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Abstract: The interactions between mesoscale eddies and typhoons are important for understanding
the oceanic environment, but large variance is identified in each case because of the complex underly-
ing dynamics. Fifteen-year datasets of typhoon tracks and eddy tracks in the South China Sea (SCS)
are employed to comprehensively determine the influence of preexisting eddies on typhoon-induced
sea surface cooling (SSC). Typhoons with high wind speeds and slow translation speeds induce
large SSC in summer and autumn, when more than 80% of typhoons occur during a year. The
relative locations of typhoons and eddies are used to classify their distributions, and four groups are
identified, with typhoons traversing to the left or right of cyclonic or anticyclonic eddies. Generally,
cyclonic eddies (CEs) located to the right of a typhoon track can result in a large cooling core, but
anticyclonic eddies (AEs) can interrupt the cooling band along the right side of typhoon tracks.
The recovery from typhoon-induced SSC takes longer than 15 days, though preexisting AEs can
induce a rapid rebound after reaching the minimum sea surface temperature (SST). In addition, the
dependence of SSCs on a typhoon’s features, such as wind speed and translation speed, are amplified
(reduced) by CEs (AEs). The enhancement of typhoon-induced local SSC by CEs is counterbalanced
by the suppression of SSC by AEs; thus, the overall impacts of CEs and AEs on typhoon-induced
local SSC are relatively weak in the SCS.

Keywords: typhoon; preexisting eddy; sea surface cooling; South China Sea

1. Introduction

Tropical cyclones (TCs) are strong, devastating low-pressure weather systems over
tropical and subtropical regions and include typhoons in the Northwestern Pacific Ocean
(NWPO), hurricanes in the Atlantic Ocean and East Pacific Ocean, TCs in the North Indian
Ocean and tropical depressions in the Southern Hemisphere [1-3]. Annually, more than
1/3 of global TCs are generated in the NWPO and are, therefore, typhoons [4,5]. Typhoons
can trigger strong air—sea interactions, export huge momentum and wind curl to the upper
ocean and drive motions of the underlying sea water when passing over the ocean [2].
Typhoons induce violent water dynamics during their passage, such as generating waves
and turbulence, introducing upwelling and entrainment, and resulting in near-inertial
oscillation, with the latter three processes primarily related to vertical mixing [1,6]. In
addition, typhoons gain abundant latent and sensible heat from warm sea surfaces [7],
which maintain and increase their intensities. Typhoon-triggered entrainment/upwelling
can prompt strong vertical mixing and break stratification in the upper ocean [8]. When a
typhoon induces an Ekman upwelling deeper than the mixed layer depth (MLD), the cold
water beneath the mixed layer can be brought to the surface layer, leading to a significant
decrease in sea surface temperature (SST) [9] with prominent sea surface cooling (SSC)
of roughly —6 °C or more [10,11]. Conversely, the mixing can simultaneously transport
surface water to the subsurface, thereby promoting subsurface water warming [9,12].
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The response in the upper ocean varies greatly depending on the characteristics of
the typhoon (e.g., wind speed and translation speed), pretyphoon hydrological situation
and circulation in the upper ocean (thermocline depth, MLD, vorticity and air—sea flux) [6].
Typhoon-induced SSC is indeed characterized by remarkable differences [13]. In general,
wind stress is the major factor driving air-sea interactions; thus, the wind speed of ty-
phoons can be used to define the intensity of typhoons and investigate typhoon-induced
SSC [14]. The strong wind stress and wind stress curl of typhoons can trigger significant
entrainment and upwelling, promoting intense vertical mixing in the upper ocean [12].
Stronger typhoons can trigger more significant Ekman pumping and greater SSC [15,16]. In
the Northern Hemisphere, remarkable SSC is usually located to the right of typhoon tracks
because of stronger wind and wind-current resonance [17]. Moreover, intensified asymme-
try of typhoon forcing can generate an evident SSC intensification located to the right of
the typhoon track in the Northern Hemisphere, and local sea water can oscillate vertically
due to the strong wind momentum and near-inertial energy from the typhoon [18].

During the passage of typhoons, the translation speed of typhoons can influence not
only the strength of typhoon-ocean interactions and the typhoon-related thermal energy [8]
but also the amplitudes and locations of typhoon-induced SSC [6]. For instance, when a
typhoon maintains a faster translation speed (Uy > 6 m/s), a shorter duration of typhoon
forcing is less favorable for inducing SSC but allows the typhoon to persistently gain
thermal energy and enhance its intensity [16]. In contrast, when a typhoon maintains
a slow translation speed (Uy < 4 m/s), the longer duration of typhoon forcing triggers
stronger SSC underneath the typhoon, which reduces the typhoon intensification due to the
reduction in the sensible and latent heat fluxes [19]. In particular, when a typhoon forms a
loop trajectory, enhanced SSC occurs in the surroundings because of the longer duration of
typhoon forcing. For example, the slow-moving typhoons Chanchu (2006), Hagibis (2007)
and Megi (2010) induced SSC of —8 °C, —6 °C and —7 °C, respectively [20,21]. Kossin [22]
pointed out that the translation speed of TCs has slowed because of global warming during
the past several decades. However, Chang et al. (2020) [23] recently found that since
1998, the translation speed of typhoons over the NWPO has not slowed but has evidently
increased in the South China Sea (SCS). The acceleration of strong typhoons in the SCS is
expected to promote thermal exchange between the atmosphere and upper ocean, leading
to a remarkable decrease in SSC beneath typhoons.

The generation and movement of typhoons require large sensible and latent heat
fluxes from the upper ocean [7,24], and a warmer sea surface is favorable for maintaining
typhoons [8]. Despite substantial losses of sensible and latent heat fluxes from the upper
ocean during each typhoon process, air-sea heat exchange contributes only 10-15% of the
total typhoon-induced SSC, while entrainment contributes more than 60% [6]. Thus, over
the warm ocean surface, typhoon-induced SSC depends largely on the net loss related to
the thermal flux in the upper ocean, which features a low intensity but is spread over a
large region [6]. Moreover, there is a good relationship between vertical thermal features,
e.g., thermocline depth and MLD, and air-sea heat exchange in the typhoon-induced
SSC process [16]. In general, when typhoons pass over oceans with a deep thermocline
and mixed layer, there is limited entrainment and vertical mixing since typhoon-triggered
mixing cannot reach deeper than the mixed layer, leading to weak SSC, though the sufficient
warm water and thermal content allow typhoons to become increasingly stronger [25].
However, when a typhoon passes over oceans with a sharp thermocline and a shallow
mixed layer, typhoon-induced entrainment and vertical mixing can be enhanced, resulting
in increased SSC and reduced typhoon intensification during its passage [19].

Oceanic mesoscale eddies are ubiquitous in the global oceans, contributing to more
than 80% of the total energy transport [26]. These eddies are classified into two types based
on dynamic and thermal characteristics: cyclonic eddies (CEs), with central upwelling,
a depressed sea surface and a shallow thermocline and mixed layer, and anticyclonic
eddies (AEs), with central downwelling, an elevated sea surface and a deep thermocline
and mixed layer [27]. Nutrient-rich subsurface water is transported upward in CEs [28],
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which can be identified from satellites as cold rings with elevated chlorophyll [29]. In
contrast, AEs are generally characterized as warm rings with depressed chlorophyll due to
convergence and downwelling in the center [30].

Eddies, as an important feature in the upper ocean, significantly influence typhoon-
ocean interactions [9]. Typhoon-induced SSC can be enhanced (suppressed) by preexisting
CEs (AEs) beneath typhoons because of the shallower (deeper) mixed layer and ther-
mocline, scarce (abundant) warm water and central upwelling (downwelling) [31,32].
Conversely, typhoons can be weakened (intensified) or become slower (faster) when they
encounter CEs (AEs) as a result of enhanced (reduced) typhoon-induced SSC ahead of
their tracks [20,33]. Thus, the upwelling/downwelling associated with eddies can be
modified by typhoons and subsequently impacts the typhoon-induced SSC and changes
the intensity of typhoons [2,34]. Moreover, CEs can be generated due to the huge wind
curl and momentum from typhoons with strong winds and slow translation speeds, such
as typhoon Megi (2010) to the northwest of Luzon Island [21]. Indeed, there is a stronger
(weaker) influence and higher (lower) frequency of the co-occurrence of typhoons and CEs
(AEs). Moreover, subsurface divergence can force surrounding warm surface water to flow
into CEs and sink to the subsurface, compensating for typhoon-induced SSC [9,35].

The SCS is a semiclosed marginal sea in the NWPO, with a maximum depth of
approximately 5000 m at the basin center. The region is highly dynamic because of the
complex topography and forcing system, e.g., numerous mesoscale eddies throughout
the year [36]. Monsoons are the most dominant driving factor of the seasonal variation
in circulation [37]. In summer, the southwest monsoon drives an anticyclonic gyre at the
surface to the north of 12°N [38]. Additionally, a substantial number of typhoons pass
over the region [4]. In winter, the basin is mainly dominated by a cyclonic gyre at the
surface [37]. On average, approximately eight typhoons pass over the SCS per year [31],
and the occurrence of typhoons in the SCS is especially high during summer and fall [16].

The coeffects of typhoons and eddies on SST in the SCS are fundamental for under-
standing the regional dynamics and air-sea interactions. However, due to the insufficient
in situ observations and relatively infrequent occurrence of events, the impacts of eddies
on SSC still requires further exploration. Previous studies have examined the influence
of individual eddies on typhoon-induced cooling [13,20,28,33,39-44]. However, the im-
pacts of mesoscale eddies with different polarities and their respective contributions on
typhoon-induced cooling has not been well quantified [9,21,45]. In this study, impacts of
eddies on typhoon-induced SSC are fully investigated using 15-year satellite observations
of the SCS. The influencing factors, e.g., the wind speed and translation speed of typhoons,
are quantified to schematically describe the resultant SSC. The remainder of the paper is
structured as follows: Section 2 describes the materials and methods used in this study;
the typhoons” impact on SST in the SCS is shown in Section 3.1; some typical cases and
a quantitative comparison of the impacts of eddies with different polarities on SSC are
included in Section 3.2; and a comprehensive discussion and conclusions are provided in
Sections 4 and 5, respectively.

2. Materials and Methods

Typhoon information was obtained from the China Meteorological Administration
(CMA) and included the following parameters: typhoon center location (longitude and
latitude), maximum wind speed (V5x, m/s) and minimum sea level pressure (hPa) at 6-h
intervals between 2003 and 2017. For detailed information on the typhoon dataset, please
refer to Ying et al. (2014) [4]. In total, 126 typhoons formed within or propagated into
the study region, defined as 105° E-122° E and 5° N-25° N. The translation speed (Upy,
m/s) of each typhoon was calculated as the ratio between the spatial distance traveled
between two successive typhoon center locations and the corresponding time span. To
avoid the effects of land and islands, typhoon locations over land or within 100 km of the
coast were eliminated.
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To evaluate the SST change (ASST) induced by typhoons, we employed the daily SST
dataset of MW_IR derived from a remote sensing system [46]. The dataset was merged
from multiple satellite observations using microwave and infrared data from 2002 to
present with a spatial resolution of 9 km. Because the calculation of typhoon size is not
included in the CMA dataset, a uniform size of 200 km is applied to all typhoons to identify
typhoon-induced SSC [16]; however, this procedure can miss some typhoon-impacted areas
associated with large typhoons and overestimate the impacted areas associated with small
typhoons. As a substantial number of typhoons are included and the sizes of typhoons
are generally comparable, the general features are obtained. Thus, we calculated the ASST
along typhoon tracks with a time span between 15 days before and 15 days after typhoon
passage as follows:

ASST;; = SST; — SST; 1)

where i represents the typhoon event; t is the number of days before/after the arrival
of typhoons, with t = 0 indicating the arrival of a typhoon; and SST is the initial SST,
calculated as the SST averaged over the 15 days prior to typhoon arrival. The SSC triggered
by typhoons was subsequently obtained as the 10-day average ASST post-typhoon.

The daily dataset of oceanic mesoscale eddies between 1995 and 2018 utilized in
this study was derived from the Archiving, Validation, and Interpolation of Satellite
Oceanographic data (AVISO) group (Ref [26]) and includes the locations of eddy centers,
amplitude (cm), mean geographic speed (cm/s), eddy polarity (CEs/AEs) and associated
radius (km). Derived from AVISO, the eddy dataset used in this study is based on the
merged sea level anomaly (SLA) dataset reprocessed by DUACS DT14 [47] from global
observations of multiple satellites including TOPEX/Poseidon, Jason-1, ERS-1 and ERS-2,
with a spatial resolution of 0.25° x 0.25°. The identification of eddies is conducted by
searching for enclosed SLA contours between —100 and 100 cm at 1 cm intervals in the
area of focus. The pixels inside an eddy are identified following the criteria introduced
by Mason et al. (2014) [48]. The center of the eddy can be defined as the location with an
extremum of geostrophic speed in the predefined eddy area, and the corresponding radius
and amplitude are then calculated.

In this study, the eddies that can interact with typhoons were subsequently identified
as those with centers located within 200 km of the typhoon centers. Hereafter, the snapshots
of typhoons are classified into 4 groups, depending on the preexisting status of the eddies:
those with CEs (385), those with AEs (273), those with both CEs and AEs (100) and those
without any eddies (515). Almost no eddies form within the shelf region because of the
shallow topography. Both CEs and AEs have similar spatial distributions, with more
typhoons interacting with eddies in the northern section than in the southern section.
Because the translation speed of typhoons is much greater than that of mesoscale eddies
and the lifespan of eddies is longer than that of typhoons, the same eddy can encounter
different typhoons or interact with the same typhoon multiple times within 6-h intervals.
Occasionally, there are even typhoons that propagate via a loop trajectory over the central
SCS and may pass the same eddy multiple times during their trajectory. Therefore, in the
current study, only the time when a typhoon is closest to a given eddy is counted and
defined as a co-occurrence, resulting in 268 events, and the number of co-occurrences is
substantially less than the number of typhoon snapshots. The co-occurrences are further
classified into four groups depending on the polarity of the eddy and the location of the
eddy relative to the typhoon track. For CEs, 67 are located to the left and 71 to the right of
the typhoon track, while for AEs, 70 are located to the left and 60 to the right. Consistent
with previous studies [49,50], slightly more CEs than AEs interact with typhoons. Finally,
and essentially, the typhoon-induced local SSC occurring in CEs and AEs was calculated
spatially by the eddy-centered box with a width of twice the radius of the eddy.



Water 2021, 13, 653

50f16

3. Results
3.1. Typhoons over the South China Sea

A large number of typhoons form in the subtropical NWPO, and most of them
propagate northwest via the SCS (Figure 1a). As they pass over the SCS, many of them
encounter mesoscale eddies, particularly in the region between the outer shelf of China
and west of the Luzon Channel, where the co-occurrence of eddies and typhoons has
occurred more than 20 times (Figure 1b). There are 1273 typhoon locations in the SCS
included in the current study, and the associated average wind speed, translation speed
and typhoon-induced SSC classified by the features of the underlying eddies can be found
in Table 1. The total SST cooling reached an average value of —0.84 °C and a minimum
value of —3.42 °C, with 60.4% of the total SSC within —1 °C and only 5.5% of the SSC
exceeding —2 °C. In addition, 7.9% of all typhoons triggered warming of the surface water,
with an average SST warming of +0.24 °C. If these warming samples are ignored, the
typhoon-induced average SSC reaches —0.93 °C.

(a) Distribution of typhoon tracks (b) Distribution of eddies

Amplhl‘.‘l’dr (cm)

110° 120°

(¢) Wind speed of Typhoons
. e 40

w2
=4

Averaged wind speed (m/s)

s

Averaged translation speed (my/s)

0

Figure 1. The distributions of typhoon tracks (a) and eddies (b) with different polarities under
typhoons between 2003 and 2017 and the frequency with which typhoons passed over the South
China Sea (SCS). In (a), the colored lines show the tracks of typhoons. In (b), the colored dots show
the locations of eddies that are the closest to the typhoon tracks, and the colors represent sea level
anomalies with positive values for anticyclonic eddies (AEs) and negative values for cyclonic eddies
(CEs). The black contour represents the 200-m isobath, and grayscale represents the number of co-
occurrences of eddies and typhoons. The distribution of average (¢) wind speed and (d) translation
speed over a specific mesh of 1° x 1° in the South China Sea from 2003 to 2017 with color shading.
The numbers indicate the frequency of typhoon occurrence, while blank means no existence of
typhoons during the period. The land is covered by terrain color maps in all panels.
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Table 1. The number of typhoon locations (at 6-h intervals) and associated average wind speed,
translation speed and typhoon-induced sea surface cooling (SSC) classified by the characteristics of
the underlying eddy (CEs: cyclonic eddies; AEs: anticyclonic eddies).

Number of Average Average Uy Average

Occurrences Vinax (m/s) (m/s) SSC (°Q)
No eddy beneath 515 25.23 + 0.45 4.34 4+ 0.09 —0.84 +0.03
Only CEs 385 24.30 £ 0.49 3.83+0.11 —0.93 + 0.04
Only AEs 273 24.30 £+ 0.58 490 £0.12 —0.71 +0.03
Both CEs and AEs 100 23.79 £ 0.91 433 +£0.22 —0.80 + 0.05
In total 1273 24.63 +£0.23 4.31 £0.06 —0.84 + 0.02

A mesh over the SCS with a spatial resolution of 1° x 1° was applied to quantify the
associated typhoons by averaging the corresponding V. (Figure 1c) and Uy (Figure 1d).
Only the first time a typhoon propagated into a mesh was counted. Notably, the frequency
of typhoons is prominently higher to the north of 15° N, and the corresponding average
wind speed is higher (Figure 1c). Intensified typhoon activities are identified around Luzon
Island propagating towards Guangdong Province, Hainan Island and central Vietnam,
associated with high V;y values. The average Uy shows a very different pattern, in which
typhoons move faster as they initially enter the SCS, but the translation speed slows upon
approaching the coast. An extremely high Uy is identified to the south of 10° N, although
fewer than three typhoons occurred in this region during spring (March to May) and winter
(December to the following February) when typhoons are less common.

The trajectories and average V.y and Uy values for typhoons in summer (June to
August) and autumn (September to November) are further presented because they account
for more than 80% of annual typhoons. Consistent with the annual average, Vax (Ug)
is higher (lower) near the Chinese coast than in offshore regions, with much higher V,;ux
values in autumn than in summer (Figure 2). The highest V,,5x and Uy values are identified
near the coast of Guangdong and in the southeast of the SCS, respectively. Interestingly, the
general distribution of typhoons is shifted meridionally southward in autumn compared
with summer, although the total numbers of events are comparable.

It is well known that the wind speed and translation speed of typhoons can im-
pact typhoon-induced SSC, and this relationship is investigated using linear regression
(Figure 3). The typhoons that formed in summer and autumn are separated to investigate
whether there is any difference between the seasons. Significant correlations (p-values < 0.01)
are identified between SSC and V,;;;, and between SSC and Up. Consistent with the find-
ings of a previous study [51], strong (weak) cooling occurs when the wind is strong (weak)
and typhoons are moving slowly (rapidly). The SST decreases by 0.026°C per 1 m/s
increase in wind speed and by 0.06 °C per 1 m/s decrease in translation speed. This is
generally true for both seasons, with slightly greater SSC in autumn, which is due to the
corresponding high wind speed (Figure 2b).

Applying the acquired linear regression to all typhoons in the SCS from 2003 to 2017
shows that the most common typhoons in the SCS are characterized by wind speeds of
15-35 m/s (78.2% of total typhoons) and translation speeds of 2-7 m/s (73.5% of total
typhoons). Therefore, the SSC values along typhoon tracks induced by the effects of
typhoon wind speed and translation speed range from —1.18 to —0.5 °C and —0.95 to
—0.65 °C, respectively, which suggests that SSC exhibits a greater sensitivity to wind speed
than to translation speed [51]. To induce SSCs exceeding —1 °C, the wind speed of a
typhoon should be 32 m/s or higher, which is observed at 24.4% of all typhoon locations.
Consistently, the observations show that more than half (60.4%) of typhoons are associated
with SST cooling between —1 °C and 0 °C, suggesting that the obtained linear regression
results are reasonable.
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Averaged wind speed

Averaged translation speed

105° 110° i 120° 105° 1107 115

Figure 2. The distribution of average (a,b) wind speed and (c,d) translation speed for typhoons in
(a,c) summer and (b,d) autumn. The corresponding numbers on meshes illustrate the frequency
with which typhoons passed in the 15-year period. Blank means no typhoons were observed during
the period.

b)

Sea surface cooling (°C)

—e— Annual
—&— Summer

-1.6 1 SSC=-0.026w-0.173(p=3.0x10 %) 1 SSC=0.060t-1.073(p=8.5x10 %) —— Autumn
I L Y+ Tl rTrrrrrrrr
10 20 30 40 0 2 4 [ 8 10
Wind speed (m/s) Translation speed (m/s)

Figure 3. Dependence of typhoon-induced SSC on (a) wind speed and (b) translation speed of typhoons. Wind speeds
between 10 m/s and 50 m/s and translation speeds between 0 m/s and 10 m/s were divided into 14 bins. Typhoons for
the entire year (black), summer (red) and autumn (blue) are shown separately. The linear relationships for the entire year
are illustrated and labeled for each panel with the p-value. The vertical bars represent the standard errors of sea surface
temperature change (ASST) within each bin.
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3.2. Impacts of Eddies on Typhoon-Induced SSC

SSC is a ubiquitous typhoon-induced ocean response, although considerable vari-
ability is identified in each case (Figure 4). In general, cooling is observed to the right
of the typhoon tracks (Figure 4a,b) and can be enhanced (depressed) within CEs (AEs)
(Figure 4c,d). For example, Typhoon Nesat (2011), with a Vi, of 38 m/s and Uy of
5.99 m/s, induced spatially averaged SSC of —2.21 °C in CEs located to the right of the
typhoon track (Figure 4c). The CE to the left of Typhoon Lekima (2007) experienced only
weak SSC (—1.41 °C), with a Vinax of 28 m/s and a much slower Uy of 3.71 m/s (Figure 4a).
The weak spatially averaged SSC was equal to —1.15 °C (—0.87 °C) in an AE to the left
(right) of Typhoon Kalmaegi in 2014 (Typhoon Nida in 2016), which had an associated V;ax
equal to 40 m/s (30 m/s) and a Uy equal to 8.48 m/s (8.84 m/s). Because of the presence
of an AE to the right of Typhoon Nida (2016), there was no SSC band located to the right;
in contrast, the preexisting AE located on the left did not interrupt the SSC band on the
right side of Kalmaegi (2014). Thus, oceanic eddies can interact with typhoons (Figure 1b)
and impact the typhoon-induced SSC.

uf 220 ‘_
0
18°
20° K
18°
16° -1_
12° et
\ £
i : o |k .
1087 110° 112° 114° 110°  112°  114°  116° g
w
24° 2
5
22° / :
" %0}
220 i1 -2
200 ' O
* . INY
20° b
18°
18° 4 (d) ‘ 5
160 Bid (301 ‘
31l 20 _ -3

112° 114° 116° 118° 116° 118° 120° 122°

Figure 4. Typical cases of eddies” impacts on sea surface cooling as typhoons passed over (a,c) CEs
and (b,d) AEs. The top (a,b), (bottom, c,d) two panels show the eddies located to the left (right)
of typhoon tracks. The red stars represent the centers of eddies, and the black lines represent the
associated tracks of typhoons. The labeled times are the dates when the typhoon was closest to
the eddy center. The time labels “HH/DD” present the dates of corresponding typhoon snapshots
during passage.

The overall impact of eddies on typhoon-induced SST cooling, with both polarities
of eddies and typhoons passing over from each side, was determined by determining
the SSC over the eddy and surroundings (Figure 5). Cooling is more prominent for CEs
(Figure 5a,c) than AEs (Figure 5b,d). Similar to the right-biased response between typhoons
and the upper ocean, CEs located to the right of typhoon tracks can significantly enhance
local SSC (Figure 5¢). Because of the asymmetrical wind field of typhoons and the right-
biased response of the upper ocean, the typhoon-induced SSC in CEs to the left of typhoon



Water 2021, 13, 653

9o0f 16

tracks is relatively weak (Figure 5a). The minimum SSC values in CEs to the right and
left of typhoon tracks are —1.02 °C and —0.71 °C, respectively. AEs suppress interior SSC
because of the presence of abundant warm water and a high heat flux during the typhoon
process [32]. Indeed, the average SSC in AEs is weaker than that in CEs, and in the northern
section, the SSC is relatively intense (—0.91 °C) when AEs are located to the left of typhoon
tracks. Finally, the SSC in AEs to the right of typhoon tracks show weak but intensified
cooling, with the greatest cooling of approximately —0.77 °C to the west of AEs (Figure 5d).
Please note that the surrounding regions of eddies are interpolated to the same spatial
range, with a value equal to the average radius of all eddies in the SCS (110 km) between
1995 and 2018.

2 4

| @

:

Sea surface cooling (°C)

S

-0.9

1 0 1 2
Figure 5. Typhoon-induced SST cooling around eddies located to the (a,b) left and (c,d) right of
typhoon for (a,c) CEs and (b,d) AEs. All eddies and the surrounding region are interpolated into
the same size where the black circle represents the boundary of the eddy, with radius (Rg) equal

to 110 km, consistent with the average radius of all eddies in the South China Sea between 1995
and 2018.

The probability density function (PDF) of typhoon-induced SSC (Figure 6) in CEs and
AEs is obtained at intervals of 0.25°C. Most SSC values (66.8%) are between —1 °C and 0 °C,
and CEs can induce stronger SSC than AEs. The strongest SSC is —4.72 °C, and remarkable
SSC, i.e., exceeding —3 °C, is found in only four CEs. None of the AEs induced SSC of more
than —2.6 °C. It is interesting to note that there are 30 cases where post-typhoon warming
is identified, and the strongest warming is associated with CEs. Thus, AEs can mitigate
typhoon-induced oceanic responses, which is further described below.
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Figure 6. The probability density function of typhoon-induced sea surface cooling in the CEs (blue)
and AEs (red). The width of the bins is 0.25 °C, and the corresponding number is labeled at the top
of each bar.

The influence of V5, and Uy of typhoons on typhoon-induced SSC in CEs and AEs
beneath typhoons is investigated (Figure 7). Their impacts are consistent with the general
feature that a significant relation is identified between SSC and V5, and between SSC
and Uy for both CEs and AEs. The SSC associated with a weak wind speed is comparable
between CEs and AEs, but the increase in SSC as wind speed intensifies is more prominent
for CEs than AEs (Figure 7a). Large changes are found with slow-moving typhoons for both
CEs and AEs (Figure 7b), though the dependence on translation speed is more prominent
for CEs. Interestingly, the SSC in CEs is smaller than that in AEs for high translation speeds
(>6 m/s). Compared with the obtained relationship in general (Figure 3), the dependence
on wind speed is larger (smaller) for CEs (AEs) (Figure 7a), indicating the mitigation of
AEs on the typhoons’ impacts.

a)

S5C=-0.029w-0.093 (p=0.012) B SSC=0.1461-1.479 (p=1.5x10") o— CEs
SSC=-0.016w-0.264 (p=0.039) SSC=0.007t-0.710 (p=0.76) —— AFEs
1 1 1 T T T 1
10 20 30 40 0 2 4 6 8 10
Wind speed (m/s) Translation speed (m/s)

Figure 7. Dependence of typhoon-induced SSC on (a) wind speed and (b) translation speed of typhoons for co-occurrence

of eddies and typhoons. The typhoon-induced SSC in eddies was divided into 14 bins in terms of the corresponding wind
speeds between 10 and 50 m/s and translation speeds between 0 and 10 m/s. The CEs (AEs) are shown in the blue (red)
curves. Their linear relationships are illustrated and labeled for each panel with the p-value. The vertical bars represent the

standard errors of SSC within each bin.

Finally, the time series of spatially averaged SST anomalies during the passage of
typhoons is calculated (Figure 8). Interestingly, the time series of the SST anomaly is nearly



Water 2021, 13, 653

11 of 16

Sea surface cooling (°C)

identical for all typhoon locations and those without any eddies (Figure 8a). Specifically, a
prominent drop in SST occurs two days ahead of typhoon passage, and the minimum SST
appears one day after typhoon passage, with an SSC of approximately —1.1 °C. The SST
starts to recover then and stabilizes after 10 days, but the corresponding SST is still —0.7 °C
lower than the pre-typhoon SST. The influence of eddies on the typhoon-induced SSC is
further studied by classifying them into four groups depending on the relative locations of
the typhoon and the eddies (Figure 8b). The strongest (weakest) cooling, i.e., approximately
—1.3 °C (—0.7 °C), occurs when CEs (AEs) are located to the right (left) of typhoon tracks.
Notably, the SST cooling induced by typhoons always appears two days before the arrival
of the typhoon and reaches its lowest value one day after the typhoon, which is consistent
with observations for composition with all typhoon locations [16,50]. The SST in both CEs
and AEs is restored rapidly during the following ~3 days after reaching their minimum
value, but the SST remains steady in AEs and CEs and continues to recover slowly until
10 days post-typhoon. In both cases, the SST cooling does not recover within 15 days after
the typhoon, suggesting that a longer time is required for SST cooling to recover in the
SCS. For example, Wang et al. (2016) [10] concluded that typhoon-induced cooling requires
19 days to recover to pre-typhoon initial conditions at the surface in the NWPO but requires
more time at a depth of 15 m. The changes in SST within CEs and AEs are stronger than and
weaker than the overall average, respectively; thus, the impact of CEs on typhoon-induced
local SSC is counterbalanced by that of AEs. In addition, there is a negligible difference for
the time series of the co-occurrence as AEs located to the right and the CEs located to the
left of typhoons for the period of 1 day pre-typhoon to 4 days post-typhoon.

0.0 4

=05

=10

—&— AllTCs

TCs with no eddy beneath « =4 — - AEs on left of TC tracks

+ —4A—- CEson left of TC tracks

——— AEs on right of TC tracks

|

| =
—#&—— CEs on right of TC tracks I

|

|

1
=10

1 T 1 1 1 T 1 1
-5 0 5 10 15 -15 =10 ] 0 5 10 15

Day before/after typhoon passaged Day before/after typhoon passaged

Figure 8. The time series of spatially averaged SST anomalies in typhoon locations or mesoscale eddies during the passage
of typhoons. (a) The black curve is for all typhoon locations (N = 1273), and the green curve is for typhoon locations
with no underlying eddy (N = 515). (b) Blue dashed/solid curves describe CEs located to the left/right of typhoon tracks
(N =67/71); red dashed /solid curves describe AEs located to the left/right of typhoon tracks (N = 70/60). Vertical bars
represent the standard deviation at each time step.

4. Discussion

Typhoon-induced sea surface responses are an important topic for ocean dynamics and
have been studied for the past several decades [1,14]. Typhoons are ubiquitous in the SCS,
especially during summer and autumn (Figure 2). The typhoon-induced oceanic responses
and how preexisting mesoscale eddies impact the SST responses are investigated in the
current study. SSC is usually prominent in the wake of typhoon tracks, particularly to the
right side, because strong wind stress during typhoons can induce intense vertical mixing,
which introduces subsurface cold water into the surface layer [17]. As the resonance of wind
intensifies the ocean responses to the right of typhoon tracks, greater mixing takes place [32].
Our results reveal prominent typhoon-induced SSC in the SCS, although the values vary
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greatly (Figure 3). The magnitude of SSC depends on the typhoon characteristics: strong
(Figure 3a) and slow-moving (Figure 3b) typhoons are characterized by greater cooling
because the wind speed and duration of typhoon forcing is fundamental to controlling
the intensity of mixing [52]. Indeed, strong SSC takes place in the northern section of the
SCS during autumn, when typhoons are usually slow and intense (Figure 2; [53]). The
pre-typhoon oceanic status is important to controlling typhoon-induced changes. The
coastal regions, where both the water depth and thermocline are shallow, can be easily
mixed by typhoons [44], resulting in prominent changes in SST. During summer, the
substantially strong stratification can hardly be penetrated by the weak typhoons, though
the corresponding MLD is shallow [16], resulting in weak changes in SST.

It is important to select a proper average period to quantify the typhoon-induced
SSC. In the Western North Pacific Ocean, typhoon-induced SSC can remain approximately
—1°C 10 days after a typhoon [10]. Wang (2020) [16] revealed an average SSC of —0.42 °C
during 15 days post-typhoon in the SCS, which is approximately half of our result for
typhoons, possibly because he incorporated coastal snapshots of typhoons and weak SSC.
Previous studies mostly focused on the impacts of individual typhoons and eddies where
there is large SSC; for example, Chen et al. (2012) [20] calculated that there was maximum
SSC of —8 °C to —6 °C in the SCS along the track of Megi (2010). Thus, our study represents
a composite result for all cases in which the magnitude of SSC is slightly smaller.

The complex processes associated with mesoscale eddies can significantly impact the
upper ocean status and subsequently modulate the typhoon-induced SSC. In CEs, central
upwelling uplifts the thermocline and results in weak stratification [26]. Consistent with
those of previous studies [44], our results demonstrate that mixing can be enhanced by
typhoons (Figure 7) and that the SSC is more prominent (Figure 5). However, the dynamics
within AEs are quite different; the convergence in the eddy induces a thick layer of warm
water that blocks subsurface water from cropping out at the surface [29]. Simultaneously,
the warm surface within AEs can enhance the intensity of typhoons by allowing more
energy to be extracted from the ocean surface, leading to fast-moving typhoons [54]. Thus,
SSC is generally weak when typhoons pass over AEs (Figures 7 and 8). Indeed, the
typhoon-induced SSC is found to be enhanced by CEs and suppressed by AEs (Figure 7).
The translation speed of typhoons is prominently higher (lower) when there are underlying
AEs (CEs) (Table 1). This is consistent with the observational data showing that a typhoon
rapidly intensified and moved faster when passing over a preexisting anticyclonic eddy;,
associated with suppressed SSC [24,27]. Therefore, the presence of AEs with abundant
heat fluxes serves as an effective insulator between a typhoon and deeper cold water [33],
which can remarkably reduce the SSC (Figure 8a) and lead to an increase in the wind
and/or translation speed of typhoons [55]; in contrast, SSC is enhanced by CEs, associated
with reduced wind and translation speeds. SSC increases rapidly (slowly) with increasing
typhoon wind speed in CEs (AEs), and the corresponding regression coefficient is higher
(lower) than that of all events (Figure 3a).

The relative location between the eddy and the typhoon is an important factor control-
ling SSC. Right-side intensification is usually observed for all typhoons, but the presence of
eddies can change this scenario. Cooling is more prominent to the right of typhoons inter-
acting with CEs (Figure 5c¢), but it is less evident for those interacting with AEs (Figure 5d).
The thermal responses occurring between AEs and typhoons are more intense than those
occurring between CEs and typhoons [33], which is due to the huge loss of thermal energy
from the upper layer of AEs, in which vertical mixing has trouble breaking through the
intensified thermocline [9]. As a result, the existence of AEs can interrupt the evident SSC
band along the typhoon tracks (Figure 4b,d).

In all cases, the SST does not recover over the 15 days following the passage of the
typhoon (Figure 8). Typhoon-induced vertical mixing disrupts the stratification, which
requires substantial time to recover [56]. Consistently, Han et al. (2012) [57] observed promi-
nent cooling that lasted more than one month after the passage of a typhoon. Similarly,
Argo’s observations also revealed that the recovery of temperature requires 30 days [51].
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Zhang et al. (2018) [12] built a numerical model to simulate the vertical structure of the
water column during the passage of a typhoon. They found that cooling is also related
to vertical advection that upwells waters from more than 100 m and that the intensity is
almost stable for two weeks after typhoons. However, in a recent study, Wang 2020 [16]
revealed that the SST recovers rapidly to the climatological mean after the passage of
typhoons. This may be related to the calculation of the SSC, which in the current study
is based on the pre-typhoon SST as a reference, whereas the climatological SST actually
decreases for typhoons in autumn.

Strong SSC is usually associated with strong and/or slow-moving typhoons (Figure 3),
but the SSC also varies along a typhoon’s trajectory even when the typhoon’s intensity
and translation speed remain roughly stable (Figure 4). The existence of mesoscale eddies
can help explain the large variance among the typhoon-induced SSC results. Sun et al.
(2010) [52] found that the SST decreased by more than 8 °C and that this decrease was
associated with a strong bloom after a weak typhoon—namely, typhoon Hagibis in 2007.
They explained that the slow speed of the typhoon and the existence of CEs induced a
long forcing time and enhanced upwelling, respectively, leading to strong SSC. Our results
consistently indicate the dependence of SSC on typhoon characteristics and the impact of
mesoscale eddies. Thus, the obtained linear regression results (Figures 3 and 7) can be used
as a general tool for estimating a typhoon’s impact on SSC and, in particular, for considering
the impact of eddies. It is interesting to note that no difference seems to be identified
among typhoons with different wind speeds passing over eddies with different polarities,
indicating that feedback from the ocean on wind speed is less prominent. In the SCS,
CEs and AEs exhibit similar numbers, lifespans, amplitudes and radii, so the anomalous
typhoon-induced SSC impacted by eddies is expected to counterbalance each other.

Because of the complex dynamics associated with the co-occurrence of typhoons and
eddies, there are numerous remaining questions. For example, the dependence of typhoon-
induced SSC on the intensity of eddies is not significant (not shown). This can be attributed
to the intensity of eddies varying during their lifespan (e.g., eddy pumping increases
(decreases) during the early (late) phase) and the existence of comparable amplitudes
and radii [29]. Thus, the phase of the eddy should be considered. However, there is a
limited number of observations in the SCS to obtain a valid result, and a numerical model
is expected to improve the understanding in the future [58].

5. Conclusions

We demonstrated the impact of an eddy’s preexistence on typhoon-induced local SSC
by classifying eddy snapshots close to the typhoon track into four groups based on eddy
polarities and relative locations with typhoon tracks: CEs/AEs located to the left/right
of typhoon tracks. This study revealed that different spatial distributions of SSC can
be observed when CEs (AEs) are located at different sides of typhoon tracks. Generally,
preexisting CEs can enhance typhoon-induced SSC only when the typhoon traverses from
the left of CEs, resulting in intensification of the SSC core. Conversely, AEs suppress
typhoon-induced changes by disrupting the SSC band. After typhoons, preexisting eddies
slow the recovery of SSC; in particular, the SST is maintained around a stable value in
CEs but gradually restored in AEs. Moreover, local SSC owing to different polarities of
preexisting eddies depends on the wind intensity and translation speed of the typhoon.

Overall, typhoon-induced SSC is a ubiquitous feature that is impacted by mesoscale
eddies. The co-occurrence of typhoons and eddies in the SCS offers a key opportunity to
evaluate the impact of eddies. CEs and AEs are characterized by upwelling and down-
welling, respectively, via eddy pumping, which enhances and suppresses the cooling
process. The different impacts induced by CEs and AEs are distinctive, while the impact of
the intensity of eddies is less prominent. Under the scenario of climate change, typhoons
are expected to increase in intensity [59]. The co-occurrence of typhoons and eddies is
anticipated to be greatly enhanced, which will further change the nutrient supply to the
ocean surface and modify primary production. Because the impact of CEs is opposite
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to the impact of AEs during typhoon processes, the overall influence is still expected to
remain balanced.
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