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ARTICLE INFO ABSTRACT

Keywords: Sea surface temperature cooling (SSTC) is an important indicator of the ocean response to typhoons and is a
Sea surface temperature cooling factor in the evolution of typhoons. Understanding the intricate mechanisms underlying the SSTC induced by
Typhoon

different typhoons is important. Based on the numerical simulation, we investigated the SSTC induced by ty-
phoons Megi (2010), Linfa (2015), and Sarika (2011), which had relatively similar tracks in the South China Sea.
As the strongest (weakest) typhoon, Megi (Sarika) induced the largest (smallest) SSTC, which is consistent with
the traditional understanding that stronger typhoons usually induce larger SSTC than weaker typhoons. How-
ever, the SSTC induced by the moderate typhoon Linfa was nearly comparable to that induced by Megi, while
Linfa had a wind power input an order of magnitude smaller. A comparison of near-inertial waves (NIWs)
induced by Linfa and Megi showed that the former contained a larger proportion of high modes, substantially
contributing to vertical shear. Consequently, the vertical mixing coefficient during Linfa reached one third of that
during Megi. Because the SSTC is primarily influenced by vertical mixing, which is dominated by vertical
diffusion at the mixed layer depth, the relatively strong vertical mixing coefficient and large temperature
gradient during Linfa ultimately resulted in the SSTC nearly comparable to that induced by Megi. The results of
this study enhance the understanding of typhoon-induced SSTC.

Numerical simulation
Near-inertial waves
Vertical mixing

1. Introduction the generation, propagation, characteristics and dissipation of

Typhoons are powerful cyclone events that occur over tropical and
subtropical oceans in the Northwest Pacific Ocean, often significantly
damaging coastal areas. Annually, typhoons and consequential di-
sasters, such as storm surges, heavy rainfall, and massive waves, lead to
thousands of fatalities and billions of dollars in economic loss (Li et al.,
2020a; Zhang et al.,2021; Tan et al., 2023; Krishnaja et al., 2024; Shi
et al., 2024). Therefore, promoting the prediction of a typhoon’s track
and intensity is important to mitigate the damage caused by typhoons.

During a typhoon, important momentum, heat, and mass exchanges
between the ocean and atmosphere influence the upper ocean and ty-
phoons. Typhoons can induce sea surface temperature cooling (SSTC;
Price, 1981; Emanuel, 2003). Vertical mixing is the main cause of
typhoon-induced SSTC, accounting for more than 75 % of the cooling
(Price, 1981; Greatbatch, 1984; Shay et al., 1992; Jacob et al., 2000;
Jullien et al., 2012; Qiao et al., 2022). The main driver of enhanced
vertical mixing during a typhoon is the vertical shear instability induced
by typhoon-induced near-inertial waves (NIWs). Hence, understanding
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typhoon-induced NIWs is of great importance (e.g. Shay et al., 1990;
1992; 1998; Shay & Chang, 1997; Rayson et al., 2015; Yang et al., 2015).
In addition to vertical mixing, the upwelling induced by typhoon wind
stress, which transports colder water from the lower ocean to the upper
ocean, constrains the temperature gradient at the mixed-layer base,
thereby strongly influencing the SSTC (Price, 1981; Chiang et al., 2011;
Jullien et al., 2012). Ocean-atmosphere heat exchange during a
typhoon, including weakened solar radiation due to heavy clouds and
enhanced evaporation due to strong winds, also impacts the SSTC (Price,
1981; Bender et al. 1993; Huang et al. 2009; Pei et al., 2015).
Typhoon characteristics, including the maximum wind speed, radius
of the maximum wind speed, and translation speed, are crucial for SSTC
(Lin et al., 2008; 2009; Wang et al., 2016). A larger radius of maximum
wind speed and slow translation speed increases the duration of the
typhoon at a given point in the ocean and thus tends to increase the SSTC
(Pun et al., 2018; Liu et al., 2023). Translation speed further modulates
the relative importance of upwelling and vertical mixing in driving SSTC
(Lin et al., 2008, 2009; Chiang et al., 2011; Jullien et al., 2012). The
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maximum wind speed directly affects the intensity of the dynamic
processes of SSTC, including vertical mixing and upwelling, which
dominate typhoon-induced SSTC (Vincent et al., 2012a; Jullien et al.,
2012). Higher maximum wind speeds usually indicate heavier clouds
and stronger evaporation. Therefore, stronger typhoons usually induce
larger SSTC than weaker typhoons. On average, typhoons with
maximum wind speeds above 44 m/s induce approximately twice as
much SSTC as those with a maximum wind speed of 17-32 m/s (Dare &
Mcbride, 2011; Vincent et al., 2012a; Cui et al., 2023).

Ocean conditions before the arrival of a typhoon also influence
typhoon-induced SSTC. Shallow mixed layer depth (MLD), high sea
surface temperature (SST), and steep thermocline are advantageous for
large SSTCs (Neetu et al., 2012; Vincent et al., 2012b; Guan et al., 2021).
A cold core eddy can enhance the typhoon-induced SSTC because it has a
shallower MLD and can cause a stronger near-inertial velocity response
in the mixed layer, whereas a warm core eddy can weaken the
typhoon-induced SSTC (Shay et al. 1992; Wu et al., 2007; Jaimes &
Shay, 2010). Furthermore, salinity-induced barrier layers can enhance
vertical stratification stability, suppress vertical mixing, and weaken the
SSTC (Neetu et al., 2012; Balaguru et al., 2012; Pun et al., 2023).

Because the formation and maintenance of a typhoon rely on the
continuous transport of vapor and heat from the upper ocean to the
atmosphere, the reduction in upper ocean temperature caused by ty-
phoons also limits its intensity (Schade & Emanuel, 1999; Zhu & Zhang,
2006; Wu et al., 2008). Consequently, SSTC is an important indicator of
the ocean response to typhoons and is also a factor in the evolution of
typhoons.

The Northwest Pacific Ocean has the highest concentration (>30 %
per year) of tropical cyclones worldwide (Chan, 2005). As the largest
marginal sea in the Northwestern Pacific Ocean, the South China Sea
(SCS) is frequently influenced by typhoons. In this study, we chose three
typhoons (Megi in October 2010, Linfa in July 2015, and Sarika in June
2011) that had relatively similar tracks but caused different SSTC in the
SCS. Megi was a super typhoon, which was the strongest typhoon
worldwide in 2010 and the strongest in the Northwest Pacific Ocean
between Tip in 1979 and Haiyan in 2013. Several studies have investi-
gated the intense SSTC and NIWs induced by Megi (e.g., Guan et al.,
2014; Ko et al., 2014; Cao et al., 2018; Pun et al., 2018; Zheng et al.,
2023). Over the SCS Basin, super typhoon Megi, whose maximum wind
speed was above 50 m/s, induced the SSTC of approximately 5.09 °C. In
contrast, Linfa and Sarika were weak typhoons, with maximum wind
speeds of less than 30 m/s. However, Linfa caused a strong SSTC of 4.12
°C, which is almost comparable to that of Megi, whereas Sarika induced
a much smaller SSTC of 1.32 °C. According to observation statistics, few
typhoons can induce SSTC exceeding 4 °C, and the mean SSTC induced
by typhoons with maximum wind speeds of 17-33 m/s is less than 1 °C
(Vincent et al., 2012a; Cui et al., 2023). Consequently, exploring the
mechanism through which typhoon Linfa caused the SSTC almost
comparable to that of super typhoon Megi was the motivation for this
study.

The remainder of this paper is organized as follows. The best track
dataset of the three typhoons, remote sensing data, and numerical model
used in this study are introduced in Section 2. Section 3 describes the
data processing methodology. The main results, including the typhoon-
induced SSTC, temperature budget in the mixed layer, and typhoon-
induced NIWs, are presented in Section 4. The discussion is presented
in Section 5. Finally, Section 6 summarizes the study.

2. Data and model
2.1. Data

The characteristics and tracks of typhoons Megi (October 2010),
Linfa (July 2015), and Sarika (June 2011) were obtained from the best

track dataset of the China Meteorological Administration Tropical
Cyclone Data Center (http://tcdata.typhoon.org.cn) (Ying et al., 2014;
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Lu et al., 2021). Fig. 1a shows the tracks and corresponding dates of the
three typhoons as well as the bathymetry from the 1 arc-minute global
relief model (ETOPO1, https://ngdc.noaa.gov/mgg/global/relief/
ETOPO1). The three typhoons had relatively similar tracks crossing
the SCS basin from south to north. Table 1 lists the maximum wind
speed, central pressure, and translation speed of the three typhoons
when they passed over the SCS Basin. Among the three typhoons, Megi
was the strongest, with a maximum wind speed of 50 m/s. Its central
pressure was 940 hPa, and its average translation speed was approxi-
mately 3 m/s. Linfa was the slowest, with an average translation speed
of approximately 2 m/s. Its maximum wind speed was between 20 and
28 m/s, and its central pressure was between 995 and 985 hPa. Sarika
was the weakest and fastest, with a maximum wind speed of 20 m/s and
a translation speed of approximately 7 m/s. The central pressure was
approximately 995 hPa.

Because of their capacity to penetrate cloud cover, microwave ra-
diometers offer a valuable method for measuring SST during typhoons.
Therefore, these SST data were used to investigate the SSTC induced by
the three typhoons. The SST data used in this study were downloaded
from Remote Sensing Systems (https://www.remss.com/), with a spatial
resolution of 9 km and a temporal interval of one day.

2.2. Model configurations

The Coastal and Regional Ocean Community model (CROCO v1.1;
https://www.croco-ocean.org; 10.5281/zenodo.7415133) was used.
The CROCO is built on the Regional Ocean Modeling System (ROM-
S_AGRIF) that solves the primitive equations of the ocean. Based on
CROCO, numerical experiments were conducted to simulate the ocean
response to the three typhoons. Note that this study only focused on the
ocean response to typhoons, whereas the ocean feedback on typhoons
was not considered.

The model domain was 114.5-124.5° E, 15.5-24.5° N, with a hori-
zontal resolution of 1/20° (approximately 5 km). Fifty uneven sigma
layers were set in the vertical direction, with stretching parameters of
15.0 for THETA_S and 0.4 for THETA_B. Bathymetric data were obtained
using the ETOPO1 (Fig. 1a). Forcing data, including wind speed 10 m
above the sea surface, solar radiation, humidity, precipitation, and air
temperature, were derived from the Climate Forecast System Reanalysis
dataset (CFSR) downloaded from the Asia-Pacific Data Research Center
(https://apdrc.soest.hawaii.edu/). Through a series of controlled ex-
periments, the shortwave radiation data during typhoons Megi and
Sarika were adjusted to 0.8 times the raw data to match the SST
observational data. Tidal forcing data, containing eight tidal constitu-
ents (Mo, Sy, Na, Ko, K7, O1, P; and Q;), were obtained from TPXO7
(Egbert & Erofeeva, 2002). The initial and lateral boundary conditions
for the numerical simulations were obtained from the ocean tempera-
ture, salinity, and velocity fields derived from the Hybrid Coordinate
Ocean Model reanalysis dataset (HYCOM GOFS 3.1, https://www.
hycom.org/).

The simulations adopted the bulk calculation of COARE3pO0. The K-
Profile Parameterization (KPP) vertical mixing scheme (Large et al.,
1994) were used in the CROCO. The 3rd-order upstream biased advec-
tion scheme was employed for the lateral momentum advection, and a
4th-order compact advection scheme was employed for the vertical
momentum advection. The Laplacian background viscosity and diffu-
sivity were 1000 and 100 m?/s, respectively. A 100-km wide sponge
layer with enhanced viscosity and diffusivity was set at the open
boundaries to absorb baroclinic energy. The numerical simulations for
typhoons Megi, Linfa, and Sarika started on October 8, 2010, June 24,
2015, and May 30, 2011, respectively, approximately 10 days before
they entered the SCS. In each simulation, CROCO was operated for 20
days with a baroclinic time step of 120 s, and the number of barotropic
time steps within each baroclinic time step was 60. The simulation re-
sults were output every 1 h. In the Appendix, the sensitivities of simu-
lated results to model resolution, vertical mixing scheme and output
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Fig. 1. (a) Bathymetry (shading, unit: m) of the northern SCS and tracks of Megi, Linfa, and Sarika (colored curves). The time is labeled every one day. The dashed
boxes denote the study regions for the three typhoons. (b) Temperature profiles 2 days before the arrival of Megi, Linfa and Sarika, which are averaged in the dashed

boxed in Fig. 1a. The dash lines represent the MLDs.

Table 1
Characteristics of Megi, Linfa, and Sarika from the best track dataset. The bold numbers represent typhoon’s characteristics when its center was in the study region in
Fig. la.
Typhoon characteristics Typhoon Time
—12h —6h Oh 6h 12h 18h 24h 30h 36h 42h
Maximum wind speed (m/s) Megi 50 50 50 50 50 50 50 50 50 45
Linfa 23 20 20 23 23 23 25 28 28 28
Sarika 13 15 18 20 20 18 18 18
Pressure (hPa) Megi 940 940 940 940 940 940 940 940 940 950
Linfa 992 995 995 992 992 992 990 985 985 985
Sarika 1002 1000 998 995 995 995 995 996
Translation speed (m/s) Megi 1.80 2.14 3.13 3.09 2.28 3.13 2.62 1.82 2.27 2.27
Linfa 2.57 2.62 2.12 1.62 1.82 1.54 1.62 1.62 1.54 2.06
Sarika 4.67 5.55 6.53 7.48 6.93 6.47 5.92 5.15

interval are explored.

3. Methods
3.1. SSTC

The typhoon-induced SSTC was calculated as the difference between
the minimum SST within 4 days after the typhoon and the SST 2 days
before the typhoon. We calculated the SSTC induced by the three ty-
phoons using remote sensing, CROCO simulations, and HYCOM rean-
alysis data. As shown in Fig. 1a, typhoons Megi and Sarika had turning
stages in the SCS Basin. Considering that the turning stage of a typhoon
(Li et al., 2020b; Zhang et al., 2023) and bathymetry (Pun et al., 2023)
can influence the typhoon-induced SSTC, we chose three rectangular
regions (1.5° longitude x 2° latitude) with depths greater than 1000 m,
which were close to the typhoon tracks but away from the turning stages
of Megi and Sarika, to study the SSTC induced by the three typhoons.
The study region was 116.85-118.35° E, 18.00-20.00° N for Megi,
118.40-119.90° E, 19.20-21.20° N for Linfa, and 116.90-118.40° E,
18.00-20.00° N for Sarika, as indicated by the dashed boxes in Fig. 1a.
For all three study regions, the area to the right of the typhoon track was
almost 1.5 times larger than that to the left. Fig. 1b shows the vertical

temperature profiles averaged over the study regions two days before
the arrival of the three typhoons. As shown, the water in June (October)
had the largest (smallest) vertical temperature gradient and the shal-
lowest (deepest) MLD before Sarika (Megi).

3.2. Temperature budget in the mixed layer

According to the temperature budget in the mixed layer (Jullien
et al., 2012), we can investigate the SST variation during a typhoon as
follows:

aSST 1 [°/ oT T 1/ or, 1 *T &*T
7{% ——E " (UE-FV@)dZ—H 7hWafde+H/j:1Kl<ﬁ+W)dz
 SST—T(z=—h) oh N Q
h ot| ' pCyh

10T

€9)

where T is the temperature, t is the time, x and y are zonal and merid-
ional coordinates, z is the depth, u, v, and w are the zonal, meridional,
and vertical velocities, respectively. K; and K, are the horizontal and
vertical mixing coefficients, respectively, which depend on the shear.
For K, the vertical shear is mainly caused by NIWs during the typhoon.
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Qs the net heat flux, p is the density, C, is the specific heat capacity, and
h is the time-varying MLD. In this study, the MLD was calculated as the
depth at which the temperature was 0.5 °C smaller than the temperature
at 5 m depth (Sprintall & Tomczak, 1992; Watanabe & Hibiya, 2002;
Cheng et al., 2023). The five terms on the right-hand side of Eq. (1)
represent the horizontal advection (Hadv), vertical advection (Vadv),
horizontal mixing (Hmix), vertical mixing (Vmix), and heat flux,
respectively.

3.3. Wind power input (WPI)

The WPI to near-inertial motions is an important source of near-
inertial energy in the ocean, and is calculated as follows (Dippe et al.,
2015; Raja et al., 2022; Cao et al., 2023):

WPI = 7-u¢(2=0) (@3]

where 71 is the near-inertial wind stress vector, and ug is the near-inertial
velocity vector. In this study, us and t were obtained by bandpass
filtering the raw velocity and wind stress with a cutoff frequency of [0.8,
1.2]f, where f is the local Coriolis frequency.

Fig. 2 shows the WPI of Megi, Linfa, and Sarika. The averaged WPI of
Megi, Linfa and Sarika from the entry of the typhoon’s center into the
study region to 24 h after the typhoon’s center left the study region was
3.53 x 10}, 3.01 x 102 and 3.69 x 10" W/m? respectively. The
averaged WPI of Linfa (Sarika) was one (two) order(s) of magnitude
lower than that of Megi, which is generally consistent with their in-
tensity (Table 1).

3.4. Modal decomposition of NIWs

Modal content is an important characteristic of NIWs. The modal
decomposition method was used to extract the first M baroclinic modes
of typhoon-induced NIWs (Zhao et al., 2010; Cao et al., 2023):
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where z is the depth, t is the time, urand vy are the zonal and meridional
near-inertial velocities, respectively, us, and vg, are zonal and meridi-
onal near-inertial velocities, respectively, for the m-th mode (m=0 de-
notes the barotropic mode and m>0 the baroclinic modes), Aufm and hvfm
are corresponding modal amplitudes of us, and vfy, and Ty, is vertical
structure function for the m-th mode, which is calculated as follows:

5 APy (z)

Hm (Z) = /)Ocm dZ (4)
o, N2
az + acbm =0 (5)

in which pg is the reference density, ¢, is the eigenspeed, and N is
buoyancy frequency. At the sea surface and bottom, ®,,(0)=®,(-H)=0.
Subsequently, the kinetic energy and shear for the modal NIWs were
calculated.

4. Results
4.1. Typhoon-induced SSTC

Fig. 3 shows the SSTC induced by the three typhoons for the remote
sensing data, CROCO simulations, and HYCOM reanalysis dataset.
Table 2 lists the SSTC averaged in the study regions for the three ty-
phoons. Remote sensing observations (Figs. 3a, e, and i) indicate that
Megi and Sarika induced the largest and smallest SSTC, respectively. The
SSTC induced by Linfa was intermediate between those induced by Megi
and Sarika. For all three typhoons, the SSTC to the right side of the
typhoon track was more considerable than that to the left side, which is
consistent with the rightward biased feature of the ocean response to
typhoons in the Northern Hemisphere (Price et al., 1994).

CROCO and HYCOM reproduced the SSTC induced by the three ty-
phoons (Fig. 3b, c, f, g, j, and k), but CROCO performed better than
HYCOM. The CROCO-simulated SSTC for the three typhoons was closer
to the remote sensing observations than the SSTC obtained from the
HYCOM dataset, and the root-mean-square errors (RMSEs) for the SSTC
derived from CROCO simulations were smaller than those derived from
the HYCOM dataset (Table 2). Fig. 3d, h, and 1 show point-to-point SSTC
comparisons between the CROCO simulations (HYCOM dataset) and

us(z,t) = Zufm(Z,t) = Z afm(t)Hm(Z)
m];O mI;O (3)
Vi(z,8) = Y Vim(zt) = Y_Vm(®]], (2
0.45 ;
04+ A
035}

o
w
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Y
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Fig. 2. WPI of Megi, Linfa, and Sarika. The solid (dashed) black (colored) lines indicate the time when the typhoons’ center entered (left) the study region.
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Table 2
SSTC induced by Megi, Linfa, and Sarika.

Remote sensing CROCO (RMSEs) HYCOM (RMSEs)

Megi 5.09 °C 5.50 °C (0.89 °C) 6.21 °C (1.74°C)
Linfa 4.12°C 4.03 °C (0.45°C) 2.58 °C (1.60 °C)
Sarika 1.32°C 1.46 °C (0.32°C) 1.69 °C (0.57 °C)

remote sensing observations for the three typhoons in the study regions
to demonstrate this further. Remote sensing observations and HYCOM
dataset were interpolated on CROCO grids for comparison. The CROCO
simulations were evidently closer to the remote sensing observations.
These comparisons suggest that CROCO performed better than HYCOM
in simulating the SSTC induced by the three typhoons. Therefore,

CROCO simulations were used for analysis in the subsequent sections of
this study.

Stronger typhoons usually induce larger SSTC than weaker typhoons.
Therefore, it is reasonable to conclude that Megi and Sarika induced the
largest and smallest SSTCs, respectively. However, notably, the SSTC
induced by Linfa was nearly comparable to that induced by Megi
(Table 2), although Linfa was much weaker than Megi (Table 1), and
Linfa’s WPI was also much smaller than that of Megi (Fig. 2). In the
following section, we compare Linfa and Megi and explore why Linfa
caused such a strong SSTC.

4.2. Temperature budget

The temperature budgets in the mixed layer were calculated to un-
derstand the cooling process in Megi and Linfa, as shown in Fig. 4. The
derivative of SST was substantial from 48 to 192 h, which is consistent
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Fig. 4. (a) Derivative of SST with respect to time and the contributions of (b) Hadv, (c) Vadv, (d) Hmix, (e) Vmix, and (f) heat flux for typhoons Megi (green) and
Linfa (red) averaged in the study regions. The solid (dashed) black (colored) lines indicate the time when the typhoons’ center entered (left) the study region.

with the period that we used to calculate SSTC. For Megi and Linfa, the
contributions of Hmix (Fig. 4d) and heat flux (Fig. 4f) to the SSTC were
negligible. Therefore, the SSTC was mainly governed by the Vmix, Vadyv,
and Hadv (Fig. 4b, ¢, and e), which is consistent with previous studies
(Price, 1981; Chiang et al., 2011; Emanuel, 2003; Jullien et al., 2012;
Cheng et al., 2023). The Vmix and Vadv enhanced the SSTC by trans-
porting the cold water to the upper ocean, whereas the Hadv suppressed
the SSTC by bringing warm water away from the typhoon track to the
study region. Among them, Linfa had even larger values of Vadv than
Megi (Fig. 4c), which was associated with its larger vertical temperature
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gradient (Fig. 1b) and slower translation speed. This contributed to the
strong SSTC induced by Linfa but was not the main cause. Vmix
contributed the most to SSTC for both Megi and Linfa. The comparable
Vmix between Linfa and Megi yielded the strong SSTC induced by Linfa.

4.3. Vertical mixing

According to Eq. (1), Vmix is determined by the vertical temperature
gradient (0T/0z), vertical mixing coefficient (Kz), the MLD (h), and its
variation (oh/0t):
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Fig. 5. (a) Vertical diffusion at the MLD, (b) entrainment, (c) temperature gradient divided by the MLD and (d) vertical mixing coefficient at the MLD for typhoons
Megi (green) and Linfa (red) averaged in the study regions. The solid (dashed) black (colored) lines indicate the time when the typhoons’ center entered (left) the
study region.



S. Cheng et al.

o 10T SST — T(z = —h) oh
lexfszﬁg(z_ 7h)7fg

The first term on the right hand side of Eq. (6) is vertical diffusion at
the MLD, and the second term is entrainment (Vincent et al., 2012a;
Jullien et al., 2012).

Fig. 5a and b show the vertical diffusion at the MLD and entrainment
averaged in the study regions for Megi and Linfa. The vertical diffusion
at the MLD was much larger than the entrainment, suggesting that the
vertical diffusion at the MLD was dominant in Vmix, which is consistent
with the result of idealized numerical simulation (Cheng et al., 2023).

Fig. 5¢ and d show the temperature gradient divided by the MLD
[(dT/dz)/h] and the vertical mixing coefficient (K;) at the MLD, both of
which influence the vertical diffusion at the MLD (Eq. (6)). As shown in
Fig. 5a, the vertical diffusion at the MLD for Megi and Linfa began to
increase two days before the typhoon’s center entered the study region
(black vertical lines) and reached its maximum slightly after the ty-
phoon’s center left the study region (dashed vertical lines), and
decreased to approximately zero four days after the typhoon’s center
entered the study region. Consequently, the period 48-192 h was
selected to calculate the time-averaged values of (dT/dz)/h and K,.
During this period, the mean (dT/dz)/h of Megi and Linfa were 2.31 x
10" and 4.49 x 10" °C/m?, respectively. The mean K, values of Megi
and Linfa were 7.71 x 102 and 2.85 x 102 m?%/s, respectively. Although
both the mean K, values of Megi and Linfa were on the order of 103 m?%/
s, the former was nearly 3 times larger than the latter.

These results show that a combination of a relatively strong K, and
(dT/dz)/h at the MLD results in a strong Vmix during Linfa, finally
leading to a strong SSTC. The strong (dT/dz)/h during Linfa was asso-
ciated with the ocean background stratification (Fig. 1b): the SCS in July
(Linfa occurrence) had a shallower MLD and higher SST than that in
October (Megi occurrence), leading to higher (dT/dz)/h (Vincent et al.,
2012b; Wang et al., 2016; Guan et al., 2021). The mean K, during Linfa
was nearly one third of that during Megi, which cannot be easily

(6)
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explained by the WPI to the ocean, as Linfa’s WPI was one order of
magnitude smaller than Megi’s WPI (Fig. 2). Therefore, studying why
weak typhoon Linfa caused a relatively significant vertical mixing co-
efficient, which reached one third of that during super typhoon Megi, is
important.

4.4. Shear of NIWs

Fig. 6a and b show the power spectral densities (PSDs) of the zonal
velocity (u) and zonal velocity vertical shear (du/dz) averaged over the
upper 1000 m for Megi and Linfa, which were calculated based on
CROCO simulations. A 15-day time series beginning five days before the
typhoon’s center entered the study region was used to calculate the
PSDs. Therefore, the resolution of these spectra was 0.0067 cpd. The
near-inertial peak was significant in the velocity spectra, with a value
comparable to or slightly smaller than those of the diurnal and semi-
diurnal internal tides. In the shear spectra, near-inertial signals domi-
nated diurnal and semidiurnal internal tides. These results are generally
consistent with previous observations in the SCS and demonstrate that
during a typhoon event, the main driver of intense vertical shear is
typhoon-induced NIWs (Jaimes and Shay, 2010; Xu et al., 2013; Hou
et al., 2019; Cao et al., 2018; Cao et al., 2019).

Consistent with the intensity of the typhoons, Megi induced much
stronger NIWs than Linfa, which were easily detected by near-inertial
peak values in the velocity spectra. However, the near-inertial peak
values in the shear spectra for Linfa and Megi were comparable, except
that the former had a narrow peak, whereas the latter had a wide peak.
Specifically, Linfa induced near-inertial shear comparable to that of
Megi, although Linfa induced weaker NIWs. This result is further
confirmed by the near-inertial kinetic energy and shear squared (Fig. 6¢
and d). The maximum kinetic energy appeared near the surface, whereas
the shear squared reached its maximum at the MLD, explaining the
occurrence of strong vertical diffusion at the MLD (Fig. 5a). The near-
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Fig. 6. PSDs of (a) zonal velocity (b) zonal velocity vertical shear averaged in the upper 1000 m for Megi and Linfa. Vertical distributions of (c) kinetic energy and (d)

shear squared of near-inertial waves induced by Megi and Linfa.
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Fig. 7. Depth-integrated near-inertial kinetic energy of (a) Linfa and (b) Megi in each baroclinic mode. In each subfigure, the black solid curve denotes the total near-

inertial kinetic energy.

inertial kinetic energy induced by Linfa was smaller than that induced
by Megi at all depths (Fig. 6¢), however, the near-inertial shear squared
induced by Linfa at the MLD was even stronger than that induced by
Megi (Fig. 6d).

4.5. Modal content of NIWs

To understand why the weaker NIWs induced by Linfa caused com-
parable shear to the stronger NIWs induced by Megi, attention was
focused on the modal content of the NIWs. Fig. 7a and b show the near-
inertial kinetic energy of the first five baroclinic modes and their pro-
portions of the total near-inertial kinetic energy for Linfa and Megi,
respectively. Linfa- and Megi-induced NIWs were dominated by mode-2,
followed by mode-3, but their proportions differed. The proportions of
mode-1 to mode-3 in the total near-inertial kinetic energy for the Megi-
induced NIWs were 10.02 %, 37.99 %, and 23.25 %, respectively, all of
which were larger than those for the Linfa-induced NIWs (5.23 %, 36.04
%, and 20.56 %, respectively). Therefore, mode-4, mode-5, and higher
modes accounted for a smaller proportion of Megi-induced NIWs (28.74
%) than Linfa-induced NIWs (38.17 %).

NIWs characterized by high-mode features have large vertical
wavenumbers and small vertical wavelengths; thus, they considerably
contribute to upper ocean vertical shear (Jaimes & Shay, 2010; Alford
etal., 2016; Hou et al., 2019). To demonstrate this, the vertical shear for
each mode was calculated separately (Fig. 8). Note that the vertical
shear does not satisfy linear superposition. Hence, the sum of vertical
shear in each mode was not equal to the total shear. Fig. 8 evidently
shows that mode-4, mode-5, and higher-mode NIWs induced by Linfa
contributed more to the total vertical shear than those induced by Megi.
This result explains why the weaker NIWs induced by Linfa caused a
comparable vertical shear as the stronger NIWs induced by Megi (Fig. 6).

5. Discussion

Typhoon characteristics, including the maximum wind speed, radius

of the maximum wind speed and translation speed, and ocean back-
ground conditions, such as ocean stratification, sea level anomalies, SST
and MLD, can influence typhoon-induced SSTC (e.g. Lin et al., 2008;
2009; Vincent et al., 2012a; 2012b). Considering the contributions of
these factors, the SSTC induced by many typhoons can be predicted
(Vincent et al., 2012b; Cui et al., 2023). However, there are still some
typhoons that induced stronger SSTC than expected.

This study shows that the influences of the above factors on SSTC are
different for different typhoon cases, which allows a weak typhoon with
a maximum wind speed below 30 m/s to induce a large SSTC. Linfa
caused a SSTC almost comparable to that of the super typhoon Megi
under a combination of a relatively strong vertical mixing coefficient
and vertical temperature gradient (Figs. 4 and 5). The strong vertical
temperature gradient during Linfa was caused by ocean stratification in
July (Fig. 1b), as shallower MLD and higher SST enhance temperature
gradient at the MLD (Vincent et al., 2012b). Moreover, the relatively
high mixing coefficient was also associated with ocean stratification
which influenced the characteristics of typhoon-induced NIWs (e.g., Cao
et al., 2023). The WPI of Linfa was an order of magnitude smaller than
that of Megi (Fig. 2), and Linfa-induced NIWs were weaker than
Megi-induced NIWs (Fig. 6). However, the differences in stratification
during these two typhoons resulted in elevated proportions of mode-4,
mode-5, and higher modes in Linfa-induced NIWs compared to those
in Megi-induced NIWs (Fig. 7), which contributed more to the total
vertical shear in the upper ocean (Fig. 8). As a result, the vertical mixing
coefficient during Linfa reached one third of that during Megi, and the
SSTC induced by Linfa was almost comparable to that induced by Megi.
These results highlight the contribution of high-mode NIWs to enhanced
typhoon-induced SSTC in the deep water.

This situation is different in the shallow water. Yang et al. (2015)
studied the ocean dynamical and thermal responses to three typhoons
(Washi, Vicente and Damrey in 2005) in the shallow water of the
northwestern SCS. They found that typhoon Damrey induced the largest
subsurface temperature cooling of 4.5 °C at the mooring, although
Damrey-induced NIWs are dominated by the barotropic mode (mode-0).
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Fig. 8. Vertical shear caused by (a) Linfa and (b) Megi in each baroclinic mode.

In contrast, Washi-induced NIWs were dominated by the first baroclinic
mode (mode-1), but the subsurface temperature cooling induced by
Washi was only 2 °C. These conclusions are different from those in the
deep water in this study, but they can be explained. According to Cao
et al. (2023), the dominant modes of NIWs in shallow and deep waters
are different. The NIWs are usually dominated by low mode in the
shallow water but by high modes in the deep water. Hence, in the
shallow water, the wind of typhoon rather than typhoon-induced NIWs
is the main driver of turbulent mixing, whereas in the deep water,
typhoon-induced high-mode NIWs have a considerable contribution to
the enhanced turbulent mixing. Considering that Damrey is the strongest
among the three typhoons (Washi, Vicente and Damrey), it is reasonable
that Damrey induced the largest subsurface temperature cooling at the
mooring. In addition, the simulated results of Rayson et al. (2015) on the
Australian North-West Shelf also indicate that typhoons can damage the
stratification in the shallow water, which is another evidence for the
wind of typhoon rather than typhoon-induced NIWs being the main
driver of turbulent mixing in the shallow water.

According to previous studies, the modal content of typhoon-induced
NIWs could be different in different typhoon cases and show spatial
dependence (e.g. Shay & Chang, 1997; Shay et al., 1998; Yang et al.,
2015; He et al., 2022; Cao et al., 2023), which may have different
contributions to the typhoon-induced SSTC. Therefore, the modal con-
tent of typhoon-induced NIWs should be properly considered in the
development of typhoon-induced SSTC prediction model in the future.

6. Conclusion

This study investigated the SSTC induced by typhoons Megi (October
2010), Linfa (July 2015), and Sarika (June 2011), which traversed the
SCS basin from south to north, following relatively similar tracks.
Among the three typhoons, Megi was the strongest, Linfa was the
moderate and Sarika was the weakest. In the study regions, the averaged
SSTC induced by Megi, Linfa, and Sarika were 5.09 °C, 4.12 °C, and 1.32
°C, respectively. Notably, weak typhoon Linfa caused the SSTC almost
comparable to that of super typhoon Megi.

The analysis of temperature budgets showed that vertical mixing,
vertical advection, and horizontal advection control typhoon-induced
SSTC. Vertical mixing and advection enhance the SSTC, whereas hori-
zontal advection weakens it. Vertical mixing was the largest and
dominated the SSTC. Further analysis showed that vertical mixing was
dominated by vertical diffusion at the MLD, which was associated with
the temperature gradient divided by the MLD and the vertical mixing
coefficient at the MLD. Although Linfa was much weaker than Megi, the
vertical diffusion at the MLD during Linfa was comparable to that during
Megi because of the relatively strong vertical mixing coefficient and
vertical temperature gradient, which was attributed to stratification
differences during the two typhoons. First, stratification differences
caused the temperature gradient divided by the MLD during Linfa to be
larger than that during Megi. Second, although Linfa-induced NIWs
were weaker than Megi-induced NIWs because the WPI during Linfa was
an order of magnitude smaller than that during Megi, the stratification
differences led to Linfa-induced NIWs having larger proportions of
mode-4, mode-5, and higher modes than Megi-induced NIWs. Conse-
quently, the vertical mixing coefficient in the MLD during Linfa reached
one third of that during Megi.

Although this study only focused on three typhoon cases with rela-
tively similar tracks, the mechanisms underlying SSTC can be extrapo-
lated more broadly. In addition, we only focused on the SSTC induced by
typhoons, the effect of the ocean feedback on typhoons was not
considered. It will be investigated in future studies by an air-sea coupled
numerical simulation, which can further deepen our understanding of
air-sea interaction and typhoon prediction.
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Results of numerical simulation are sensitive to the model resolution. To validate that the 1/20° resolution used in this study is sufficient to
investigate typhoon-induced SSTC, we conducted two sensitivity simulations for Linfa by using model resolution of 1/10° and 1/30° As shown in
Fig. A1, the SSTC and Vmix were a little weaker with a coarse resolution (1/10°). However, when the model resolution increases from 1,/20° to 1/30°,
the temperature budget was nearly the same. These results suggest that the 1/20° resolution used in this study is sufficient to investigate typhoon-
induced SSTC.
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Fig. Al. Same as Fig. 4 for Linfa but for different model resolution.

Appendix B. Influence of vertical mixing scheme

In the numerical simulation, the vertical mixing was controlled by the vertical mixing scheme. In the KPP scheme, the vertical mixing coefficients
of the oceanic surface boundary layer and the ocean interior were calculated separately. In addition to turbulent processes, surface forcing, such as
wind stress, is also considered in the KPP scheme (Large et al., 1994). During typhoon events, the oceanic surface boundary layer and surface forcing
vary significantly. Therefore, we conducted a sensitivity simulation for Linfa based on the Generic Length Scale (GLS) scheme (Jones & Launder,
1972), which does not distinguish the oceanic surface boundary layer and ocean interior and does not consider surface stress. A comparison of the
temperature budgets during Linfa for the two runs based on the KPP and GLS schemes is shown in Fig. B1. The results based on the two different
vertical mixing schemes were nearly the same, except for slight differences in the values of the derivative of SST, vertical mixing, and vertical
advection. In other words, the choice of the vertical mixing scheme did not significantly change the temperature budget in the mixed layer.
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Fig. B1. Same as Fig. 4 for Linfa but for different vertical mixing schemes.

Appendix C. Influence of output interval

In the numerical simulations, the time step was 120 s, and the output interval was 1 h (3600 s). Therefore, the variation within 1 h was ignored,
which may have led to a bias in the temperature budget analysis. Therefore, we conducted a sensitivity simulation for Linfa by outputting results every
120 s. A comparison of the temperature budgets during Linfa for the two output intervals is shown in Fig. C1. The results of the two different output
intervals were nearly the same, suggesting that an output interval within 1 h did not significantly influence the temperature budget.

. —3600s—120s |
x10° : ' '
(a) 8SST/ot : (b) Hadv : (c) Vadv :
e 2 1 1 t+ 1 1
w I 1 1
U ] 1 |
il 1 1
= 1 1 1
a4, ' | ;
| E :
1 1 1
%10
(d) Hmix : (e) Vmix f (f) Heat flux :
o 2 - 1 1 1
(2] I 1 1
o ; : :
— 1 1
30 . \
= ' ‘
1 1
< ol ; :
I , I
1 1 1 1
0 48 96 144 192 240 0 48 96 144 192 240 0 48 96 144 192 240
Time (h) Time (h) Time (h)
Fig. C1. Same as Fig. 4 for Linfa but for different output intervals.

Data availability CROCO code and barotropic tidal forcing data are available at www.

croco-ocean.org. The Tropical Cyclone best track data are available at

Data will be made available on request. http://tedata.typhoon.org.cn. The CFSR surface forcing data and
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ETOPO1 bathymetry data are available at apdrc.soest.hawaii.
edu/data/data.php. The HYCOM Reanalysis data are available at
https://www.hycom.org/. The remote sensing sea surface temperature
data are available at https://www.remss.com/measurements
/sea-surface-temperature/.
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