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ARTICLE INFO ABSTRACT

Keywords: Typhoon Fungwong, a category-2 but deadly typhoon in the 2008 Pacific typhoon season, made landfall first

Typhoons on Taiwan and then on Southeast China. During its approach toward Taiwan, it triggered an extreme sea

Kuroshio intrusion surface temperature (SST) drop of 12.5 °C, which was the strongest SST drop recorded by Longdong buoy

Sea surface temperature northeast of Taiwan coast from 1998 to 2017. In this study, including moored buoy temperature measurements,

Moored buoy . . . . 3 .

Numerical modeling Argo ﬂo.at temperature pro.flles, satellite-observed SSTs, a.nd a suite .of numerical experiments performefi using

Float trajectory the Regional Ocean Modeling System were used to unveil the detailed processes of how Fungwong triggered
such an extreme cooling. Subsequently, the source of the cold waters feeding the extreme cooling, possible
mechanisms triggering the cooling, and consequential effects of cooling on the ambient ocean environment
were systematically investigated. Results show that the extreme cooling was triggered mainly by a process of
uplift of subsurface cold water tied to shore-ward Kuroshio intrusion driven by easterly/northeasterly winds
and consequential entrainment mixing, while coastal upwelling driven by persistent longshore (southerly)
winds plays a minor role. Nevertheless, the southerly winds still help the enhancement of entrainment mixing
and thus the sea surface cooling. Finally, modeled float trajectories with temperature tracers identified where
the cold water goes and indicate that the temperature drop might extend all the way toward the south end of
Japan (Kyushu) along the flowing path of Kuroshio.

1. Introduction Morimoto et al. (2009) showed that typhoon passages not only pushed

the Kuroshio axis shelf-ward but also enhanced the intensity of the
Sea surface temperature (SST) variability triggered by tropical Kuroshio east of Taiwan. Zheng et al. (2014) showed the marked
cyclone (TC) passages, which might affect regional weather system, Kuroshio modulation in response to the passage of typhoon Morakot

oceanic environment, ecosystems, fisheries, and typhoon characteris- (2008). In addition, typhoon Morakot also triggered a cooling response
tics, attracts considerable attentions from the oceanic, atmospheric,

metrological and even climatological communities (Cione and Uhlhorn,
2003; Lin et al., 2003; Babin et al., 2004; Siswanto et al., 2007; Mori-

moto et al., 2009; Zheng et al., 2010, 2015; Kuo et al., 2017; Mohanty T . .
K et al. (2017) indicated that the strong local wind off northeast Taiwan
et al.,, 2019). For long, warm ocean has been considered an energy

source for TC development (Schade and Emanuel, 1999; Shay et al., carried by TC passage might drive the Kuroshio shore-ward and cause
2000; Wu et al., 2007; Lin et al., 2008). In other words, upper ocean marked cooling over the East China Sea (ECS) continental shelf. An

of more than 4 °C off the southeast corner of Taiwan that was advected
along the Kuroshio east of Taiwan toward northeast of Taiwan (Kuo
et al., 2017). By contrast, on the basis of numerical experiments, Zheng

temperature variations in response to TC-ocean interaction ahead or air-sea coupling model study by Kuo et al. (2018) focused on the
just behind the passage of the eye-center play a key role in TC intensity interaction between TC and the Kuroshio in the Luzon Strait. They
development (Schade and Emanuel, 1999; Lee and Chen, 2014; Zheng reported an unexpected movement of subsurface frontal structure in the
et al., 2015; Glenn et al., 2016; Kuo et al., 2018). Luzon Strait, which later resulted in a 3 °C -4 °C sea surface cooling and

In addition to possible feedback to TC intensity, TCs have also been subsequent reduction of TC intensity. This negative feedback resulting
shown to play a key role affecting the regional ocean environment. from the TC-Kuroshio interaction to TC intensity contradicts the former
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concept that warmer Kuroshio waters would favor the development of
TC passing over it.

Recently, Doong et al. (2019) investigated typhoon-induced SST
cooling in the coastal region by continuous moored buoy observations.
They indicated that typhoon Fungwong (2008) induced an extreme
cooling reaching up to 12.5 °C, which is the maximum SST drop ever
recorded by moored buoy deployed at Longdong from 1998 to 2017.
On the basis of indirect evidences, they concluded that the strong
and persistent longshore (southerly) winds inducing coastal upwelling
might be the dominant cause leading to the extreme SST drops sur-
rounding Longdong. This extreme cooling occurred at the flowing path
where Kuroshio passes through. Thus, the cold-water pulses might
get advected all the way down to the Kuroshio downstream region
and cause threats along its path, such as a number of physiological,
behavioral, and fitness-related consequences for fish, termed as cold-
shock stress (Donaldson et al., 2008; Troy et al., 2012; Kuo et al., 2017).
Additionally, given its extraordinary strength, this cooling response to
Fungwong largely attracts our attention.

In this study, moored buoy measurements of temperature, Argo float
temperature profiles, satellite-observed SST, and a series of numerical
experiments using the Regional Ocean Modeling System (ROMS) were
applied to resolve the detailed progress of how the TC Fungwong
triggers such an extreme cooling. Observed temperatures retrieved
from three different methodologies were integrated to validate model-
simulated temperature responses in different regions at different spatial
scales. Simulated floats trajectories with temperature tracers were used
to answer the question of where the cold water goes. Overall, the
source of the cold waters feeding this extreme sea surface cooling,
the possible mechanisms triggering it, and the consequential effects
sourcing from the cooling on the surrounding oceanic environment
were systematically investigated.

2. Data and methods
2.1. Satellite SST

In this study, daily microwave optimally interpolated SST merged
from Tropical Rainfall Measuring Mission (TRMM) Microwave Im-
ager (TMI), the Advanced Microwave Scanning Radiometer (AMSR-
E), and WindSat Radiometer were used to quantify the offshore sea
surface cooling to TC Fungwong passage under all weather condi-
tions. The spatial resolution of this gridded SST product is 0.25 de-
gree. This merged product was processed and distributed by Remote
Sensing Systems through http://www.remss.com/measurements/sea-
surface-temperature/oisst-description/. In addition to pure microwave
sensor merged product, multiscale ultrahigh resolution SST (MURSST)
was also collected for cross analysis, especially for the coastal regions.
This product was processed as a global, gap-free, gridded, daily 1 km
SST by merging infrared data from the advanced-very-high-resolution-
radiometer (AVHRR), Moderate Resolution Imaging Spectroradiome-
ters (MODIS), and microwave data from AMSR-E and AMSR-2, as
well as in-situ SST observations from the NOAA iQuam project (Chin
et al., 2017). MURSST data were processed and released by NASA
Jet Propulsion Laboratory, Physical Oceanography Distributed Active
Archive Center (PO. DAAC) through https://podaac.jpl.nasa.gov/.

2.2. In-situ temperature

SST can be measured either by satellite-based remote sensing tech-
niques or in-situ measurements from ships, floats, or moored buoys
(Matthews, 2013; Doong et al., 2019). Moored buoys record continuous
and long-term time series of the SST at certain site. Here, the long-
term SST measurement record located at Longdong coast was provided
by a 2.5 m discus-shaped moored buoy, which was deployed by the
Coastal Ocean Monitoring Center of National Cheng Kung University
in 1998 (Doong et al., 2019). This buoy is approximately 0.6 km off
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the Longdong coast and is situated in the water at a depth of 23 m.
The buoy is anchored to the sea bottom. The SST was measured by a
platinum resistance temperature detector, which can cover a range of
—10° C-70° C and installed at 0.6 m below the sea surface. Further
description about the moored buoy data can be seen in Doong et al.
(2019). In addition, the long-term buoy-measured SSTs covering the
period from 1998 to 2017 can be accessed through https://doi.org/10.
1594/PANGAEA.895002.

2.3. Ocean model description and experiment design

Relative to sparse observations provided by either moored buoy
temperature meter at certain site or satellite snapshots, model sim-
ulation usually plays an important role in improving the continuous
understanding of certain physical process. To understand the detailed
progress of upper ocean variability surrounding Longdong to the pas-
sage of TC Fungwong, regional ocean circulation was simulated by the
ROMS model here. The ROMS is a relatively new generation ocean
circulation model that has been applied to multidisciplinary ocean
modeling research; it is a free-surface, primitive equation, curvilin-
ear coordinate oceanic model. Barotropic and baroclinic momentum
equations in ROMS are separately resolved. Meanwhile, a non-local,
K-profile planetary boundary layer scheme (Large et al., 1994) was ap-
plied to parameterize the subgrid-scale mixing processes in the vertical.
In addition, to have a higher spatial resolution for resolving the small-
scale circulation features surrounding Longdong and a larger model
domain for resolving the large-scale circulation features including the
whole progress corresponding to TC Fungwong passage from open
ocean toward onshore region simultaneously, a multilevels nested-grid
ROMS was implemented.

The parent model with a horizontal resolution of approximately
7 km covered the region from 17° to 30° N and from 116° to 133°
E (Fig. 1), and the nested model with a horizontal resolution of ap-
proximately 2 km covered the region from 21.7° to 26.2° N and from
120.4° to 123.5° E. Given that the buoy measured temperature sourcing
mainly from a large amount of offshore water temperature (will be
demonstrated in following analyses), thus, a 2-km spatial resolution
was considered good enough to reproduce the processes leading to the
extreme cooling. The vertical gridding of the parent and nested models
consists of 20 s-coordinate levels (theta_s = 6, theta_b = 0, Hc = 10)
that were unevenly distributed for better resolution of the upper ocean
relative to that of bottom layer or lower layers (Song and Haidvogel,
1994). Model bathymetry was created by merging regional bathymetry
of 500-m spatial resolution, processed and distributed by Ocean Data
Bank (ODB) sponsored by the Ministry of Science and Technology, Tai-
wan, and etopo2 global ocean bottom topography (Smith and Sandwell,
1997). Additionally, the model was driven by momentum forcing from
hourly sampled gridded (0.5-degree latitude x 0.625-degree longitude)
Modern-Era Retrospective analysis for Research and Applications, ver-
sion 2 (MERRA-2) winds (https://disc.gsfc.nasa.gov/), which is one of
the most up-to-date wind forcing products. The comparison between
winds retrieved from in-situ measurement and MERRA-2 from July
24 to 31 can be seen in Figure S1 in supplementary online materials
(SOM). Generally, MERRA-2 winds show consistent patterns as the
winds measured by the weather buoy (fixing to 10 m height using the
log-law model (Manwell et al., 2009)). Therefore, the wind product was
deemed to be reasonable to drive ROMS.

By contrast, atmospheric fields retrieved also from MERRA-2, in-
cluding air temperature, relative humidity, precipitation rate, incoming
shortwave radiation, and outgoing longwave radiation (0.5-degree lat-
itude x 0.625-degree longitude), were integrated for calculating net
heat flux across the air-sea interface, which consequently influenced
the SST variability. The model initial conditions and lateral bound-
ary conditions were derived from the data-assimilated HYbrid Coor-
dinate Ocean Model (HYCOM) global solutions with 1/12-degree spa-
tial resolution through https://www.hycom.org/dataserver/gofs-3ptl/
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Fig. 1. (a) Complete study area and (b, c¢) the areas zoom-in toward to Longdong site. Blue line in (b) extending 150 km offshore denotes the transect for capturing the variability
of the KMS surrounding this region (will be shown in Fig. 6). Black dot in (c) denotes the location of Longdong weather buoy. Red triangles in (c) mark the location of the release

of modeled floats. Gray dotted lines in (a) denote the nested (children) model domain.

reanalysis (Cummings, 2005). For the Fungwong study, model simula-
tions were executed from July 19 to July 31 (August 5 for trajectories
analysis), 2008. Temporal frequency of the model is 5 min, and the
output frequency is 1 h. In addition, first three days’ outputs of in-
dividual simulations are excluded in following analyses for avoiding
possible insufficient spinning up of smaller scale features in the inner
domain. Detailed description of ROMS is given by Shchepetkin and
McWilliams (2003, 2005). Related validations of the model skill for
storm simulations can be seen in Zheng et al. (2010, 2014) and Shen
et al. (2021). Fig. 2 shows the systematic comparison of temperature
variations retrieved from all available Argo floats passing the study
area during the Fungwong passage and corresponding ROMS model
simulations (Positions of the floats used for the evaluation can be seen
in Figure S2 in SOM).

3. Extreme cooling response to fungwong
3.1. Satellite observations

Fig. 3(a—e) shows the cooling responses derived from satellite obser-
vations of TMI/AMSR-E/WindSat gridded SST. As the typhoon Fung-
wong progresses westward on 26 July, it starts affecting the upper
ocean temperature and causes a near-surface cooling of about 3 °C
centered at 22° N, 129° E. Afterward, the cold-water patch grows
to stronger cooling response with an SST drop of more than 4 °C
relative to the state of pre-typhoon passage. Subsequently, the main
offshore cooling (surrounding 20° N-23° N, 126° E-129° E) triggered
by Fungwong starts to weaken on 28 July. At the same time, Fungwong
leads to a marked cooling on the ECS shelf region off northeast Taiwan.
On 29 July, cooling at nearshore and offshore regions strengthens

and weakens, respectively. Afterward, offshore and nearshore coolings
decrease gradually until August 5 (figure not shown), recovering to the
state of pre-typhoon passage.

3.2. ROMS simulations

Fig. 3(f—j) shows the corresponding cooling progress during July 26—
30, 2008 from model simulations. Overall, simulations reproduce the
satellite-observed cooling progress reasonably well, with respect to the
timing and location of the cold-water patches, despite inconsistent of
time averaging for composite SST image and model simulation, leading
to minor difference between modeling and remote sensing (Ko et al.,
2016). However, in the nearshore region, satellite-observed SST shows
much weaker cooling relative to simulated SST. Brewin et al. (2017)
compared SST derived from AVHRR with SST collected by in-situ
instrument at coastal and offshore regions, respectively. They indicated
that the lower performance of satellite-based SST at the coastal region
when compared with offshore waters. This result could serve as a
possible reason for the discrepancy in our comparison between model
simulations and satellite observations at the shelf region.

3.3. Moored buoy temperature measurements

Fig. 4 shows direct measured temperature of approximately 12.5 °C
cooling at 0.6 m below the sea surface (red line) by the moored buoy
temperature meter deployed at Longdong (25.0983° N, 121.9219° E,
black dot in Fig. 1), together with model-simulated SST (blue line)
and satellite-observed SST (gray-dashed line) during the passage of
Fungwong. Here, MURSST data were used in the comparison because
merged microwave data are absent in the nearshore region. Model
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Fig. 2. Comparison of temperatures derived from in-situ ARGO float measurements and ROMS model simulations during typhoon Fungwong passage. Correlation coefficients

between in-situ ARGO and ROMS temperatures are statistically significant (with all P-values < 0.05).
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Fig. 3. (a—e) Satellite observations of TMI/AMSR-E/WindSat SST and (f-j) model simulated SST cooling in response to the passage of TC Fungwong from 26-30 July 2008. Color
shadings denote SST cooling (in °C). Wind stress (N/m~2) calculated from MERRA-2 during typhoon passage were superimposed on the SST fields. Hollow circles denote the central

positions of Fungwong.

simulations show relatively good skill in resolving the temporal vari-
ation of near-surface temperature. By contrast, MURSST at nearshore
regions largely underestimates and almost fails to capture the cooling
feature in response to progression of Fungwong. The result shows again
the disadvantage of satellite observations for monitoring temperature
surrounding shelf regions. Same conclusion can be seen in Woo and
Park (2020). Their results emphasized the importance of using real-time
in-situ measurements as much as possible to overcome the increasing
SST errors in coastal regions. Nevertheless, for offshore regions, satellite
observations still provide reliable SST measurements (Brewin et al.,
2017; Woo and Park, 2020), which can help validate model simulations
at different regions.

3.4. Detailed progression of strong cooling surrounding longdong

Fig. 5 (a—e) shows the simulated progress of Fungwong triggered ex-
treme sea surface cooling surrounding Longdong off northeast Taiwan.

The sea surface cooling starts at 06:00 on July 28 with a temperature
drop of approximately 6 °C relative to surrounding regions (Fig. 5c).
Cooling appears just for a while when wind direction changes from due
east to southeast. This phenomenon shows a marked discrepancy about
the timing of the generation of cooling response relative to the findings
by Doong et al. (2019), which suggested that the presence of strong and
persistent southerly winds, inducing coastal upwelling, is the dominant
cause for the extreme cooling surrounding Longdong. Later, the cooling
grows sharply and extends northeastward with an SST drop of more
than 10 °C. Meanwhile, an SST drop of over 10 °C covers an area of
up to 2,500 square kilometers (Fig. 5d).

Examining the state below the sea surface provides additional in-
formation about the generation of sea surface cooling. Fig. 6 shows
transects of temperature (in color shadings), currents (white arrows
denoting vectors of u and w x 103), the position of subsurface cold
water (denoted by 20 °C isotherms in bold red contours), as well as
the position where the Kuroshio mainstream (KMS) passes through
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Fig. 4. The significant near-surface temperature drops in response to the passage of Fungwong in July 2008. Red, gray-dashed, and blue lines denote the temperature variabilities
derived from moored buoy temperature meter (installed at 0.6 m depth), satellite-observed MURSST, and model-simulated SST (temperature at 0 m depth).
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Fig. 5. (a—e) Regional SST cooling responses ("C, color shading) during Fungwong passage
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from 27 July 06:00 to 29 July 06:00. Black arrows denote corresponding wind stress

(unit: Nm~2). Black dots mark the position of 122 °E, 25.08 °N. Black dashed lines denote the latitudinal transects (along 25.098 °N) appeared in Fig. 6. Pink plus signs mark
core positions of KMS along 25.098 °N. The core position was defined by maximum northward current speed (average between 0-50 m) along the 25.098 °N transect.

during the Fungwong passage. The position of KMS was defined by
outlines with northward current speeds greater than 70 cm s~! (in
black contours, contour intervals are 20 cm s~!). Bold-black contours
denote current speed equal to 110 cm s~!. Pink plus signs mark core
positions of KMS along 25.098 °N. The core position was defined by
maximum northward current speed (average between 0-50 m) along
the 25.098 °N transect. First, in reference to the variation of KMS, the
current core of Kuroshio moves shoreward from 06:00 on July 27 to

06:00 on July 28 (see Fig. 6a—6c) and then gradually retreats toward
offshore back to the original position from 18:00 on July 28 to 06:00
on July 29 (6d-6e).

Subsequently, in reference to the variations of subsurface cold wa-
ter, with the Kuroshio intrusion onto the shelf, the subsurface cold-
water uplifts markedly from 18:00 on July 27 to 18:00 on July 28
(6b-6d). The dynamic linkage between onshore-ward Kuroshio intru-
sion and uplift of subsurface cold water can be explained by the
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Fig. 6. (a—e) Latitudinal transects (from 121.8 °E to 123.3 °E, along 25.098 °N) of temperature ('C, color shading), velocities (u and w x 10%, in white arrows), as well as the
position where KMS passing through during Fungwong passage. The position of KMS was defined by outlines with northward current speeds greater than 70 cm s~ (in black
contours, contour intervals are 20 cm s~1). Bold-black contours denote current speed equal to 110 cm s~!. Pink plus signs mark core positions of KMS along 25.098 °N, as shown

in Fig. 5. Bold-red contours denote 20 °C isotherms.
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\ —_—
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Fig. 7. According to Tomczak and Godfrey (1994), the uplift (dark blue arrows) is a result of the thermocline slope across a current. Temperature field reacts to the presence
of a strong current by adjusting to geostrophic equilibrium. Meanwhile, because isotherm depths offshore-ward of the current cannot change, this process would lead to a steep
rise of the thermocline from the ocean toward the coast. Dashed line in the right panel marks the original position of the thermocline before uplift and orange circles denote the

positions of strong current passing through (entering the paper).

geostrophic adjustment of the temperature field reacting to the pres-
ence of a strong current (see Fig. 7 and Tomczak and Godfrey (1994).
Because isotherm depths on the offshore-ward side of the current
cannot change, thus, this process would lead to a steep rise of the
thermocline from the ocean toward the coast (Tomczak and Godfrey,
1994). Moreover, the uplifted subsurface cold water feeds in the cooling
feature revealed in the SST (see Fig. 5¢c-5d). After 06:00 on July 29, the
uplifted cold water falls down gradually back to deeper subsurface (see
white arrows in Fig. 6e). Detailed cooling progress transects during the
whole passage of Fungwong can be seen in animation Al in SOM.

4. How fungwong triggers extreme cooling
4.1. Three-dimensional ocean state and its evolution: Control experiment

In this section, to further understand the exact mechanism(s)
therein, the variations of three-dimensional velocity fields (u, v, w)
and temperature during the entire typhoon passage at the Longdong
site (centered at 25.08 °N, 122 °E) were examined. It is noting that the
analysis was performed at the position of maximum surface cooling
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(25.08 °N, 122 °E) instead of exactly the position where buoy station
deployed, because the dynamic analysis must capture the most active
process located at corresponding area. By contrast, the temperature
comparison was conducted exactly corresponding to the position of
buoy station to provide a validation of the simulated temperature
variations, since the buoy measured temperature was considered rep-
resentative of a large amount of offshore water temperature (see
animation Al in SOM). This is the main reason why the analysis was
performed slightly offshore relative to the temperature comparison
corresponding to exactly the location of moored buoy. In Fig. 8, u-
velocity shows a sudden and sharp shoreward shift from 18:00 on July
27 to 15:00 on July 28. Afterward, u-velocity changes to almost zero;
a few hours later, the KMS starts to move offshore with an eastward
velocity larger than 1 m s~!. Meanwhile, with the shoreward shift of
u-component velocity, the v-component velocity increases drastically to
more than 1.3 m s~1. This result implies that the KMS intrudes shore-
ward toward the Longdong in-situ measurement site. Subsequently, just
behind the westward shift of the KMS, an extreme and rapid upwelling
appeared from 00:00 on July 28 to almost 20:00 on July 28 (as shown
in the w-component velocity field). Accordingly, a strong subsurface
cooling originating from the deeper region (depth >=100 m) can be
found immediately after the drastic upwelling from 00:00 on July 28.
During this time, the uplifted subsurface cold water attains a depth
of about 25 m and provides a favorable source of cold water for
entrainment/vertical mixing (Price, 1981). Later, a strong temperature
drop extends all the way to the sea surface. Meanwhile, the drop in

temperature reaches up to approximately 15 °C relative to the state
prior to the Fungwong passage. This result shows the important role
of the uplift of the subsurface cold water in the response of extreme
sea surface cooling to the Fungwong passage, as shown in the previous
section. Nevertheless, the exact role of strong southerly winds (wind
boost during 10:00-12:00 on 28 July) on the extreme cooling response
to Fungwong remains unclear.

4.2. Experimental group

To further differentiate the effects of the shoreward intrusion of the
Kuroshio and southerly wind on the uplift of subsurface cold water
and thus the generation of the extreme cooling, here we conduct two
additional experiments: (1) EXP, qw: experiment using complete wind
forcing but excluding southerly wind over the whole model domain and
(2) EXPgy: experiment using only southerly wind during the Fungwong
passage. The difference between the three model experiments can be
seen in Table 1. It should be noted that wind fields in those experiments
are no longer physical. Fig. 9a shows the results of EXP, qyw simulation.
Compared with the results of control simulation with complete dynam-
ics (Fig. 8), EXP, qw shows a similar pattern of Kuroshio intrusion but
with slightly weaker strength. Without the contribution of southerly
wind, it still leads to a sea surface cooling about 8 °C-9 °C, with similar
pattern and timing as the cooling response simulated in the control
experiment.
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Fig. 9b shows the result of EXPgy,, which can be used to elucidate
the role of southerly wind on the generation of extreme cooling to
Fungwong. With only the influence of southerly wind and excluding the
influence of northeasterly and easterly winds carried by the first-half
passage of Fungwong, Kuroshio intrusion-like signals (e.g., negative u-
velocity anomaly, sharp increase in positive v-velocity anomaly) are
absent. Furthermore, the upwelling and consequential cooling largely
decrease in comparison with either EXP, sy or control simulation.

The results of these experiments clearly demonstrate that the
southerly wind and consequential upwelling are not the main cause
for triggering the extreme cooling to Fungwong. By contrast, the prior,
stronger upwelling driven by the shoreward intrusion of the Kuroshio
tied to easterly and northeasterly winds plays a dominant role. The
comparison of results of EXP, sy (Fig. 9a) to control experiment shows
that the strong southerly wind plays a positive role in further enhancing
the sea surface cooling. This result could be due to southerly wind
enhancing entrainment mixing by injecting more momentum entering
the upper ocean and mixing more uplifted cold water (~25 m depth)
entering the mixed layer.

4.3. Heat budget analysis

The relationship between the dominant mechanisms triggering ex-
treme cooling and consequential temperature variations were further
examined by heat budget analysis following Glenn et al. (2016) and
Kuo et al. (2018). The ROMS conservation of heat equation was used
to quantify the relative contributions of the different terms responsible
for the simulated distinctive sea surface cooling during the passage of
Fungwong. The general conservation equation for the heat budget in

ROMS is given below:

horizontal vertical vertical .
. ) o horizontal
tendency advection advection mixing mixing
~—
ol or e o aty, g
ot ox oy 0z 9z \" 0z T
+ Residual €y

with the following vertical boundary conditions for surface (Eq. (2))
and bottom (Eq. (3)) respectively:

where 7 is time, T is the temperature, u, v, w are the three-component
of velocity. k is the vertical diffusivity coefficient; D; is the horizontal
mixing term. Q,,, is the net surface heat flux, p, is density of seawater,
C, is the specific heat capacity of seawater and h is the depth.

Fig. 10 displays evolutions of separate terms in Eq. (1) from the sur-
face to a depth of 100 m at the model grid closest to the maximum sea
surface cooling (25.08 °N, 122 °E). It is noted that the net surface heat
flux (Q,,;) was included in the simulation in ROMS through the term
of vertical diffusivity/mixing following the surface boundary condition
of k% = 0,..:/P0Cp (Eq. (2)), as noted in both Hedstrom (2018)
and Glenn et al. (2016). Thus, Q,,, was not shown directly in the heat
budget analysis (Fig. 10). More details about the temperature budget
in ROMS can be seen in section of “ROMS heat balance analysis” in
Glenn et al. (2016) and section of “Vertical boundary conditions (3.2)”
in Hedstrom (2018). Here, residual is related to the slightly different
temporal integrating intervals, time-varying vertical s-coordinate used
in ROMS, and influence of friction (Glenn et al., 2016). In addition,
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Fig. 11. ROMS modeled 7-days float trajectories with temperature variations since their releases. The floats were released along 25.09 °N (Fig. 1) during four stages of Fungwong
passage: (a) 06:00-12:00 July 28, (b) 12:00-18:00 July 28, (c) 18:00-24:00 July 28 (d) 24:00 July 28-06:00 July 29. The red cross-hatched areas denote the regions of current
speed stronger than 0.7 ms™! (averaged of 21 to 25 July). Initial depths of the released floats are at 0.6 m below the sea surface. Corresponding depth variability of those modeled

floats can be seen in Figure S3 in SOM.

the magnitude of the average residual in our analysis is ~5 x 107>
(°C/s), which is approximately one order smaller than the other terms
(except horizontal mixing). Fig. 10a shows the temperature rate of
change, which is the sum of the zonal advection (Fig. 10b), meridional
advection (Fig. 10c), vertical advection (Fig. 10d), and vertical mixing
terms (Fig. 10e). Additionally, the horizontal mixing term (Fig. 10f)
is close to zero and does not contribute to the rate of change of
temperature.

As shown in Fig. 10a, a relatively marked decrease in surface mixed-
layer temperature began at approximately 06:00 on July 28, showing
consistent progress, as shown in two-dimensional sea surface cooling
(Fig. 5c). The cooling tendency continued to almost 24 h till 06:00
on July 29, when it reached its lowest value. However, before the
cooling tendency reached the sea surface, at approximately 00:00 on
July 28, another cooling tendency originated from the deeper region
(~100-m depth) and progressed all the way toward the sea surface
with time. A few hours later, this cooling tendency originated from
deeper layers combined with the prior cooling tendency of the shallow
region (~0-25 m depth). According to temperature contributions by
individual terms (Fig. 10b-10e), the influence of vertical advection
(w';—:, occurred approximately at 19:00 on July 27) seems to dominate
the cooling tendency originating from the deeper region. By contrast,
the gradual uplift of deep cold water tied to vertical advection (up-
welling) shows consistency with the uplift of cold water shown in
transect plots (Fig. 6). Overall, during this period, the uplift of cold
water from the deeper region provides a favorable cold-water source for
later entrainment/vertical mixing associated with strong wind forcing
carried by the Fungwong passage.

In the meantime, the variation of temperature in the upper ocean
(~0-25 m depth) was due to the combined action of vertical advection
and vertical mixing. The vertical mixing contributed to cooling in
the mixed-layer but warming in the upper thermocline underlying
strong wind forcing due to the process of mixed-layer deepening (Price,
1981). Generally, this would result in a cooler and thicker mixed
layer. However, as shown in Fig. 10e, the upper thermocline rises
and depresses the thickness of the mixed layer. The thermocline rising
is attributed to the influence of the strong vertical advection of cold
water. The continued supply of cold water from the deeper region
would largely enhance the sea surface cooling through entrainment
mixing. In the experiment of EXP, the cooling tendency in the surface
layer triggered by entrainment mixing is reduced to ~24% relative
to control simulation forced using complete wind fields (calculated
within 0-25 m). Again, this result confirms the key role of the uplift of
subsurface cold water driven by the onshore intrusion of the Kuroshio
on the generation of extreme cooling response to Fungwong passage.

5. Where the extremely cold water advects?

To track where the surface cold water advects in three dimensions,
i.e., the sink of the extreme sea surface cooling water triggered by
Fungwong, ROMS-modeled floats with temperature tracers were re-
leased over the region where maximum sea surface cooling occurred

surrounding Longdong (see Fig. 1c and Fig. 5). The release period (from
06:00 on July 28 to 06:00 on July 29) is decided in accordance with the
period of occurrence of maximum cooling (refer to Fig. 4). The initial
depths of the released floats are 0.6 m below the sea surface.

Fig. 11 shows the trajectories of modeled floats along with their
temperature variations (in color shadings). The individual float tra-
jectories during different stages of release show how the cold water
moves in response to the influences of strong wind forcing carried
by Fungwong and the northward flowing Kuroshio Current. For the
initial stage (Fig. 11a, showing trajectories of floats released during
06:00-12:00 on July 28), part of the floats drift northward due to
the influence of strong southeasterly-southerly wind. Meanwhile, cold-
water trajectories extend northward to about 200 km with temperature
gradually recovering to the state of ambient waters. Subsequently, for
the stages of floats encountering extreme cold waters (Fig. 11b—c), the
direction of majority of the trajectories shifts gradually from north-
northeast toward northeast. At this time, the cold-water trajectories
with a temperature drop larger than 10 °C extend northward and north-
eastward over 300 km. Subsequently, with the diminishing strength of
southerly wind, float trajectories bend to northeast—eastward toward
the path of KMS (Fig. 11c—d); at this moment, the Kuroshio current
gradually becomes the dominant forcing, determining the movement
of most of the floats. Trajectories record cold waters extending more
than 500 km with a temperature drop above 5 °C (Fig. 11d). Finally,
floats with a temperature drop of more than 5 °C extend all the way
eastward-northeastward toward the south end of Japan (Kyushu) along
the Kuroshio downstream (Figure S4 in SOM).

All the floats released during the Fungwong passage can be sepa-
rated into two main groups. The first group (accounting for ~58% of
the total float trajectories) are those floats that move northward onto
the ECS shelf that eventually mixes into deeper region (refer to the
depth variability of all the modeled floats in Figure S3 in SOM) with
slower movement due to the lack of energetic circulation over the shelf
after typhoon passage. The other group of floats are those which get
on the highway (KMS) and move eastward all the way with a higher
velocity of about 1-1.5 m s~!. This groups account for ~42% of the
total trajectories. The second group of floats move eastward for about
600 km on the basis of the model simulation limited to a duration of 7
days.

To compare the difference of particle trajectories seeded from the
extraordinary-cooled region (ECR) and the other regions, we conduct
another online experiment with floats seeded at 0.5-degree east and
0.5-degree north of the original ECR, respectively. The results show
interesting but unsurprising results, that is, for floats released east of
the ECR, trajectories were advected along the KMS due to the influence
of the Kuroshio current. By contrast, once the trajectories seeded 0.5-
degree north of the ECR, majority of the trajectories were advected
northward toward the ECS continent shelf (see Figure S5 in SOM).

As noted in previous studies, the transport of water with anoma-
lous temperature differences is also responsible for unusual weather
patterns, including surface winds, clouds, regional atmospheric cir-
culation, and rainfall (e.g., (Barrick et al.,, 1977; Reason, 2001; Beal
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et al.,, 2011)). This finding implies that the far-reach effect of the
extreme cooling response to TC passages, such as Fungwong, should not
be overlooked. Nevertheless, the trajectories analysis was conducted
on the basis of the currents provided by ROMS model simulation;
characteristics revealed by the trajectories analysis must include errors
because no model is perfect.

6. Summary

This study focused on an extreme SST drop of 12.5 °C in response to
TC Fungwong (2008) passage, which was one of the strongest cooling
responses recorded by historical in-situ instruments after a typhoon
passage. On the basis of limited in-situ measurements of temperature,
satellite-observed SST, and a suite of numerical experiments performed
using ROMS, the detailed progress of how the Fungwong triggers such
an extreme cooling were reproduced and systematically investigated.
Source of the cold waters feeding the extreme cooling and possible
mechanisms triggering the cooling, as well as consequential effects
of extreme cooling on the surrounding oceanic environment, were
unveiled. The major results are summarized as follows:

(1) The source of cold water feeding the extreme sea surface cool-
ing in response to Fungwong is due mainly to the strong up-
lift of subsurface cold water near the coastal region tied to
an onshore intrusion of the Kuroshio Current driven by east-
erly/northeasterly winds.

Sensitivity experiments differentiated the effects of shoreward
Kuroshio intrusion and the later southerly wind on the uplift of
subsurface cold water. The shoreward Kuroshio intrusion plays
a relatively dominant role on the generation of extreme cooling.
Southerly wind plays a constructive role in the enhancement of
entrainment mixing and thus sea surface cooling.

Heat budget analysis explains the direct relationship between the
possible mechanisms and consequential temperature variations.
Overall, the extreme sea surface cooling response to Fungwong
results mainly from a combined effect of prior uplift of subsur-
face cold water due to wind-driven onshore Kuroshio intrusion
and later entrainment mixing partially enhanced by persistent
southerly wind.

Modeled float trajectories with temperature variations outline
the affected region due to sharp sea surface cooling to Fungwong
and indicate that the effect of cooling might extend all the way
toward the south end of the Japan main island.
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Previous studies indicated that the transport of water with anomalous
temperature differences is responsible for unusual weather patterns
(Barrick et al., 1977; Reason, 2001). Moreover, the effects of rapid
decreases in water temperature on fish and aquaculture have also been
well documented (Hoag, 2003; Troy et al., 2012). Our modeled float
trajectories suggest that the corresponding effects resulting from the
cold-water patches on the ECS continental shelf and far-field oceanic
environment, ecological systems, weather patterns, and aquaculture
may be important. The progress of the strong wind-driven onshore
Kuroshio intrusion might lead to nutrient influx upward into the eu-
photic layer (e.g. Tsai et al. (2008)), which may consequently enter the
ECS continental shelf. This process deserves the attention of biological,
ecological, and geochemical researchers.
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Table 1
List of model experiments in this study.

Experiments

Fungwong (2008)

Descriptions

Control run Forced by wind forcing and oceanic
condition corresponding to

Fungwong (2008)

Sensitivity-1 EXP  sw Experiment was driven by complete
wind forcing but excluded southerly
wind

Sensitivity-2 EXPgy Experiment was driven by southerly
wind during the Fungwong passage
only
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