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Abstract The impact of typhoon Kujira (2015) on the ocean environment around Yongxing Island in
the South China Sea was observed using multiple-satellite sensors and on-site data. A subsurface buoy and
Agro float were located to the left and lower right of the track of the typhoon. Satellite observations revealed
sea surface cooling of up to 2.5°C, a maximum decrease in sea surface salinity of 2 in the main study area
because of heavy rain, and increases in the chlorophyll concentration induced by the slow-moving typhoon
with a maximum observed instantaneous wind speed of 35.1 m/s. The sea surface temperature to the right
of the typhoon track changed more than that on the left owing to a right bias of the typhoon associated
with coupling of the typhoon with wind stress on the sea surface. In the ocean interior, there was obvious
downwelling at 24.7 m and upwelling at a depth of 35.7 m with the vertical entrainment and agitation of the
typhoon, and the effects extended to different depths of up to more than 1 000 m. When the typhoon passed
through the main study area, the maximum flow velocity change at depths of 51 and 660 m was about 0.44
and 0.04 m/s, respectively. The typhoon affected the flow field to a depth of 660 m as it formed and decayed
in 11 h, moved at an average speed of 60 m/h, and affected the sea surface over a range exceeding 700 km
as it moved slowly and stayed at sea for 2 d. Vertical entrainment and agitation generated by the typhoon,
as well as rainfall, cooled the sea surface. This inhibited the strengthening of the typhoon, but the energy
transmitted to the ocean led to divergence-convergence flow from a shallow to deep layer.
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1 INTRODUCTION

The oceanic response to tropical cyclones (TCs)
has attracted considerable attention because of its
importance to environmental and ecological protection.
The rapid development of remote sensing satellites
and the fusion of various remote sensing data have
clarified the effects of typhoon transits on coastal
oceans (Herbeck et al., 2011; Guo et al., 2018). Over a
reasonably short period, a typhoon can alter the
structure of oceanic water (Price, 1981; Price et al.,
1994; Dickey et al., 1998; Li et al., 2012), reduce the
sea surface temperature (SST) (Stramma et al., 1986;
Shay et al., 2000; Lin et al., 2003, 2005; Shang et al.,
2008; Mei et al., 2012; Knaff et al., 2013; Domingues

etal., 2015; Li et al., 2015; Wei et al., 2015), increase
sea surface salinity (SSS) (Knaff et al., 2013; Liu et al.,
2014; Yue et al., 2018), enhance sediment transport
(Chang et al., 2001; Bian et al., 2010; Liu et al., 2011),
and boost phytoplankton blooms (Price et al., 1994;
Iverson et al., 1997; Chu et al., 2000; Zheng and Tang,
2007; Byju and Kumar, 2011; Lin et al., 2012; Zhao et
al., 2013; Li et al., 2015) in the affected marine area.
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Fig.1 Maps showing the study area

The area of SAR coverage is shown by a black rectangle. The green rectangle indicates the region with the highest frequency of TCs; the red rectangle region
shows the 82.65% of TCs. Black dots: the track of typhoon Kujira. Red star: the location of a subsurface buoy. Green dots: the location of an Argo float. Red

flag: the location of a meteorological station.

The response of the upper ocean to the passage of
a hurricane can be divided into two stages: a forced
stage and a relaxation stage (Gill, 1984; Price et al.,
1994). In the forced stage, the strong winds of
typhoons stir the upper ocean through local
entrainment and vertical mixing and other nonlocal
effects (e.g., upwelling (Sun et al., 2009), and
horizontal advection (Yang et al., 2010; Sun et al.,
2014)), thus cooling the surface water (Price, 1981;
Sun et al., 2009; Li et al., 2012; Ye et al., 2018). Price
(1981) believed that entrainment caused 85% of the
irreversible heat flux flowing into the mixing layer
(ML), with air-sea heat exchange accounting for the
remainder. Rabe et al. (2015) believed that the effects
of wave driven turbulence by typhoons was one of the
causes of changes in the upper ocean. Some scholars
consider that the mechanism of the response of oceans
to typhoons is Ekman pumping (Xu et al., 2018) or
wind-pump effects (Ye et al, 2019). Chang and
Anthes (1978) supposed that SST cooling may reduce
or even shut down heat fluxes from the ocean to the
atmosphere, thus affecting the evolution and intensity
fluctuations of typhoons; i.e., a negative feedback of
the ocean. In the relaxation stage, typhoon-induced
near-inertial motions are dominant (Guan et al., 2014;
Rayson et al., 2015; Shen et al., 2017; Yang et al.,
2019).

The South China Sea (SCS) is the largest semi-
enclosed marginal sea in the tropical western Pacific
(Yang et al., 2015). According to statistics for the
SCS from 1949 to 1981, TCs over the SCS accounted
for 42.5% of those over the whole western Pacific,
and about 41.1% of the TCs over the SCS are at a
typhoon intensity level (Guan and Xie, 1984). An
inferential statistical study on the climate of TC
activities in the northwestern Pacific that conducted
using data from 2029 TCs during a 60-year period
(1949-2008) (Wei and Tang, 2011), found that
although about 82.65% of TCs occurred within the
region 5°N-25°N, 110°E-160°E, TCs originated
most frequently within the region 14°N-19°N,
115°E—120°E; i.e., within a small 5°%5° area west of
Luzon in the northeastern SCS (Fig.1). As part of a
10-year (2004-2013) field investigation undertaken
by the South China Sea Institute of Oceanology,
Chinese Academy of Sciences (SCSIO, CAS), an
observational network was established and
developed to record oceanographic  and
meteorological observations (Yang et al., 2015;
Zeng et al., 2015). The acquired oceanographic and
meteorological data support the study of the response
of the SCS to typhoons.

Typhoon Kujira formed in the middle of the SCS
on June 21, 2015, when its intensity was classified as
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that of a severe tropical storm (STS; maximum
average wind speed near the center of 25 m/s, level
10). Its center (June 21, 2015 at 03:00 Universal Time
Coordinated (UTC)) was located in the middle of the
SCS (15°54'N, 111°30'E), about 140 km southwest of
Yongxing Island (YXI), China. The typhoon landed
on the coast near the city of Wanning in Hainan
Province at 10:50 UTC on June 22, and it gradually
moved toward Vietnam on June 23. The movement
speed of the typhoon at sea level was about 2.8 m/s
while the rainfall was 100-180 mm according to
recordings from China’s typhoon network (http://
typhoon.weather.com.cn/). The typhoon was adjacent
to the western side of an area of recurrent TCs (Zheng
and Tang, 2007) shown in Fig.1, and its path crossed
areas of fisheries, seawater aquaculture, and ecological
protection in the SCS. The black rectangle
encompassing the Yongxing Island area (YXIA)
defines the main study area (MSA), which is covered
(over 700 km in diameter) by synthetic aperture radar
(SAR). Ared flag, red star, and green point respectively
show the locations of the meteorological station,
subsurface buoy, and Argo float.

The main goal of this paper is to deepen our
understanding of the oceanic response driven by
typhoon-induced winds. The emphasis is on the effect
of typhoons on subsurface processes and structures,
such as upwelling, pumping, sea temperature (ST)
distribution, salinity (SAL) distribution, and flow
fields, at different depths. To this end, we assess the
oceanic conditions (i.e., SST, SSS, chlorophyll
concentration (chl), flow field, SAL, and ST at
different depths) before (pre-storm), during, and after
(post-storm) the passage of typhoon Kujira across the
Y XIA using synergistic multi-satellite remote sensing
observations and in situ measurements. We focus on
the effects of downwelling and pumping on ST and
SAL at the subsurface of the ocean around YXI that
can be attributed to the slowly moving typhoon
Kujira.

The remainder of the paper is arranged as follows.
Section 2 briefly describes the remote sensing,
meteorological station and on-site data used in the
study and outlines the adopted methodology. Section
3 presents results of the impact of typhoon Kujira on
the surface and subsurface of the ocean in the main
study area. Section 4 provides an account of the
effects of typhoon Kujira on the surface and subsurface
oceanic structure, confirming the existence of
downwelling and pumping. Section 5 summarizes the
main results of the analysis.
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2 DATA SET AND METHODOLOGY
2.1 Satellite observation data

2.1.1 Ocean surface wind vector and significant wave
height (SWH) data

Radarsat-2 data (June 21, 2015, 10:40 UTC, SAR
Georeferenced Fine Resolution, cross-polarization
VV-VH) with a swath width of 500 km at a resolution
of 100 m were provided by the Canadian Space
Agency. Ascat-L3 provides all-weather daily gridded
maps of the 10-m wind speed (V) with spatial
resolution of 0.25° (i.e., approximately 25 km). The
ocean surface instantaneous wind field was retrieved
by a C-band cross-polarized ocean backscatter model
(C-2PO) from Radarsat-2 data (Zhang et al., 2012,
2014a, c; Zhang and Perrie, 2014b) and daily average
data from Ascat-L3. Ascat-L3 data from 2007 onward
are available at http://www.remss.com/missions/
ascat/.

OSTM/Jason-2 was launched on June 20, 2008 and
it makes along-track altimetric measurements every
1 s of the SWH and wind speed modulus in delayed
time or real time (OGDR, OSDR). SWH (C-band)
track data (https://www.aviso.altimetry.fr/en/data/
products/windwave-products/gdr-ogdr-osdr-ra2-wwyv.
html#c6703) are used to assess the effect of typhoon
Kujira on the sea state in the study area.

2.1.2 SST, SSS, rainfall, and chl obtained from sea
surface data

The present paper uses microwave optimally
interpolated daily averaged SST data having a
resolution of 25 km, provided by Remote Sensing
Systems (available at: www.remss.com), to study
typhoon-induced cooling of the sea surface.

The Soil Moisture Active Passive (SMAP) platform
was launched in January 2015. Its near-polar orbit
allows for complete global coverage of the oceans in
3 d with a repeat cycle of 8 d. The SMAP SSS data
were processed at level 2C and SAL values were
gridded into a level-3 data product. The level-3 grids
comprised regular (0.25°x0.25°) cells and straight
averaging of valid level-2C observations was
performed. The SMAP SSS data were processed at
level 2C, level 3 running an 8-d mean, and level 3
running a monthly mean by Remote Sensing Systems
(Lietal., 2013); these data are available at http://data.
remss.com/smap. The data resolution is 39 kmx47 km.
SSS data of SMAP level-3 running an 8-d mean are
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Table 1 Information of the subsurface buoy and Agro float in the northern SCS

Buoy Observation period Longitude/Latitude Water depth (m) Instruments Range depth (m) Bin size (m)
Mooring 2015.06.14-28 16°50'57"N/110°40'37"E 2 000 ADCP 469 668 (ST)
Upward-looking ADCP 52-452 (current) 8
Downward-looking ADCP 400-668 (current) 4
CTD 368,469, 1 198 (ST, SAL)
ST-chain 948-1 398 (ST) 50
Agro 2015.06.13-29 14°24'32"N/115°13'59"E 3000 SBE, FSI 5.4-1200 (ST, SAL) 5

used in this paper to analyze SSS changes before and
during the passage of TP Kujira.

The rainfall (C-band, L3) used in the present paper
is Global Precipitation Measurement (GPM) daily
average data (having a resolution of 0.1°x0.1°). The
GPM miission is an international network of satellites
that provide next-generation global observations of
rain and snow. Building upon the success of the
Tropical Rainfall Measuring Mission, the GPM
concept centers on the deployment of a “core” satellite
carrying an advanced radar/radiometer system to
measure precipitation from space and serves as a
reference standard for unifying precipitation
measurements from a constellation of research and
operational satellites  (https://pmm.nasa.gov/data-
access/downloads/gpm).

Chl data of the sea surface are taken from the
website of the European Space Agency (https://www.
oceancolour.org/thredds/catalog-cci.html).  Fusion
data for 8 d, having a resolution of 4 km, are used in
this paper.

The present paper uses the remote sensing data
listed above to assess the sea surface before, during,
and after the passage of typhoon Kujira.

2.2 In situ observation data
2.2.1 Meteorological station data

The meteorological observation station (indicated
by a red flag in Fig.1) on YXI (16°5024"N,
112°19'48"W) (Yang et al., 2015) is affiliated with
SCSIO, CAS in Fig.1. The data acquired include the
1-min and 3-s averaged wind field, rainfall and rainfall
duration. The 3-s averaged wind field data are used
for analysis in this paper.

2.2.2 Subsurface buoy and Argo float data

Data from a subsurface buoy (16°50'57"'N,
110°40'37"E) are obtained from SCSIO, CAS
(Rayson et al., 2015). The buoy (red star in Fig.1) had
two acoustic Doppler current profilers (ADCPs)

making upward observations and three SBE37-CTD
(conductivity-temperature-depth) instruments. The
ADCP data include the time, position (latitude and
longitude), ST, and depth (469 and 676 m) of the
instrument (i.e., the depth of the temperature probe)
and currents at depths of 51-668 m. Currents were
measured by an ADCP over an upper depth range
(51-468 m) with 8-m intervals between depths and
over a lower depth range (400-668 m) with 4 m
intervals between depths. A 300 m temperature chain
was placed at a depth between 948 and 1 398 m and
recorded the ST (°C) using a CTD instrument. The
SBE37-CTD observations included the time, depth,
ST, and SAL at depths of 368, 469, and 1 198 m. The
subsurface buoy had no ST measurement device and
the SAL chain extended to a depth of less than 350 m
(Table 1). The present paper uses the real-time
observation data to analyze the effect of typhoon
Kujira on oceanic subsurface structures.

The Argo system is a broad-scale global array of
temperature/salinity profiling floats and is planned as
a major component of the ocean observing system.
Floats will cycle to a depth of 2 000 m every 10 d,
within a lifetime of 4-5 years for individual
instruments.  Argo  provides accurate and
comprehensive measurements of ocean temperature
and salinity changes, allowing a systematic assessment
of the physical state of the upper ocean. The present
paper uses the SAL and ST profile data from Argo
float No. 5904566 (14°24'32"N, 115°13'59"E) to
analyze the effect of typhoons on the subsurface ST
and SAL (Fig.1). The depths of the ST and SAL
profile are between 5.4 and 1200 m from an Argo
float (Table 1). The Argo float profiles are extracted
from the real-time quality-controlled Argo database
of the China Argo Real-time Data Center (http:/
WWW.argo.org.cn).

2.3 Methodology

This section outlines the methods used to analyze
the ocean surface and subsurface responses associated
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Fig.2 Wind vector observations
a. hourly mean wind speed on June 21, 2015 (UTC: -8 h); b. daily mean wind field during June 14-28, 2015 (3-s mean wind field data).

with the passage of typhoon Kujira using multi-
satellite, meteorological and buoy observation data.
Figure 1 illustrates the track of typhoon Kujira (black
dots) in the MSA covered by Radarsat-2 SAR (black
rectangle, 13°30'N-17°27'N, 109°39'36"E—
115°16'48"E). The subsurface buoy and the weather
station are respectively on the left and bottom right of
the typhoon track. The selection of such observation
points is conducive to analyzing the effects of typhoon
Kujira on the surface and sub-surface sea water in this
region.

2.3.1 Wind field inversion

Figure 2 shows the 3-s mean wind field information
recorded by the meteorological station on YXI. V
gradually increased from 19:00 UTC on June 20 until
14:00 UTC on June 21, reaching a maximum value of
2094 m/s at 14:00 UTC while wind direction
gradually increased from 19:00 UTC on June 20 until
15:00 UTC on June 21 (Fig.2a). The daily average V'
after the passage of typhoon Kujira (June 23-28) was
higher than before the arrival of typhoon Kujira (June
14-19) and V reached a maximum on June 21 as
shown in Fig.2b. The daily average ¥ rose rapidly and
the wind direction changed most during June 20-22
(Fig.2b). The instantaneous maximum ¥ (35.1 m/s) of
typhoon Kujira reached typhoon level at 10:40 UTC
(according to SAR) while the daily average V(25 m/s)
reached the level of an STS (according to ASCAT
data).

Typhoon Kujira entered the YXIA at 10:40 UTC
on June 21 as observed by the Radarsat-2 satellite. As
derived from the C-2PO with Radarsat-2 data (Fig.3)
(Zhang et al., 2012, 2014a, c; Zhang and Perrie,
2014), the highest V near the right at the center of
typhoon (16.57°N, 111.78°E) was 35.1 m/s, and V" on

Wind speed (m/s) o

189

17

16°

159

149

110° 111° 112° 113° 114° 115° E 0

Fig.3 Wind speed retrieved from Radarsat-2 data at 10:40
UTC on June 21, 2015

the right side of typhoon was higher than that on the
left side. The maximum difference in V" between the
two sides of the typhoon track exceeded 10.0 m/s.

2.3.2 Variations in the wind vector and SST

Figure 4 shows the evolutions of the wind vector
and SST during the passage of typhoon Kujira during
June 19-23, 2015 according to multi-satellite sensor
data. Typhoon Kujira originated on June 20, 2015
(Fig.4b) and gradually formed into a strong TS and
finally reached typhoon level on June 21 (Fig.4c). The
plots are a superposition of the SST and wind field
obtained from microwave optimally interpolated
daily averaged SST data having a resolution of 25 km
and all-weather daily gridded maps of 10-m wind
field with spatial resolution of 0.25° (i.e,
approximately 25 km) data. The white areas of the
MSA in Fig.4 are the YXI and its surrounding islands
(for which there are no data). Before the arrival of
typhoon Kujira, the YXIA was characterized by warm
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black box on June 21 (in Fig.2a, 2c, 2e, data are from Guo et al., 2018).

SSTs (>30.4°C) predominately (Fig.4a, June 19).
Figure 4b shows that following the formation of the
TC on June 20, the SST dropped slightly in the MSA
because of air-sea interaction. The TC intensified
from a severe tropical cyclone to a typhoon in the

YXIA on June 21. At this time, the daily average
maximum V increased from 14.6 to 22.4 m/s and the
maximum SST dropped about 1.21°C (Fig.4b & c¢).
The most prominent feature is that the SST of 30°C
on June 20 (before) fell to 29.5-29°C on June 21
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(during) in the MSA. On June 22, the center of the
typhoon was about to leave the MSA (June 22, Fig.4d)
and the maximum SST fell by another 1°C in the
MSA. By June 23, the center of the typhoon had
completely left the MSA and the area was dominated

Vol. 38

by an SST of 29°C (Figde). Figure 4f shows the
difference in the SST in the MSA between before
(June 19) and after (June 23) the typhoon. The
maximum drop in SST in the MSA before (June 19)
and after (June 23) the typhoon was 2.5°C. Figure 2a
shows that the daily average ' reached a maximum of
20.94 m/s near the weather station at about 14:00
UTC. This location was about 90 km to the right of
the center of the typhoon. Figure 3 shows the typhoon
passing through the MSA and wind field retrieval
(where the instantaneous maximum wind was
35.1 m/s) from Radarsat-2 at 10:40 UTC on June 21,
at which time the typhoon had not reached its
maximum intensity. After making landfall at Hainan
at about 10:50 UTC on June 22 (Fig.4d), the typhoon
gradually decayed. The typhoon subsequently made a
second landfall over northern Vietnam at about 03:40
UTC on June 24, as shown in Fig.4e.

3 RESULT
3.1 Responses of the sea surface to the typhoon

3.1.1 SSS and chl responses

Maps of the 8-day running average of SSS data
retrieved from SMAP (Meissner and Wentz, 2016)
data before (June 10-18, Fig.5a), during, and after
(June 18-26, Fig.5b) the passage of typhoon Kujira
through the MSA are shown in Fig.5. The typhoon
transit time was short and Fig.5b therefore includes
the entire process of typhoon formation and
disappearance. In comparison with Fig.5a & b shows
an obvious area of low SSS to the left and right (near
the Yongxing Island Weather Station) of the typhoon
track in the MSA. Figure 5c shows the difference
between Fig.5a and Fig.5b; the maximum decrease in
the SSS on the typhoon track in the MSA before,
during, and after the typhoon is 2. Negative values in
Fig.5¢ indicate an increasing value of SSS and the
maximum increase in SSS in the MSA is 1.5. There is
a red low-salinity zone at the bottom left of the track,
and the maximum reduction in salinity is between 1.5
and 2.5.

Maps of the European Space Agency CCI-OC-L3S
daily 4-km merged chl data before (June 10-17,
Fig.6a), during (June 18-25, Fig.6b), and after (June
26-30 and July 3, Fig.6¢c) the passage of typhoon
Kujira through the MSA are shown in Fig.6a—c. The
average value of chl in the MSA in Fig.6a is
0.09 mg/m? and that in Fig.6¢ is 0.13 mg/m’; i.e., chl
was higher after the passage of typhoon Kujira than it
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July 3) the passage of typhoon Kujira (in Fig.6a—c, data are from Guo et
al., 2018).

was before. There are missing data in the MSA in
Fig.6b owing to the effect of weather on optical
remote sensing data during the passage of the typhoon.
Therefore, we cannot judge the distribution of chl in
the MSA during the passage of the typhoon.

3.1.2 SWH and rainfall rate responses

The SWH was obtained from OSTM/Jason-2
altimeter ground track data before (Track-1: 2015-06-
18, 23:17:05-23:20:31; Track-2-2015-06, 12:01:05-

Track 1: 2015-06-18 23:17:05 to 23:20:31
Track 2: 2015-06-20 12:01:05 to 12:04:29
Track 3: 2015-06-21 22:29:24 to 22:32:49

Track 4: 2015-06-23 11:13:23 to 11:16:48
= 5
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Fig.7 SWH retrieved from Jason-2 track data before (June
18: Track-1 and 20: Track-2), during (June 21:
Track-3), and after (June 23: Track-4) the passage of
typhoon Kujira in the MSA

12:04:29), during (Track-3-2015-06-21, 22:29:24-
22:32:49), and after (Track-4-2015-06-23,
11:13:23-11:16:48) the passage of typhoon Kujira
through the MSA, as shown in Fig.7. The SWH of 3.5—
4.5 m during the passage of the typhoon is obviously
higher than before the event (0.5-2.5 m) or after at
-0.5m. The typhoon caused heavy waves (corresponding
to sea condition level 5) in the MSA (Fig.7).

Figure 8 shows rainfall during June 19-23. The
rainfall in Fig.8a (June 19) is less than 50 mm/d on
the left and right of the path of the typhoon. The
maximum rainfall in Fig.8b (June 20) is more than
150 mm/d to the left of the typhoon while that in
Fig.8c (June 21), d (June 22), and e (June 23) is more
than 100 mm/d to the left of the typhoon. Rainfall
retrieved from GPM daily average data was mainly
concentrated on the left path of the typhoon for June
20-23 in the MSA. Because the typhoon was
accompanied by a large area of rainfall, the SSS in the
MSA was lower on the left side of the typhoon track
than on the right side, as shown in Fig.5b.

Observations from the YXI meteorological station
reveal that rainfall increased from 18:00 on June 20
to 15:00 (UTC) on June 21 and the rainfall duration
correlated positively with the rainfall amount, as
shown in Fig.9a. Figure 9b shows the rainfall rate
and rainfall duration change from June 14 to 28,
confirming the results in Fig.9a. This confirms the
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Fig.8 Rainfall on June 19 (a), June 20 (b), June 21
(c), June 22 (d), and June 23 (e), 2015

3.2 Responses of the subsurface sea water to the
typhoon

Satellite data were only used to analyze the sea
surface response to the typhoon. To investigate the
subsurface response, we analyze the vertical ST, SAL,
and flow field changes measured by the subsurface
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buoy and Argo float before, during, and after the
passage of typhoon Kujira.

3.2.1 Responses of the subsurface-layer ST and SAL
were recorded by the subsurface buoy to the typhoon

SBE37-CTD instruments measured the ST and
SAL at depths of 368, 469, and 1 198 m before,
during, and after the passage of typhoon Kujira. The

34.548

STs of ADCP observations at depths of 469 and 676 m
are shown in Fig.10. Between 00:00 and 23:00 on
June 21, 2015, the maximum amplitudes of the
variations in STs at depths of 368, 469, 676, and
1198 m were 0.44, 0.22, 0.22, and 0.22°C,
respectively (Fig.10a). The maximum amplitudes of
the variations in SAL at depths of 368, 469, and
1198 m were 0.01, 0.02, and 0.01, respectively
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(Fig.10b). The amplitude of the ST change was largest
at 368 m, and SAL gradually decreased after 15:00 as
shown in Fig.10b. Although the SAL at a depth of
469 m fluctuated considerably between 03:00 and
04:00, it increased gradually after 12:00. Similarly,
ST fluctuated between 03:00 and 05:00 but then
gradually decreased after 12:00. The slight increase
and decrease in ST at a depth of 1 198 m corresponded
to the slight decrease and increase in SAL (Fig.10a & b).

Analysis of data for the week after the passage of
typhoon Kujira (June 22-28, 2015) reveals that the
ST gradually increased relative to the week before
the typhoon passage (June 14-20, 2015) at a depth of
368 m (Fig.10c) and the ST increased by 0.4°C.
Conversely, SAL gradually decreased at a depth of
368 m after June 22 (Fig.10d) and the average
decrease in SAL was 0.011. There was a considerable
decrease in ST at a depth of 469 m from June 19 to
22, which constituted the largest variation in
amplitude of 0.5°C (Fig.10c). However, this was
followed by a substantial recovery during June 23—
27. Concurrently, SAL at a depth of 469 m had the
opposite tendency, and the amplitude of variation of
SAL at this depth was the largest (Fig.10d). The ST
at a depth of 676 m decreased gradually during the
week after the passage of the typhoon compared with
the week before. During June 22-26, at a depth of
1 198 m, the ST was slightly lower and SAL was
slightly higher than before the passage of typhoon
Kujira (Fig.10c & d). Table 2 gives the weekly
averaged ST and SAL data after the passage of
typhoon Kujira at depths of 368, 469, and 1 198 m,
compared with results for the Northern South China
Sea (NCAS) open cruise in 2011 (Zeng et al., 2015).
After the passage of the typhoon, at a depth of 368 m,
the ST increased by 0.03°C and SAL decreased by
0.07. The ST decreased by 0.54°C and SAL increased
by 0.03 at a depth of 469 m while the ST decreased
by 0.36°C and SAL increased by 0.05 at a depth of
1 198 m. These results are consistent with the trends
found during the week before the passage of the
typhoon.

The above analysis reveals that typhoon Kujira’s
entrainment and stirring induced pumping that caused
seawater downwelling with a high SST and low SSS
to settle to 368 m, resulting in a decreased SAL and
increased ST. At the same time, upwelling occurred at
a depth of 469 m. Water at a depth of 1 198 m was
affected by pumping, although both the drop in ST
and the rise in SAL were very small. A 300-m ST
Chain was placed at a depth greater than 1 000 m. The
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STs at the various depths observed by the ADCP and
SBE37 are shown in Fig.11. It is evident that pumping
due to the vertical entrainment of typhoon Kujira had
a hysteresis effect with increasing depth from June 22
to 28 at a depth of 676 m and from June 23 to 28 at
depths ranging 948—1 348 m. However, at a depth of
1 398 m, the effect was evident after June 27 as shown
in Fig.11.

3.2.2 Responses of the subsurface layer ST and SAL
recorded by the Agro float to the typhoon

Argo float results are shown in Fig.12. ST and SAL
profiles from CTD observations are presented in
Fig.12a & b. There was a stream of high ST and low
SAL water entering the ML apparently to 24.7 m on
June 21 during the passage of the typhoon. The high
SAL and low ST water upwelling after the passage of
the typhoon can be clearly seen in Fig.12a & b. The
typhoon caused the ML to expand from 31 m
underwater to a depth of 35-40 m. The average ST
increased by 1.153°C and the average SAL decreased
by 0.006. There was a high SAL above 34.5 at depths
of 100-200 m as shown in Fig.12b. When the vertical
gradient of a section of a temperature profile is greater
than a critical value (0.2°C/m) of the thermocline in
the same shallow sea (<200 m), it is determined that
this section is a temperature thermocline (TML)
(Fang et al., 2013). The depths of the ML and TML
changed and the ST and SAL of the ML and TML
changed before, during, and after the passage of
typhoon Kujira through the MSA as shown in Table 3.
The ML deepened and the TML thinned, consistent
with the finding of Price (Price, 1991; Price et al.,
1994) that hurricane-induced upwelling increases the
mixed-layer thickness and entrainment.

Figure 12¢ and d reveals that typhoon Kujira
triggered a different subsurface ST response. The
subsurface ST exhibited a three-layer vertical
structure. The maximum decreases in ST were 1.2°C
at depth of 24.7 m and 0.17°C at depths between 250
and 300 m. The ST increased by 0.05-3°C at depths
of 35.7-180 m and by 0.04—0.4°C at depths of 350—
460 m, as shown in Fig.12c and d. These results
correspond to an increase of 0.4°C found from
observations made by the subsurface buoy at 368 m in
Fig.10c. The ST obviously decreases between 460
and 500 m in Fig.12d, and this corresponds to a
decrease of 0.5° C in the subsurface buoy observations
at 469 m in Fig.10c. At depths of 1 000—1 200 m, the
ST after the typhoon was significantly lower than the
maximum of 0.1°C found before the typhoon in
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Fig.12d, and this result is consistent with the
decreasing trend of the ST after the typhoon compared
with the ST before the typhoon at depths between 948
and 1398 m. The Argo SAL profile measurements
also confirm an increase in SAL at depths of 35.7 m,
370 m, 350460 m, and 500 m during and after the
typhoon. Furthermore, they confirm a decrease in
SAL at depths of 24.7 m, 50 m and 110 m and 500 m
during the typhoon. The Argo SAL profile
measurements has an increase in SAL at depths
between 250 and 300 m during, but has a decrease in
SAL at same range after the typhoon.

The above analysis reveals that surface sea water
directly settles to a depth of 5.4-24.7 m. Upwelling
occurs at depths of 35.7 m, 370-500 m and 1 000—
1 200 m in during and after (24.7 m and 250-300 m)
while downwelling occurs at depths of 24.7m
(during), 50-110 m (during and after), and 250-300 m
(during) in Fig.13.

3.2.3 Subsurface layer current response to the typhoon

Flow fields at 51 depths from the upper range and
68 depths from the lower range were observed by the
ADCP. Figure 14 shows that the flow velocity
decreased with increasing depth during the passage of
the typhoon. The changes in the upper flow fields on

June 21 are shown in Fig.14a and the corresponding
changes in the lower flow fields are shown in Fig.14b.
Similarly, the changes in the upper flow fields from
June 14 to 28 are shown in Fig.l4c, and the
corresponding changes in the lower flow fields are
shown in Fig.14d. The flow was dominated by a
northeast flow, and the maximum flow velocity was
0.84 m/s at a depth of 50 m from 04:00 to 14:00 on
June 21, as shown in Fig.14a (hourly averaged flow
field data). The effect of the typhoon at a depth of
200 m was considerable, and the flow direction was
consistent (Fig.14a). It is obvious that there was a
downward trend of the flow rate in the upper layer
from 00:00 to 23:00. At 20:00, there was a flow
velocity of about 0.2 m/s at a depth of 448 m. A
downward trend of the flow velocity from 460 to
660 m (flow velocity: 0.15 m/s) during 15:00-21:00
is evident in the lower flow fields (Fig.14b). The daily
averaged upper flow field data from June 14 to 28,
2015 (Fig.14c) show that the flow directions at depths
of 51-450 m were affected by typhoon Kujira for one
week after the typhoon’s passage and the flow velocity
dropped from 0.84 to 0.12 m/s with increasing depth
from June 21 to 28, 2015. The flow velocity after the
typhoon compared with the flow velocity before the
typhoon increased by 0.44, 0.2, 0.1, 0.1, and 0.1 m/s
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Fig.12 Argo-observed temperature (blue line) and salinity (red line) changes at different depths before (June 17), during

(June 21) and after (June 25) the typhoon

at depths of 51, 51-70, 70-100, 100-260, and 260—
350 m, respectively (Table 4). The direction of the
lower flow field effect from the typhoon was not as
obvious as that of the upper flow field in the week
after the typhoon’s passage at depths of 460—660 m
(Fig.14d). However, the flow velocity had an obvious
downward trend with a flow velocity of 0.1 m/s at
depths of 460—650 m on June 21.

4 DISCUSSION

4.1 Analysis of the wind speed variation and SST
response during typhoon formation

Continuous observations made by the Yongxing
Island Weather Station show that the typhoon reached
its maximum wind speed at 14:00 UTC on June 21
(Fig.2a). According to the maximum instantaneous



No.2 GUO et al.: Upper ocean response to typhoon 327

Table 2 Weekly averaged data of the ST and SAL at
different depths, after the passage of typhoon
Kujira, compared with NCAS observation data

Depth (m) ST (°C) Salinity ST (°C) Salinity AST (°C) ASalinity

Data of subsurface buoy Data of NCAS Different Different

368 10.03 34.42 10 34.5 +0.03 -0.07
469 8.46 34.43 9 34.4 -0.54 +0.03
1198 3.64 34.55 4 34.5 -0.36 +0.05

wind speed of 35.1 m/s inverted from Radarsat-2 data
at 10:40 UTC on June 21, it can be judged that a typhoon
intensity was reached between 10:40 and 14:00 UTC
on June 21, which is essentially consistent with results
published on the China meteorological website.

To better study SST changes following the passage
of the typhoon through the MSA, point 1 and point 2
were selected either side of the track of the typhoon as
shown in Fig.4a. The SST variations from June 19 to
23 are presented in Table 5. The SST on the right side
of the track before the passage of the typhoon was 0.88
and 0.38°C higher than that on the left side on June 19
and 20, respectively. During and after the typhoon, the
SST difference between the right and left sides of the

Meteorological station

Typhoon track

Subsurface buoy

368 m

Table 3 Average changes in the ST and SAL in the ML and
TML before, during, and after the typhoon

Item Before During After
ML-depth (m) 5.6-31 5.5-36 5.2-40
TML-depth (m) 32-60 37-56 41-50
ML-SST (°C) 30.96 30.178 29.807
ML-SAL 33.669 33.657 33.663
TML-SST (°C) 27.989 27.385 27.191
TML-SAL 33.707 5 33.657 33.764

Table 4 Change in velocity before and after the passage of

the typhoon with depth
Time Depth (m) Flow velocity (m/s)
Before 51 0.4
After 51 0.84
Before 51-70 0.4
After 51-70 0.6
Before 70-100 0.4
After 70-100 0.5
Before 100-260 0.2
After 100-260 0.3
Before 260-350 0.1
After 260-350 0.2

469 m

\__7 Downwelling
7 \ Upwelling

- Rainfall area

Agro float

1200 m

. After
During

Fig.13 Idealized sketch of initial fields after storm passage
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Table 5 SST changes at two fixed points during the typhoon

transit
Data June 19  June 20 June21 June22 June 23
Point 1 30.57 30.24 30.08 29.36 29.14
Point 2 31.45 30.62 30.14 29.58 29.36

Different between

Point 2 and Point 1 0.88 0.38 0.06 0.22 0.22

track was less than that before the typhoon and the SST
difference was a minimum of 0.06°C on June 21. The
maximum change in the SST on the right side of the
typhoon track was 2.09°C while that on the left side

was 1.43°C from June 19 to 23 as presented in Table 5
The SST response on the right side of the track was
stronger than that on the left side as the typhoon wind-
stress vector turned clockwise with time on the right
side of the track and was roughly resonant with the
mixed layer velocity (Price, 1981). Typhoon Kujira
moved at a speed of about 2.8 m/s and the sea-air
interaction caused the high SST to drop rapidly during
the formation of the typhoon (Fig.4b & c). The vertical
entrapment of typhoon Kujira caused pumping, and
rainfall that deepened the mixing layer and thinned the
thermocline, resulting in upwelling and downwelling
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To be continued
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of the transmitting deep layer. This reduced the SST
over a large area weakened the typhoon to a strong TC.
SST cooling of about 1-2.5°C is generally due to
vertical entrainment (Price, 1981; D’ Asaro et al., 2007;
Li et al., 2016). The results of analysis are consistent
with the conclusion drawn by Chang and Anthes (1978)
that SST cooling may reduce or even shut down heat
fluxes from the ocean to the atmosphere, thus affecting
the evolution and intensity fluctuations of TCs; i.e.,
there is a negative feedback of the ocean.

4.2 Analysis of the salinity and chl responses
during typhoon formation

The SSS normally increases after a typhoon owing

to the vertical entrainment of the typhoon. However,
Figure 5 shows that the SSS inverted from remote
sensing data decreased after the passage of the
typhoon. The remote sensing inversion of the rainfall
rate and on-site observations reveal that both sides of
the typhoon transit track were accompanied by heavy
rainfall of about 100 mm/d. Owing to the influence of
rainfall, the SSS decreased within the range of rainfall
during and after the passage of the typhoon, and the
maximum reduction amplitude on the right side of the
track was about 2 in the MSA. This result is consistent
with the conclusions of Sun et al. (2012), and Li et al.
(2014). However, the salinity increased in areas not
covered by rainfall and the maximum amplitude was
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2. However, we found that the heavy rainfall on the
right side of the track was not reflected by the GPM
data.

Figure 6b shows the distribution of the chl in the
MSA during the typhoon and 4 d after the typhoon.
Owing to weather conditions, optical remote sensing
data are not complete and cannot be evaluated.
However, data for the following 5 d show that the chl
in the MSA and the adjacent coastal area was higher
than that before the typhoon in Fig.6¢. Our conclusion
is basically consistent with the conclusion drawn by
Zheng and Tang (2007) that both typhoon winds and
rain enhance the production of marine phytoplankton.

4.3 Analysis of the response of the subsurface layer
to the typhoon

The analysis of flow fields reveals that typhoon
Kujira affected the flow field at depths to 660 m and
that the effect remained substantial at depths less than
450 m in the week after the typhoon’s passage. The
typhoon affected the flow field to a depth of 660 m as
it formed and decayed over a period of 11 h and
moved at an average speed of 60 m/h. We clearly see
that the energy transferred to the ocean by the vertical
entrainment and stirring of the typhoon is transferred
downward layer by layer from Fig.13. Therefore, the
upwelling and downwelling of seawater at different
depths due to the wind pump effect (including vertical
mixing and upwelling) and the transfer to the deep sea
can be analyzed using the fluctuations of the ST and
SAL recorded by the subsurface buoy and Agro float.

A comparison of the ST and SAL data recorded by
the subsurface buoy revealed that downwelling
occurred at a depth of 368 m after the typhoon’s
passage and that the upwelling occurred at a depth of
469 m as a pumping phenomenon. The effect of
upwelling on the ST was found to lag increasingly
with increasing depth. The data acquired by the 300-m
ST Chain at a depth of 1 000 m indicate that pumping
had different degrees of influence on the MSA
(Fig.12). Remote sensing data reveal the effect of the
typhoon’s passage on the sea surface. The typhoon
caused the SWH to reach 3.5-4 m, which aided the
stirring of seawater. A comparison of meteorological
observation data and remote sensing data reveals that
the rainfall rate retrieved by remote sensing does not
reflect the large rainfall rate on the right side of the
track of the typhoon. The SSTs shown in Fig.2c
(during the typhoon’s passage) and in Fig.2d & e
(after the typhoon’s passage) are obviously lower
than those before the passage of the typhoon owing to
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vertical entrainment, air-sea interaction, and rainfall.
The SSS shown in Fig.5b (during and after the
typhoon’s passage) is lower than that before the
typhoon (Fig.5a) in the area of rainfall (+), while the
SSS in the area without rainfall is higher (—) owing to
vertical entrainment in Fig.5c. The decrease in SSS
was induced by the intense precipitation associated
with typhoon Kujira, because rainfall injects fresh
water into the ocean. The above analysis reveals that
wind pumping generated by typhoon Kujira
contributed substantially to the decrease in SST and
the increase in SSS but rainfall also played a role in
reducing SSS.

5 CONCLUSION

The surface and subsurface physical responses of
the ocean to typhoon Kujira were quantified using
available multi-satellite observations, weather station
observations, and Argo float and subsurface buoy
data. The typhoon moved at a speed of about 2.8 m/s;
however, its impact on the Y XIA persisted for over a
week. Analysis of both satellite observations and on-
site data confirms that strong winds increased the
SWH and that vertical entrainment and stirring
resulted in a maximum decrease in the sea surface
temperature of 2.5°C while heavy rain resulted in a
maximum decrease in sea surface salinity of 2,
leading to upwelling and downwelling of the deep
sea. The high temperature and low salinity at the sea
surface downwelling directly to 24.7 m, and the ST
and SAL of the subsidence are basically consistent
with the SST and SSS results of remote sensing
inversion. Agro buoy data, with lower ST and higher
SAL from the mixed layer to the sea surface, clearly
shows an increase in SSS (with maximum amplitude
of 2) with no cover by rain area and chl (0.04 mg/m?).
The SST decreased not only the immediate vertical
entrainment associated with heat extraction and
redistribution but also that associated with pumping
and persistent upwelling below the ML. However,
rainfall reduced the SSS after the passage of the
typhoon at rain-covered area. Large-scale rainfall not
only dilutes the sea surface salinity but, accompanied
by upwelling, also rapidly reduces the sea surface
temperature, which inhibits the strengthening of
slow-moving (<2.8 m/s) typhoons. With a reduction
in the sea surface temperature, typhoons lack energy
and weaken to TCs within 1 d. In any event, strong
vertical entrainment and mixing due to typhoon-
strength winds transfer energy to the ocean,
strengthening the near-surface ocean current and
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deep transfer accompanied by upwelling and
downwelling.

Typhoon Kujira had been moving across the sea
surface for less than 2 d, and its initial wind force had
just reached typhoon level. However, it transferred a
huge amount of energy to the ocean, the typhoon
affected the flow field to a depth of 660 m as it formed
and decayed over a period of 11 h and moved at an
average speed of 60 m/h. Typhoon entrainment
induced pumping which affected different depths to
about 1 km for 1 week after the typhoon in buoys and
bringing vitality to the sea area of Yongxing Island.
The SST response on the right side of the track was
stronger than that on the left side as the typhoon wind-
stress vector turned clockwise with time on the right
side of the track and was roughly resonant with the
ML velocity. The ML deepened and the TML thinned
from the subsurface layer. This shallow divergence-
convergence flow can lead to a shallow overturning
flow in the upper ocean, potentially affecting large-
scale ocean circulations and climates.
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