outside the LS before TC Linfa at 4 July 2015 (Fig. 8b) with its mainstream almost straightly northward and hardly affected Area A (station
61–63). The Kuroshio started to invade the NESCS ﬁrstly through station
61 and 62 in Area A with a small northwestern bulge along its mainstream during TC Linfa (Fig. 8c). The Kuroshio invasion towards Area
A continuously enhanced with a more signiﬁcant northwestern bulge
one and two weeks after TC Linfa, and it signiﬁcantly affected station
61–63 while station 64 was also inﬂuenced (Fig. 8d, e). This enhanced
Kuroshio invasion also companied by a cyclonic eddy to its west side
and an anti-cyclonic eddy to its east side. However, the surface geoSSCs in Area B and especially in Area C, were mainly control by the
SCS waters from the central SCS Basin during the whole TC period
(Fig. 8b–e). All these above indicated a possible TC-enhanced Kuroshio
invasion into the SCS through the northern LT into Area A after TC
Linfa and lasted for more than one week.
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3.3. Daily distributions
Daily distributions of each element in LT presented the same phenomenon as weekly averaged result above (Fig. 10). All the elements
changed as TC Linfa arrived. High Chl-a (N0.25 mg/m3) was found in
Area A (Fig. 10a) before TC Linfa where a pre-TC cyclonic eddy was
found (Fig. 10c). Although strongest decrease of SLA and SST among
three study areas occurred in Area A, Chl-a decreased ~0.12 mg/m3 in
this area after TC Linfa. This abnormal phenomenon will be discussed
in Section 4. Chl-a was low (b0.1 mg/m3) before TC Linfa and increased
signiﬁcantly after TC Linfa in both Area B and C (Fig. 10a). EPV was
weakest in Area A comparing with the other two areas (Fig. 10b).
Highest SLA and SST in Area C before TC coincided with the pre-TC anticyclonic eddy in Area C, while stronger SST cooling and SLA decrease
in Area B than Area C after TC Linfa was consistent with the post-TC cyclonic eddy in Area B.
4. Discussion

3.2.4. Satellite data of the rainfall, SST and NHF
TC Linfa also induced a large amount of rainfall. One week before TC
Linfa on 28 June to 4 July, there were rare rainfall (b2 mm/h) over the
whole LT and even most of the NESCS (Fig. 9a1). During the passage
of TC Linfa on 5 July to 11 July, the weekly-mean rainfall along the TC
path over Area B increased up to 6 mm/h or greater on 28 June to 4
July, which was about 5 times of the pre-TC rainfall (Fig. 9a2). Then
heavy rainfall (~3–9 mm/h) occurred one week after TC Linfa from 12
July to 18 July in almost the whole NESCS, and the rainfall was mainly
left biased (Fig. 9a3). There was little rainfall (b2 mm/h) two weeks
after TC Linfa from 19 July to 25 July in all three study Areas while it
still rained in near-shore of the NESCS (b5 mm/h).
The weekly SST was high (N29.5 °C) almost in the whole study region especially along the TC track over the LT (N30 °C) one week before
TC Linfa from 28 June to 4 July (Fig. 9b1), and it was relatively low
(b28.5 °C) in the near-shore of NESCS. However, signiﬁcant SST cooling
occurred along the TC track with decrease of ~1.5–3 °C during TC Linfa
from 5 July to 11 July (Fig. 9b2). The SST in Area B was of ~27.5 °C in average and the maximum cooling was of ~3 °C. The cooling areas expanded more than three times northward and southward along the TC
track one week after TC Linfa from 12 July to 18 July, with an average
of 27.5 °C and maximum cooling of ~3 °C over the LT (Fig. 9b3). Although it was still ~1–1.5 °C cooler than pre-TC period two weeks
after TC Linfa (19 July to 25 July) over the LT, the SST recovered and
reached 28–28.5 °C comparing to that of one week after TC Linfa
(Fig. 9b4). It should be noted that the SST cooling over Area C was
smaller than Area A and B (with maximum cooling of ~1.5 °C).
It showed positive NHF (~50 to 100 w/m2) one week before TC Linfa
from 28 June to 4 July over the NESCS with almost the same distribution
of NHF (~50 w/m2) along the LT (Fig. 9c1). Signiﬁcant decrease of NHF
(~−150 w/m2) occurred in Area C and relatively large decrease of
NHF (~−100 w/m2) appeared in Area B, while ~70 w/m2 decrease of
NHF occurred in Area A during TC Linfa from 5 July to 11 July
(Fig. 9c2). One week after TC Linfa from 12 July to 18 July (Fig. 9c3),
the average NHF were ~30–50 w/m2 higher than the TC period
(Fig. 9c2) over all three study areas. Largest negative NHF occurred in
Area C (~−150 w/m2), larger negative NHF occurred in Area B (~−75
w/m2) and positive NHF occurred in Area A (~70 w/m2) (Fig. 9c3).
NHF over Area A gradually recovered and changed into positive two
weeks after TC Linfa from 19 July to 25 July, while the maximum increase of NHF (~150 w/m2) occurred in Area C (Fig. 9c4). TC Linfa
changed the ocean from absorbing (~70 w/m2 in average) into releasing
NHF (~50–150 w/m2), and therefore causing SST cooling over LT during
the passage of TC. However, the strongest SST cooling occurred in Area B
rather than that in Area C where largest NHF occurred. Thus, the strong
SST cooling over Area A was not mainly caused by the TC-induced NHF
changes.

In this section, we discuss main physical processes affecting the temporal and spatial variability of Chl-a in the surface and subsurface layers
over the LT before and after passage of TC Linfa presented in Section 3.
We focus speciﬁcally on the effect of the TC, the Kuroshio, mesoscale
eddies and heat ﬂux on the observed TC-induced changes in the Chl-a.
4.1. Effects of the TC on the Chl-a concentration
Previous studies reported that the TC “Wind Pump” effect plays a
very important role not only in causing the SST cooling and chlorophyll
blooms (Chen and Tang, 2012; Ye et al., 2013; Zheng and Tang, 2007),
but also in modifying the large-scale oceanic circulation (Price, 1981;
Zhao et al., 2013), especially after storms. In this section, we mainly
focus on the relative roles of the TC-induced vertical mixing and TCinduced upwelling on the Chl-a during passages of TC Linfa over the
study areas.
The effects of TC on the Chl-a in Area A were mainly due to the intense TC-induced vertical mixing and strong TC-induced upwelling.
The TC-induced vertical mixing was strong which caused ~20 m deeper
of MLD after the TC, and the relatively strong TC-induced upwelling
lasted about one week over Area A (Figs. 6a and 7). This upwelling
uplifted deeper waters with low temperature and high salinity to the
sea surface one week after Linfa (Fig. 6). However, the Chl-a didn't
show signiﬁcant increase from the surface to ~50 m. It suggested the inﬂuence of the Kuroshio invasion with low nutrients into Area A (northern LT), which would be mixed up well with the upper layer waters over
Area A through strong TC-induced vertical mixing. More detail about
the inﬂuence of the Kuroshio on the Chl-a will be discussed at
Section 4.2. The Chl-a within the CML reached N0.4 mg/m3 which was
almost two times of normal values (~0.26 mg/m3). The growth of phytoplankton indicated that there must be nutrients supply at this depth
one week after TC Linfa (Lin, 2012; Liu et al., 2019). Upwelling of the
nutrient-rich waters from the deeper layer is the principal source of nutrients fueling the phytoplankton especially over the oligotrophic ocean
(Falkowski, 1994; Yin et al., 2007). Nutrient transport above nitracline
during summer was largely controlled by vertical turbulent mixing,
while Ekman pumping played important role in nutrient transport
below the nitracline (Li et al., 2015). It revealed that nutrients enrichment among this subsurface was dominated by the upwards transport
of this strong upwelling rather than the TC-induced vertical mixing
and less nutritious Kuroshio waters. Therefore, this increase of subsurface Chl-a over Area A was mainly due to the strong upwelling at
~75 m (Figs. 6 and 7) one week after the TC.
The weakest EPV in Area B indicated that the TC-induced upwelling
over Area B was weaker than that over Area A and C (Fig. 6). The TCinduced vertical mixing over Area B was much weaker than that over
Area A based on MLD deepening (Fig. 7a, b). However, the uplift of the
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Fig. 11. Time series distribution of the changes in Kuroshio mainstream before and after TC Linfa. (a) 0 m; (b) 50 m; (c) 150 m; (d) the positions of the running boxes used to extract the
mainstream of the Kuroshio.

density curve after TC Linfa was more obvious than Area A and C, which
indicated a strong and continuously enhancing upwelling one week
after TC Linfa and lasted for more than one week (Fig. 6b). Thus, this
continuously enhancing upwelling was not mainly due to the TCinduced upwelling but other physical processes. Even so, the TCinduced wind stress could also contribute to this upwelling to some extent and therefore transport the cooler, saltier and nutrients richer subsurface water (75–100 m) upwards one week after TC Linfa over Area B,
and contribute to the surface increase of the Chl-a and the uplift of the
CML to some extent. This phenomenon of weakest EPV accompanied
by largest Chl-a increase was rarely reported in existing studies.
The increase of the surface Chl-a in Area C was mainly due to the relatively strong TC-induced upwelling, which gradually decreased with
almost unchanged MLD one week after TC Linfa (Figs. 6, 7). It also documented in the shelf region of southern East China Sea that the TC Hai-

Tang increased upwelling and Chl-a concentration which lasted for
N10 days and Chl-a concentration decreased gradually with decreasing
TC-induced upwelling (Chang et al., 2008). The signiﬁcantly decline of
the ELD (~75 m) accompanied by signiﬁcant uplift of the density
curve indicated a strong upwelling during TC Linfa over Area C (Figs. 6
and 7c). ~20–45 m deeper of ELD to the pre-TC level along with gradually decline of the density curve two weeks after TC Linfa (Figs. 6d and
7c) indicated that the strong TC-induced upwelling gradually decreased
two weeks after TC Linfa over Area C. The TC-induced upwelling might
rise about 54 m within one week after TC Linfa estimated from the
EPV (Liu et al., 2019; Zhao and Wang, 2018). So, it was long enough
for this TC-induced upwelling to uplift the cooler, saltier and nutrients
richer subsurface water (75–100 m) to the MLD or even to the surface,
and therefore supply for the growth of phytoplankton at the shallower
subsurface (~10–30 m) or even the surface (Ye et al., 2013). Thus, the

Fig. 10. Time-latitude contour of each element along the Luzon Transect. Black thin dots lines represent the board of Area A, B and C, thick gray dashed lines represent the arrival of the TC
Linfa. a) Chl-a, b) EPV, c) SLA, d) SST, e) MLD, f) NHF, g) Wind speed.
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algal blooms occurred at the surface over Area C and the CML rose up to
~20 m.
It suggested that the surface increase of the Chl-a over Area C and the
subsurface Chl-a increase over Area A were mainly due to the TCinduced upwelling. The increase of the surface Chl-a and the inhibition
of the growth of the surface Chl-a over Area B should be affected by
other physical processes such as the eddies and the Kuroshio.
4.2. Effect of the Kuroshio on the Chl-a concentration
The Kuroshio water, which ﬂows into the SCS through the LS, can
suppress the supply rate of subsurface nitrate to the euphotic zone,
and thereby reduced Chl-a concentrations within the normal upwelling
area (Gong et al., 1997; Li et al., 2015). In this section, we examine the
role of Kuroshio water on the temporal changes of Chl-a in the upper
layer (~0–100 m) in the NESCS over the LT.
The Kuroshio mainstream is deﬁned as the zonal range with the
maximum v-component velocities within each running box (Fig. 11).
Nan recorded that the Kuroshio invasion has three paths, looping
path, leaping path and leaking path (Nan et al., 2011). In summer, the
Kuroshio invasion is weak and the mainstream of the Kuroshio shows
a leaping path (Nan et al., 2011). So, Kuroshio showed a leaping path
one week before TC Linfa from ~0–150 m (Figs. 8, 11). The Kuroshio
gradually generated looping paths from 0 to 150 m during TC Linfa
(Fig. 11), and ﬁnally formed looping paths from 0 to 150 m one week
after TC Linfa (Fig. 11). These looping paths of Kuroshio mainstreams
lasted until two weeks after TC Linfa (Fig. 11). These coincided with
the T-S diagram (Fig. 8a) and results mentioned in Section 3.2.3 that,
TC Linfa affected the invasion of the Kuroshio and the Kuroshio invasion
mainly affected the Area A while no signiﬁcant Kuroshio invasion was
found over Area B and C (Liu and Hu, 2012). It also consisted with previous founding that the Kuroshio mostly enters the SCS through the
northwest of LS (Yuan et al., 2014).
For further discussion, the total vertical velocity (w, Fig. 12) accompanied by the wind-induced and eddy-induced upwelling in each station was used to determine the interaction between TC and looping
path of Kuroshio invasion in upper ocean processes and the Chl-a.
The w at station 61 (Area A) was positive with its peak at ~100 m indicating strong vertical transport in the upper layer (~0–200 m), especially at ~20–100 m, one week before TC (Fig. 12a). It coincided with
the pre-TC cyclonic eddy-induced upwelling (Fig. 6c) and relatively
high surface Chl-a among three areas, with its CML located at
~75–100 m (Fig. 5a). These further conﬁrmed the accuracy of estimating
the Kuroshio and mesoscale eddies based on HYCOM current ﬁeld. The
w at station 61 from ~0–75 m (Area A, Fig. 12a) turned into negative
(downward) with a peak at ~50–75 m during and after TC (4–11 Jul
and 12–19 Jul respectively), and it was still weaker than pre-TC level
two weeks after the TC. As Kuroshio water is denser than SCS water
(Chen et al., 2011b), these TC-enhanced Kuroshio invasion (Figs. 8a,
11) may induce downwelling right on its way and upwelling to its left
side (Guo et al., 2017). The pre-TC cyclonic eddy in Area A was right
on the path of this TC-enhanced Kuroshio invasion (Fig. 8d). So, TCenhanced Kuroshio invasion then suppressed EPV-induced and eddyinduced upwelling, causing inhibition of nutrient uplift from ~0–50 m
and accumulation of the nutrients in the subsurface CML (~75 m) in
Area A. Thus, Area A didn't show signiﬁcant increase of surface Chl-a
but obvious increase in the subsurface CML (Fig. 5a). This discovery is
a new understanding of the generation of the TC-induced subsurface
Chl-a increase in the NESCS which have not been well explained in
many studies (Lin et al., 2014; Ye et al., 2013).
The w at station 66 (Area B, Fig. 12b) turned into upward with its
peak located at ~30–50 m after TC (4–11 Jul, 12–19 Jul and 20–27 Jul respectively), which coincided with the signiﬁcant upwelling, uplift of the
CML and the nutrients uplift for the increase of the surface and subsurface (~0–50 m) Chl-a after TC Linfa. Although there was no signiﬁcant
Kuroshio invasion over Area B (Fig. 11), the looping path of the Kuroshio

mainstream could easily generate cyclonic ﬂows to the left of its direction (Area B) (Chen et al., 2011b; Liu and Hu, 2012). Therefore, even
with the weakest EPV among three Areas (Fig. 7), Area B generated
the strongest upwelling due to the strong post-formed cyclonic eddy
promoted by the TC-affected Kuroshio invasion. Thus, the looping
path of Kuroshio invasion contributed to the increase of the surface
and subsurface Chl-a through promoting the generation of a strong cyclonic eddy in Area B after TC Linfa.
As Area C was mainly controlled by the SCS waters before and after
the TC (Figs. 11 and 12), impact of Kuroshio to Area C was negligible
here.
Therefore, on the one hand, the Kuroshio invasion should have a
strong suppressed effect on the increase of surface Chl-a but the TCinduced upwelling overcome the suppression of Kuroshio invasion
and played a much important role in Chl-a at deeper subsurface
(N~75 m) over the northern LT. On the other hand, the looping path of
the Kuroshio invasion promoted the generation of the strong cyclonic
eddy to its left side (Area B), and contributed to the increase of surface
and subsurface Chl-a (Table 1).
4.3. Effects of eddies on the Chl-a after TC Linfa
Mesoscale eddies are the common features in the NESCS which can
enhance (suppresses) nutrient supply to increase (inhibit) biological
production through upwelling (downwelling) (Guo et al., 2017; Lin,
2012; Xu et al., 2017).
It coincided with previous ﬁnding that the surface and subsurface
Chl-a in Area B (middle LT) increased signiﬁcantly where a cyclonic
eddy occurred one and two weeks after TC Linfa. Cyclonic eddies generated after TC Linfa would increase surface or subsurface Chl-a due to
eddy-pumping induced upwelling within the cyclonic eddies (Chen
and Tang, 2012; He et al., 2016; Liu et al., 2019). As mention in
Section 4.2, the generation of this strong cyclonic eddy was mostly
due to the Kuroshio invasion with a looping path, as the EPV, which indicated the wind driven upwelling by TC Linfa, in Area B is smaller than
that in Area A and C one week after TC Linfa (Fig. 7, Table 3). The looping
path of Kuroshio beneﬁted to the formation and enhancement of cyclonic ﬂow to the left of its direction (Chen et al., 2011b; Nan et al.,
2011), where Area B was in (Fig. 11). It consisted with previous ﬁnding
that Kuroshio is usually accompanied by cyclonic eddy to its left side
while anti-cyclonic eddy to its right side (Yang et al., 2019; Yuan et al.,
2014), and a new concept for how TC could induce strong cyclonic
eddies under weak wind stress. So, the continuously enhancing upwelling after TC Linfa over Area B was mainly caused by the TC and Kuroshio
coupling eddy pumping, rather than TC-induced Ekman Pumping
(Table 3). This TC and Kuroshio coupling cyclonic eddy generated and
enhanced the upwelling for continuously transporting subsurface high
Chl-a and high nutrients waters up to the surface. These then caused
the growth of phytoplankton at surface and subsurface (~10–40 m),
and rose the CML up to ~20 m over Area B even two weeks after TC Linfa.
Presence of anti-cyclonic eddies would effectively suppress the cold,
nutrient-rich water to be entrained to the surface ocean (Lin, 2012).
Thus, although the Ekman pumping-induced upwelling over Area C
was much stronger than that over Area B (Fig. 7, Table 3), almost the
same increase of Chl-a and the same depth of CML (~20 m) occurred
in these two Area (B and C), due to the pre-existing anti-cyclonic eddy
in Area C (Figs. 8 and 9). This surface and subsurface Chl-a increased
in this anti-cyclonic eddy area was mainly owing to the decline of this
eddy by TC which stopped its inhibition to nutrient uplift and Chl-a increase. The downwelling declined and the MLD shoaled (from ~47 m to
~35 m) as this anti-cyclonic eddy dissipated two weeks after TC, so that
the TC-induced upwelling with richer nutrients could easily broke the
upper ocean stratiﬁcation, and supplied for the signiﬁcant growth of
the phytoplankton over Area C. Previous study also found that mixed
layer shoaled and surface Chl-a concentrations increased in an anticyclonic eddy several days after Typhoon Wutip (Ye et al., 2017). Pre-
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Fig. 12. The total vertical velocities at each standard layer before and after TC Linfa at a) station S61 (Area A), b) station S66 (Area B) and c) station S68 (Area C) calculated from HYCOM
model output currents ﬁelds.

existing anti-cyclonic eddy could maintain TC intensity and therefore
had a positive feedback on the upper oceans (Lin, 2012; Wang et al.,
2018). The pre-TC anti-cyclonic eddy in Area C provided more NHF
(N200 W/m3) to TC Linfa than that of cyclonic eddy in Area B
(~140 W/m3) to TC Linfa. Thus, the average MSW of TC Linfa in Area C
was faster than that of Area B (Table 2), which then had a positive feedback on generating longer time of ELD deepened in Area C than Area B
(Fig. 7).
However, contrary to previous researches, TC Linfa reduced the preTC cyclonic eddy in Area A, even though strong EPV was generated in

this area (Fig. 7, Table 3). TC-modiﬁed Kuroshio invasion with a looping
path should contribute to the dissipation of pre-TC cyclonic eddy in Area
A. As the relatively dense Kuroshio water invaded directly to the pre-TC
cyclonic eddy in Area A, the denser surface water may overturn with the
subsurface water and therefore broke the structure of this pre-TC cyclonic eddy (Talley et al., 2011; Yuan et al., 2014). These then suppressed the upwelling in the upper layer in Area A and therefore no
signiﬁcant Chl-a increase was found in the surface and shallower subsurface (Figs. 4 and 5). It coincided with the conclusion in Section 4.2
that the TC-affected Kuroshio invasion in Area A inhibited the upwelling
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and Chl-a increase from ~0–50 m but enriched the nutrients and Chl-a
in the CML (75–100 m). The above results further corroborate the previous ﬁndings that the Kuroshio invasion would inhibit the growth of
Chl-a in its directly invading ocean (Gong et al., 1997; Lin et al., 2014),
but whether an inhibition or promotion effect will occur in Kuroshioinduced SST front area (Guo et al., 2017) still need further veriﬁcation.
Thus, the TC-reduced pre-TC cyclonic eddy and growth of subsurface
Chl-a were mainly due to the TC-induced Kuroshio invasion in Area A.
The increase of Chl-a from the surface to ~50 m over Area B was mainly
due to the TC-enhanced cyclonic eddy, and the TC-reduced anti-cyclonic
eddy played an important role in the increase of the Chl-a over Area C.

Table 1
List of abbreviations.
Full name

Abbreviation

Tropical Cyclone
Chlorophyll a
Northeastern South China Sea
Luzon Strait
Luzon Transect
Chlorophyll Maximum Layer
Mixed Layer Depth
Maximum Sustained Windspeed
Sea Surface Temperature
Sea level anomaly
Ekman Pumping Velocity
Ekman Layer Depth
Geostrophic sea surface currents
Net heat ﬂux

TC
Chl-a
NESCS
LS
LT
CML
MLD
MSW
SST
SLA
EPV
ELD
geo-SSCs
NHF

4.4. Air-sea heat exchanges and its inﬂuence on the Chl-a
In tropical and subtropical waters, ocean density is mainly controlled
by temperature (Talley et al., 2011). TCs usually cause signiﬁcant SST
cooling along its track with a right bias in the Northern Hemisphere.

Table 2
Comparison of TC’ MSW and translation speeds, the recorded time of Argos, the changes of the Mixed Layer Depth (MLD), the upper depth of the Pycnocline (PYC_top), the variability of
average background Chl-a, the changes of the Chl-a during the cruise, the average Euphotic Depth and the main factors affecting the Chl-a at the upper ocean over the three Areas (A, B and
C) in the NESCS.

1

2

3

Area

TC
Time
(2015)

MSW
Translation
(km/h) speed(m/s)

Stations
name

Area
A

08–09
July

91.06

61,62,63,64 Argo1
(2901502)
MLD
PYC_top
65,66
Argo2
(5904563)
MLD
PYC_top
67,68,54
Argo3
(5902162)
MLD
PYC_top

Area
B

Area
C

06–07
July

05–06
July

74.08

85.66

1.26

2.36

3.31

Argos name
and
their
physical
layer depths
(m)

Record time of
Argos (July
2015)

Time
of
cruise
(July
2015)

Weekly
averaged
Chl-a
variations
(mg/m3)

Average
CML of
cruise
data
(m)

Average
Euphotic
depth
of cruise
data
(m)

Main factor

01

11

21

15–16

~75

63.17

TC-enhanced Kuroshio

25
25
01

25
25
09

36
46
25

16–17

Before
TC:0.226;
After TC:
0.125
Before
TC:0.074;
After
TC:0.262
Before
TC:0.066;
After
TC:0.249

~38

53.398

Eddy-induced upwelling

~20

49.912

TC-induced upwelling and
vertical mixing

34.9 21.7 35.4
34.9 29.7 35.4
02
06
18
17
35.2 24.5 29.4
35.2 25.5 32.4

Table 3
Variations of surface Chl-a, SLA, EPV and SST before and after TC Linfa at each study area.
Stations
(Area)

Factors

1 week before TC
(6.28–7.4)

During TC
(7.5–7.11)

1 week after TC
(7.12–7.18)

2 weeks after TC
(7.19–7.25)

S62
(Area A)

Chl-a
(mg/m3)
SLA
(cm)
EPV
(m/s)
SST
(°C)
Chl-a
(mg/m3)
SLA
(cm)
EPV
(m/s)
SST
(°C)
Chl-a
(mg/m3)
SLA
(cm)
EPV
(m/s)
SST
(°C)

0.297

–

0.136

0.109

−0.01

−3.6

−2.4

2.2

−0.16 × 10−5

11.4 × 10−5

0.62 × 10−5

0.18 × 10−5

30.3

28.3

27.7

27.7

0.079

–

0.242

0.131

12.8

3.5

−3.4

−0.39

0.03 × 10−5

0.43 × 10−5

0.49 × 10−5

−0.32 × 10−5

30.3

27.6

27.2

28.1

0.063

–

0.166

0.351

S65
(Area B)

S67
(Area C)

18.3
−0.15 × 10
30.3

15.9
−5

6.4 × 10
28.6

14.0
−5

−0.12 × 10
27.7

4.6
−5

−0.61 × 10−5
28.3
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Heat loss to the atmosphere, vertical mixing, Ekman pumping and horizontal advection are four main processes for the TC-induced SST
cooling (Price, 1981; Ye et al., 2017). The NHF is an important indicator
for the air-sea heat exchange (Liu et al., 2019). So quantitative analysis
of the proportion of air-sea heat exchange in the TC-induced upper
ocean changes can be roughly estimated through the NHF-induced
SST changes (Table 4). As the TC-induced SST cooling would lead to
the overturn of surface water and deeper water, cause upper ocean divergence and upwelling after TC (Fu et al., 2009; Price, 1981), this TCinduced SST cooling contribute to nutrients uplift from deeper layer to
subsurface or even the surface and supply for the growth of the surface
and subsurface phytoplankton (Fu et al., 2009; Ye et al., 2013; Zhao and
Wang, 2018). So, the proportion of air-sea heat exchange in the TCinduced Chl-a changes can be indirectly reﬂected through NHFinduced SST changes (Table 4). The horizontal advection could be
neglected in Area B and C with almost no Kuroshio invasion, as the magnitude of horizontal advection to the upper ocean thermal response was
generally much smaller than that of mixing and upwelling, but the horizontal advection should be considered in Area A with Kuroshio invasion (Liao et al., 2014; Zhang et al., 2016a). The SST change due to the
air-sea heat exchange (NHF) alone (ΔSSTnhf) and the SST change due
to the TC-induced vertical motion (vertical mixing and the upwelling,
ΔSSThyd) were estimated from Formulas (5) and (6) (Ye et al., 2017).
The NHF at the sea surface within Areas B and C changed from a heat
gain by the ocean before TC Linfa (Fig. 9c1) to a heat loss during
(Fig. 9c2) and one week after TC Linfa (Fig. 9c3), and to a heat gain
two weeks after TC Linfa (Fig. 9c4). The NHF at the sea surface within
Area A presented heat gain by the ocean before TC Linfa and changed
into a weak heat loss during TC Linfa and to a heat gain one week and
two weeks after TC Linfa (Fig. 9c2 and c3).
The TC-induced upwelling lags several days behind the passage of
the TC, while the TC-induced vertical mixing generates in a short time
during the TC (Price, 1981; Ye et al., 2017). In addition, the Kuroshio invasion was not signiﬁcant until one week after TC Linfa. So, in Areas B
and C with no signiﬁcant Kuroshio invasion, the percentage of the SST
changes due to the hydrology (P(ΔSSThyd)) 3–4 days after TC Linfa
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could be referred as the effect of the vertical mixing in both three
study Area, and the P(ΔSSThyd) two weeks after TC Linfa was then referred as the effect of the upwelling in Areas B and C but refer as the effect of both upwelling and Kuroshio in Area A (Table 4).
Over Area A, the P(ΔSSTnhf) were of 77% and 77% 3–4 days and two
weeks after TC Linfa (Table 4). These indicated that the vertical motion
at this region was mainly controlled by the air-sea heat exchange in the
upper ocean throughout the TC period. The TC-enhanced Kuroshio invasion with high temperature and high heat content enhanced the air-sea
heat ﬂux exchange in this Area (Area A). The P(ΔSSTnhf) were of 77% and
14% 3–4 days and two weeks after TC Linfa respectively over Area B.
These indicated that upper ocean vertical motion in Area B (middle
LT) was mainly controlled by the air-sea heat exchange during TC
(3–4 days after) while the strong eddy pumping induced upwelling
dominated to the upper ocean vertical motion two weeks after TC
Linfa. The P(ΔSSTnhf) were of 39% and 42% 3–4 days and two weeks
after TC Linfa respectively in Area C. These reveal that air-sea heat exchange played a secondary role in the upper ocean vertical motion in
Area C (southern LT), and the TC-induced vertical mixing and upwelling
were of equal importance in the vertical motion at the upper ocean over
Area C. The vertical mixing conduced to the rapid heat loss of the TCreduced anti-cyclonic eddy at the early stage, and the TC-induced upwelling contributed to the decline of the anti-cyclonic eddy at the
later stage. Upward vertical transport is a key physical process for surface and subsurface phytoplankton proliferation (Falkowski, 1994;
Huang and Oey, 2015; Yin et al., 2007). So, the air-sea heat exchange
played a major role in the Chl-a changes in Area A, dominated the Chla changes at the ﬁrst several days after TC in Area B, but played a secondary role in the Chl-a changes in Area C during the whole TC period. The
NHF-induced SST cooling in Area A and B accounted for N70% during TC
Linfa, suggesting that previous study underestimated the effect of NHF
in SST cooling (33%) during typhoon (Girishkumar et al., 2014).
It can be suggested from these heat budget analysis that: 1) In
Kuroshio affected area like Area A, air-sea heat exchange played a
major role in the upper ocean motion and Chl-a changes even until
two weeks after TC; 2) In TC-induced cyclonic eddy area like Area B,

Table 4
Heat budget analysis to the changes of the SST over the Argo1, Argo2 and Argo3 3–4 days after TC Linfa and two weeks after TC Linfa. Red color represents the changes of the SST due to the
hydrology (advection and convection), and blue color represents the SST changes due to the upper ocean air-sea heat exchange (NHF). Positive values mean increase of the SST and negative values mean decrease of the SST.
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air-sea heat exchange would dominate to the upper ocean motion and
Chl-a changes for the ﬁrst few days after TC, but then was taken over
by the eddy-induced upwelling; 3) In pre-existing anti-cyclonic eddy
area like Area C, vertical mixing and upwelling contributed more to
the upper ocean vertical motion and Chl-a changes than the air-sea
heat exchange.
4.5. Effect of the TC intensity on the Chl-a
In this section, we examine the effect of the TC intensity (mainly focused on the wind speeds and translational speeds of TC Linfa) on the
observed Chl-a variations (Table 2).
The average translation speeds of TC Linfa were ~3.3 m/s, ~2.4 m/s
and ~1.3 m/s with the MSW of ~86 km/h, ~74 km/h and ~91 km/h
near the areas occupied by the Argo 1, 2 and 3 (5902162, 5904563
and 2901502, Table 2) over Areas A, B and C respectively. The strongest
wind speed led to strongest vertical mixing over Area A (Figs. 6a, 7) after
TC Linfa (MSW of ~91 km/h). In addition, TC Linfa (with a translation
speed of ~1.3 m/s) generated the largest SST cooling of about ~−3 °C
three days after TC Linfa in the area occupied by the Argo1 (2901502)
over Area A. Several previous studies has demonstrated that a relatively
slowly-moving storm (with translation speeds ≤4 m/s) can generate
strong upwelling to bring the subsurface cold waters to the surface
layer (Huang et al., 2017; Lin, 2012; Zhang et al., 2016a). As the SST
cooling typically lags behind the passage of the TC (Price, 1981), the signiﬁcant SST cooling of Area A was mainly due to the strong TC-induced
upwelling one week after TC Linfa. However, no signiﬁcant increase of
the Chl-a occurred within the shallow subsurface (~0–40 m) and the
CML remained at the normal depth between ~60–100 m. These were
possible due to the suppression of Kuroshio invasion and the thicker
and deeper Pycnocline, which would inhibit the upward transport of
nutrients. TC Linfa also induced upwelling and generated the SST
cooling over both Area B and C as its slowly moving speed (~2.4 m/s,
~3.3 m/s respectively). The upwelling over Area B was mainly due to
the TC-enhance cyclonic eddy and the upwelling over Area C was affected by the TC-reduced anti-cyclonic eddy (Zhao and Wang, 2018).
Thus, TC intensities (wind speed and translation speed) had important
impact on generating surface and subsurface Chl-a variations through
regulating the wind-driven vertical mixing and upwelling (Xu et al.,
2019; Zhao and Wang, 2018) over LS waters, but it also varied from different upper ocean conditions (Pan et al., 2017; Zhao and Wang, 2018)
such as the Kuroshio invasion, mesoscale eddies and Pycnoclines.

4.6. Inﬂuence of biochemical processes on the Chl-a variability
Physical processes increase the Chl-a mainly due to the uplift of the
subsurface high Chl-a waters, and uptake of the nutrients ﬂuxes which
fueling the growth of phytoplankton through the biochemical processes
(Pan et al., 2017; Zhang et al., 2016b). Upwelling of the nutrient-rich
waters from deeper layer is the principal source of nutrients fueling
the phytoplankton especially over the oligotrophic ocean (Falkowski,
1994; Yin et al., 2007). Upper layer Chl-a in the tropical oceans is generally nutrient-limited rather than light-limited (Liao et al., 2014). So, we
mainly focused on the effect of nutrients and light as the biochemical
processes on the Chl-a during the passage of Linfa over the LS waters.
Fig. 13 shows the monthly nitrate and phosphate at July along LT at
19.5°N derived from the WOA09 dataset. Although cruise data of nutrients were lack during this Linfa, these WOA09 monthly nutrients proﬁles could help us to analyze the possible vertical response of
biochemical processes (nutrients and light).
Monthly nitrate and phosphate over Area C (S54 and S68) and Area
B (S65 and S66) are less than that over Area A (S61-S64) from surface to
~85 m at July (Fig. 13a). The 1 μmol/L of monthly nitrate contour (Nitrate1) and 0.1 μmol/L of monthly phosphate contour (Phosphate0.1)
are deeper over Area B and C than Area A at July. The Pycnocline and
the CML calculated from the cruise data about one week after TC Linfa
are much shallower than the Nitrate1 and the Phosphate0.1 over Area
B and C. According to Nelson's theory (Liu et al., 2019; Liu et al., 2006),
which has been wildly accepted, the nitrate = 1 μmol/L and the phosphate = 0.1 μmol/L are the threshold of minimum nutrient content
for phytoplankton growth. Thus, the nutrients layer should be uplifted
to the shallower layer around the Pycnocline in order to supply for the
signiﬁcant increase of phytoplankton one week after TC Linfa over
Areas B and C (Falkowski, 1994; Pan et al., 2017; Yin et al., 2007). It is
consistent with the shoaled Pycnocline several days after TC Linfa over
Areas B and C (Table 2), which indicated the upwelling of deeper waters
over these areas. Moreover, light was not the limiting factor for the
growth of phytoplankton over Areas B and C as the euphotic one week
after TC Linfa was much deeper than the CML (Huang and Oey, 2015).
The development of the bloom reduced mean water column light levels
and lead to a shallower euphotic depth (Boyd et al., 2000) over Areas B
and C.
The nutrients gradients below ~85 m over Area A were much bigger
than that of Area B and C. It suggested that it was more difﬁcult to transport nutrients from deeper waters upwards to the surface over Area A

Fig. 13. The monthly average a) nitrate (μmol/L) and b) phosphate (μmol/L) proﬁle in July along the study transect derived from WOA09 dataset. The red line indicates the pycnocline, the
red line indicates the CML and the purple line indicates the euphotic depth. The black dotted line represents the 1 μmol/L of monthly nitrate contour (Nitrate1) and the red dotted line
represents the 0.1 μmol/L of monthly phosphate contour (Phosphate0.1). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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Fig. 14. Conceptual diagram illustrating the Chl-a response to the upper ocean conditions during the passage of TC Linfa. The red arrows indicate induce (or enhance) effect, and the blue
arrows indicate reduce (or decline) effect. The thicker the arrow, the greater the impact. Blue wavy line indicates the sea surface along Luzon Transect. The pink line indicates the bottom of
mixed layer. The green line represents the CML. Big blue arrow shape boxes mean the upwelling (induced by TC and eddies). Green triangle with different vertices represents Chl-a with
different CML. I, II and III represent three different mechanisms in Areas A, B and C respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

than the other two areas. The Pycnocline one week after TC Linfa was a
little shallower than the Nitrate1 and the Phosphate0.1 over Area A
(northern LT), but the CML was much deeper than the Nitrate1 and
the Phosphate0.1 (Fig. 13). Moreover, the euphotic one week after TC
Linfa was almost at the same depth as the CML over Area A. These indicated that the depth of the CML was then limited by light availability despite the abundance of nutrients (Huang and Oey, 2015) over Area A.
Although the richer nutrients waters should be uplifted to shallower
than 50 m by the TC-induced upwelling (Figs. 6a and 7), the Chl-a
from surface to ~50 m did not show signiﬁcant increase (Fig. 4b) due
to the invasion of Kuroshio with low nutrients and denser waters over
Area A (Figs. 8a, 11 and 12) (Gong et al., 1997).
These revealed that, the uplift of nutrients contributed to the growth
of surface and subsurface phytoplankton over Area B and C, and the TCenhanced Kuroshio invasion inhibited the upwards nutrients ﬂuxes for
the growth of phytoplankton from the surface to ~50 m over Area A.
5. Conclusion
This study is a supplement to the TC “Wind Pump” effect. In the transit of TC, the Kuroshio, upwelling, mixing, mesoscale eddies, air-sea heat
ﬂux exchange and biochemical processes could affect the Chl-a concentrations over the NESCS near the LS. However, the dominant factors may
vary from different regions (Fig. 14).
1. TC induced looping path of Kuroshio invasion over the northwestern
LS (Area A), and this enhanced Kuroshio invasion was a main factor
affecting the Chl-a over this region. This Kuroshio invasion with
high temperature and low nutrients accelerated the heat loss within
the MLD, declined the pre-TC cyclonic eddy on its path and inhibited

the nutrient uplift by TC-induced upwelling and mixing, and thereby
suppressed the increase of surface and subsurface Chl-a.
2. The pre-existing oceanographic conditions were found to play an important role in regulating the Chl-a. The strong cyclonic eddy induced
by the combined effect of the TC and Kuroshio invasion, which generated stronger upwelling than the wind-driven upwelling after the
TC, was the main factor increasing the surface and subsurface Chl-a
over the western LS (Area B). TC-declined anti-cyclonic eddy,
which shoaled the MLD, contributed to the nutrients uplift and the
surface and subsurface Chl-a increasing the TC-induced mixing and
upwelling over the southwestern LS (Area C).
3. Air-sea heat exchange could contribute nearly 80% of the SST when
TC-induced looping path of Kuroshio invasion over the northwestern
LS (Area A), and therefore dominated directly to the upper ocean
processes and thereby affected the surface and subsurface Chl-a.
However, eddy-pumping upwelling dominated to the upper ocean
processes and Chl-a increasing rather than air-sea heat exchange
when cyclonic eddy generated after TC (Area B), while TC-induced
mixing and upwelling played a major role in the upper ocean processes and Chl-a increasing rather than air-sea heat exchange when
anti-cyclonic eddy declined (Area C).
In future works, we will try to use higher spatial and temporal resolution data from accurate numerical model, to obtain more accurate estimates of TCs, Kuroshio and air-sea heat exchange on Chl-a variations.
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