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Imprints of tropical cyclone on
three-dimensional structural
characteristics of mesoscale
oceanic eddies

Zheliang Zhang®, Yunxia Zheng?®* and Hao Li*

College of Meteorology and Oceanography, National University of Defense Technology, Changsha,
China, ?China Meteorological Administration and Key Laboratory of Numerical Modeling for Tropical
Cyclone China Meteorological Administration, Shanghai Typhoon Institute, Shanghai, China

The impact of tropical cyclones (TCs) on the three-dimensional characteristics
of mesoscale oceanic eddies is investigated in this study on the basis of
statistical analysis by satellite-based eddy information and Argo data. By
comparing the three-dimensional structure of the temperature, salinity, and
geostrophic velocity in the upper ocean above 1,000 m depth, it was found that
there is a heat pump effect in the changes of eddy structure similar to that in
tropical cyclones. Under the forcing of TC, the abnormal signals in the strong
cold core (warm core) structure originally existing in the upper layer of the
cyclonic eddy (anticyclonic eddy) are transmitted to the middle and lower layers
of the eddy and form retention, making the eddy structure not recover to the
original state in a short period of time. To a certain extent, this shows that the
influence of TC on the eddy structure is not limited to the ocean surface. At the
same time, the change of barrier layer in the eddy is explored, and it was found
that the barrier layer thickness in both cyclonic eddy and anticyclonic eddy has
increased, which also confirms the previous research.

KEYWORDS

tropical cycloe, mesoscale oceanic eddies, air sea interaction, eddy structure,
temperature salinity anomaly

1 Introduction

Tropical cyclones (TCs) and mesoscale oceanic eddies are both physical phenomena
that always exist and occur frequently on the vast ocean. The former are kind of
devastating weather systems that originate and develop over warm ocean surface, with
their energy coming mostly from sea-to-air enthalpy fluxes (Emanuel, 1986; Price, 1981;
Ma and Fei, 2022). The latter are widespread throughout the ocean (cover 20%-30% of the
ocean area) and are the most active form of motion in the ocean (Wang et al., 2003;
Chaigneau et al,, 2009; Chelton et al., 2011; Cheng et al., 2014), accounting for about 90%
of the kinetic energy in the ocean (Ferrari and Wunsch, 2009). Mesoscale oceanic eddies
also play pivotal roles in the distribution of ocean matter, water masses, and energy
exchange between the ocean-atmosphere interface (Frenger et al., 2013; Zhang et al., 2014;
Ma et al., 2016). Because of their similar geographical distribution and great contribution
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to ocean-atmosphere mass and energy exchange, the frequency
of interactions between mesoscale eddies and tropical cyclones
becomes incredibly remarkable and important, especially in
regions where TCs are active. Above 90% of TCs over the
western North Pacific have confronted mesoscale oceanic
eddies during their lifetimes (Ma et al., 2017). In recent years,
a growing number of studies have been devoted to the TC-eddy
interactions.

Most studies revolve around the effects of mesoscale eddies
on TC intensity. The change of TC intensity depends on the
positive and negative feedback mechanism between it and the
ocean surface. Thus the conditions of the underlying ocean, such
as the warm sea surface temperature (SST) (Sun et al., 2016;
Lavender et al, 2018; Schade, 2000) or the presence of a
significant thick barrier layer (Wang et al,, 2011; Neetu et al,
2012; Reul et al., 2014; Newinger and Toumi, 2015; Rudzin et al.,
2017; Yan et al, 2017) which can feedback to TC intensity
effectively have attracted considerable research attention. And
in general, mesoscale eddies can be classed into two types
according to their internal core temperature anomalies: the
cyclonic eddies (CEs) with negative sea level anomaly (SLA)
and cold water in the core region, and the anticyclonic eddies
(AEs) with positive SLA and warm water in the core region. The
influence of temperature anomaly in the core area of mesoscale
eddies on TCs intensity has been widely studied (Shay et al., 2000;
Chanetal., 2001; Lin et al., 2005, 2008; Wu et al., 2007; Yablonsky
and Ginis, 2013; Walker et al., 2014; Jaimes et al., 2016; Ma et al.,
2017). In summary, it is agreed that the intensification occurs
when a tropical cyclone core encounters a warm anomaly (and
the opposite for a cold anomaly) due to enhanced latent heat
fluxes at the sea surface.

Compared with the concentrated researches on eddy
feedback to TCs, there have been relatively few literatures
about the influence of TCs on characteristics of mesoscale
oceanic eddies. Based on the merged satellite observation data,
Sun et al. (2014) probed into the effect of 15 super typhoons on
the strength, spatial area, and kinetic energy of CEs in the
Western North Pacific Ocean. They found that although the
typhoons may significantly impact CEs, such samples were
uncommon and only about 10% of CEs were significantly
influenced by these super typhoons. By comparing the energy
changes of CEs pre- and post-TC, Shang et al. (2015) found that
slow-moving TCs can promote the energy increase of CEs. Based
on numerical simulation, Lu et al. (2016) demonstrated that a
typhoon can affect CE by increasing its intensity and area, and
altering its 3D structure. The process from elliptical deformation
to re-axisymmetric deformation of CE was found. Lu et al. (2020)
further discovered that TCs can significantly disturb the strength
and structure of eddies. Using Argo profiles, Liu et al. (2017)
analyzed the response of the vertical temperature and salinity
elements in eddies to TC, and found that there was divergence
(convergence) of warm and fresh water in the surface of AEs
(subsurface of CEs). Liu et al. (2020) discovered the enhancement

Frontiers in Earth Science

02

10.3389/feart.2022.1057798

(weakening) of the surface of cold (warm) eddy by super typhoon
Mangkhut in the South China Sea of China. Some other studies
have revealed the importance of marine chemical elements such
as chlorophyll in eddies structure and their influence by TCs
(Benitez-Nelson et al., 2007; Chelton et al., 2011; Lin, 2012).
The above studies are mainly based on case studies and
model simulations, while a statistical explanation of the effect of
TCs on the three-dimensional structure of mesoscale oceanic
eddies is missing. Therefore, the purpose of this paper is to
investigate the impact of TCs on the three-dimensional structural
characteristics of CEs and AEs on the basis of statistical analysis
by satellite-based eddy information and Argo data. The data and
methodology are introduced in Inroduction presents the
statistical results with a summary provided in Inroduction.

2 Data sources and methods

The research area in this paper is selected between 40° north
and south latitude, covering part of the Pacific Ocean, Atlantic
Ocean, and the Indian Ocean (Figure 1), which is also the main
active area of TCs, especially in the western North Pacific, nearly
one-third of tropical cyclones are generated there (Gray, 1968).
Considering that the relative backwardness of satellite
observation technology and Argo profiles is limited in
quantity before this time, the time span is selected from

2001 to 2020.

2.1 TC information and satellite eddy data

The TC information including center position, maximum
surface wind and translation speed are derived from the
International Best Track Archive for Climate Stewardship
(IBTrACS; Knapp et al,, 2010). In this study, we focus on the
2001-2020 period, over which worldwide satellite coverage
provides the position and estimated maximum wind speed
every 6h for more than 2000 TCs between 40° north and
south latitude. Vincent et al. (2012) believed that during the
3-10 days before the storm, the ocean state was not affected by
the storm and could be regarded as the pre-storm state. In this
paper we define pre-TC as 5 days before the arrival of TC and
post-TC as 5 days after the departure of TC (Ma et al., 2020).

The mesoscale ocean eddy information is derived from the
delayed-time version 3.2 release of the Mesoscale Eddy
Trajectory Atlas product (Mason et al., 2014; Pegliasco et al.,
2022) provided by Archiving, Validation, and Interpretation of
Satellite Oceanographic data, available from January 1993 to
August 2021. The eddy is detected based on all-satellites merged
sea level anomaly fields at resolutions of 0.25 x 0.25°. The eddy
information includes the flow orientation (CEs or AEs),
amplitude, center position, days from eddy genesis, circulation
speed, radius, efc.
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The red dots in the figures denote the locations of all mesoscale eddies in contact with tropical cyclones between latitude 40 in the northern
and southern hemispheres from 2001 to 2020. (A,B) represent anticyclonic and cyclonic eddies respectively.

The TC-eddy interaction is defined to occur as their central
distance is equal to or smaller than the double eddy radius.
Considering the limited number of profiles that interact with TC
and exist within one time of the eddy radius, the conditions for
TC- eddy interaction are slightly relaxed here, the stricter
standard is that the center distance is less than or equal to the
eddy radius (Ma et al, 2017,2018,2021). When this eddy is
confirmed to be engaged with TC, all profile data including
pre- and post-TC will be counted. According to this definition, a
total of 613 eddies interact with TC are counted, including
278 cyclonic eddies and 335 anticyclonic eddies.

2.2 Argo profiles and CARS climatology

The vertical structure of mesoscale eddies is investigated by
using the profiles from Global Ocean Argo Scatter Dataset (V
3.0) (Liu et al,, 2021). The profiles are quality-controlled in the
delayed-time mode and provided by the international Argo
project free of charge. The time span of the data used in this
paper is from January 2001 to December 2020. Only the
pressure (P), temperature (T) and salinity (S) data marked
as GOOD (Argo quality mark 1) are kept in the analysis.
Besides, following Chaigneau et al. (2001) and Yang et al.
(2013), we operated stricter standards for the selection of
profiles. The selected profiles must meet the following
requirements: (1) The shallowest data are located between
the surface and 10 dbar pressure, and the deepest data are
collected below 1,000 dbar; (2) The pressure difference
between two consecutive records does not exceed the given
limit (Aziim), which depends on the considered pressure
(Aziim = 25dbar for 0-100 dbar layer; A, = 50 dbar for
100-300 dbar layer; Ay, = 100dbar for 300-1,000 dbar
layer); (3) Each profile contains at least 30 layers of valid
recorded data above the presure of 1,000 dbar, then all
configuration files were checked and edited manually. Any
suspect profiles with obvious errors in temperature or
salinity  records discarded. total of

was Finally, a
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6,097 profile data, distributed between 40° north and south
latitudes, were adopted and all located within one-time radius
of the eddies (Pre-TC: 1,239 profiles for CEs, 1859 profiles for
AEs; Post-TC: 1,238 profiles for CEs, 1761 profiles for AEs). All
the T/S profiles per 10 dbar were then linearly interpolated onto
101 regularly spaced vertical levels from the surface to
1,000 dbar. Here it is assumed that the temperature and
salinity of surface layer is consistent with them at depth of
10 (Chaigneau et al., 2011). At each vertical level, the dynamic
height (DH) relative to a reference depth of 1,000 dbar is also
calculated. As adopted in previous studies (Qiu, 1998; Qiu and
Chen, 2010; Chaigneau et al., 2011; Yang et al., 2013), pressure
of 1,000 dbar and below is considered to be no-motion as
geostrophic transport there is not sensitive to the choice of
reference level.

The CSIRO Atlas of Regional Seas 2009 (CARS 2009) was
made by the Commonwealth Scientific and Industrial Research
Organization and distributed in July 2009. It covers global
oceans plotted on a 1/2° longitude-latitude grid mesh. In this
study, the material is used to remove the climate trend from the
profile data, so as to obtain the anomalies of temperature,
salinity and dynamic height, and then to invert the structure
of eddies. According to the position given by the Argo profiles,
the data of each layer of CARS2009 is interpolated to the
corresponding position by bilinear interpolation, and the
more accurate climatic state of the position is obtained. The
formula for calculating the climate state of CARS2009 on a
certain day is (Ni, 2014; Dai et al., 2021):

Var = mean + an .,s X cos(t) + an g, X sin(t) + sa s X cos(2t)
+ sa g, X sin (2t)

1

day )

t=2n—=

where Var is the three-dimensional climatology temperature
(salinity) data; mean, an s, angn, SA s, and sa g, are global
three-dimensional fields provided by CARS 2009; and t
represents the day of the year.
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FIGURE 2
(A-D) present the vertical distribution of temperature (red lines), salinity (blue lines) and density (black lines) before and after the eddies engage
with tropical cyclones by using ARGO data within one radius of the eddies. (A,B) respectively denote the vertical distribution of the anticyclonic
eddies (AEs) pre- and post-tropical cyclones (TCs). (C,D) respectively denote the vertical distribution of the cyclonic eddies (CEs) pre- and post-TCs.
The solid lines represent the average value and the shaded areas represent standard errors which are calculated as the standard deviation
divided by the square root of each sample size.
Pre-TC Cyclonic Eddy Post-TC Cyclonic Eddy
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1 - 3
2
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3
FIGURE 3
Temperature anomaly (in °C) of composite CE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.
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FIGURE 4
Temperature anomaly (in °C) of composite AE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.
2.3 Calculation of dynamic height, pxp o LY )
geostrophic velocity and eddy kinetic N
energy

The eddy kinetic energy (EKE) is defined as the average value

f the eddy kineti .
The geostrophic current anomaly V' (v, v') was derived from OF The eddy Mnetc encrgy

the dynamic height anomaly H'. The dynamic height H is
computed as follows:

2.4 Definition and calculation of barrier
Py
H=| aap 3 laver
PO
The presence of barrier layer (BL) is defined if the isothermal

where « is the specific volume, Py is the reference level, and P | < thicker than the mixed . Its thickness is calculated
represents the pressure. The reference depth is 1,000 dbar in this ayet _IS feiet than fhe mlx.e aver. 7 Tuekness is < c arecas
the difference between the isothermal layer and the mixed layer

study. The dynamic height anomaly H' can be obtained by following De B Montegut et al. (2007)
ollowing De Boyer Montegut et al. :

subtracting CARS2009 climatological data at the same
longitude and latitude on the same day from the in situ BLT = ILD-MLD 8)

temperature and salinity data. The formula for calculating
where BLT is barrier layer thickness, ILD is isothermal layer depth,

and MLD is mixed layer depth. For the Argo dataset, MLD is defined

geostrophic current anomaly V' (/, v/) is as follows:

, 1 o0H' as the depth where the density (p) had increased by 0.125 kg m ™

v _? dy ) when compared to surface density (py; Girishkumar et al., 2014;

. 1 2H' Levitus, 1982; Ye et al,, 2019). The ILD is calculated as the depth

V= Tf ox ®) where temperature has decreased by 0.5 °C from a 5-m reference

depth (Levitus, 1982; Bosc et al., 2009; Girishkumar et al., 2014; Ye

V= (”’)2 + (V) (©) etal, 2019). After conducting experiments by using different criteria

for calculating ILD and MLD, Steffen and Bourassa (2018) found

where u' and V' are the zonal and meridional components of V/, that TC-induced changes to BL characteristics are qualitatively

respectively; and f is the Coriolis parameter (Here, we choose consistent regardless of the threshold criteria. Based on the

Coriolis force of 20° north and south latitude as the mean value of ARGO profile data obtained within one-time radius of eddies

interpolation area). The dynamic height anomaly H’ was and the definition of barrier layer, we compare the barrier layer
computed from the temperature and salinity field. thickness of CEs and AEs pre- and post-TC.
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Vertical sections of the temperature anomaly of the composite (left) CE and (right) AE at AY = 0.

3 Statistical result analysis

On the premise that the eddy has a similar three-dimensional
structure (Zhang et al., 2014), this paper uses a method similar to
that used in previous studies (Chaigneau et al., 2011; Souza et al,
2011; Yang et al., 2013; Zhang et al., 2016) to reconstruct the three-
dimensional structure of the eddy’s temperature, salinity, and
geostrophic velocity. For each eddy, we search the Argo float
profile located within its radius, and calculate the relative distances
AX and AY of each Argo profile from the eddy center located at
AX=AY=0, then normalize the obtained AX and AY according to
the eddy radius. For Argo profiles, temperature, salinity and
dynamic height anomaly profiles are calculated by removing
the daily mean climatologic profiles of CARS 2009. Then all
these anomaly profiles are transformed into eddy-coordinate
space (AX, AY) and mapped onto grids using an objective
interpolation scheme (inversed distance weighting (IDW)
interpolation; Barnes, 1973). Following previous researches
(Chaigneau et al,, 2011; Yang et al, 2013), if the data exceeds
more than 3 times the interquartile spacing of the first or third
quartile, the data will be regarded as outliers and discarded. The
depth meter and pressure shown in the text are simply converted.

3.1 Pre-TC average vertical anomaly
characteristics of eddies

According to the definition and method described in Pre-TC
average vertical anomaly characteristics of eddies, the vertical
average temperature, salinity and density anomalies of the CEs
and AEs pre- and post-TC (Figure 2) are obtained by
the selected ARGO profile data the
corresponding stratification for averaging and subtracting the

interpolating to
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climate state of the corresponding position. Figures 2A,C
respectively present the typical average vertical distribution
characteristics of temperature, salinity and density anomalies
of AEs and CEs without the influence of TC. Temperature,
salinity and density demonstrate opposite abnormal signals in
CEs and AEs. In the upper ocean of 0-100 m, the positive
temperature anomaly of AEs is more obvious than the
negative temperature anomaly of CEs, and the temperature
anomaly of CEs shows a close relation to positive signal at the
surface layer, which may attribute to the stronger solar radiation
in the middle and low latitudes. Due to the influence of radiation,
a large amount of heat accumulates on the surface of the water,
and there may be barriers layers and other factors in some areas.
The existence of this surface salinity barrier hinders the
downward transport of substances other than heat, then the
phenomenon of temperature inversion appeared (Vialaed and
Deleduse, 1998; De Boyer Montégut et al, 2007; Foltz and
Mcphaden, 2009; Wang et al., 2011; Rudzin et al., 2017). The
temperature anomalies of CEs and AEs gradually increase from
the surface to the subsurface layer, with the maximum values
appearing at the depth of 100-200 m. The salinity anomaly has
opposite fluctuations at the upper 100 m, but at the depth below
200 m, the overall performance is normal, that is, the fluid body
in CEs is characterized by low temperature, high salinity and high
density, while the fluid body in AEs is characterized by high
temperature, low salinity and low density (Chaigneau et al., 2011;
Yang et al., 2013; Zhang et al., 2016; Dai et al., 2021).

3.2 Temperature anomaly structures

Figure 3 shows the transformation in the temperature
anomaly of cyclonic eddies (CEs) from the surface layer to
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FIGURE 6
Salinity anomaly (in psu) of composite CE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.
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FIGURE 7
Salinity anomaly (in psu) of composite AE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.

Post-TC Cyclonic Eddy

the bottom layer pre- (Left) and post-TC (Right). As can be seen
from the Figure 3, under the influence of TC, the negative
temperature anomaly signal undergoes two enhancement
processes from the surface layer to the bottom layer. The
temperature drops obviously from the surface layer to the
depth of 300db, and the cooling rate and amplitude
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gradually increase from the surface layer to the maximum
value of -1°C at the depth of about 100 db (recall Figure 2D).
It is still obvious that the temperature drop from 100 db down
to the depth of 300db, but the cooling amplitude is reduced to
less than 0.5°C. However, the cooling area is not limited to the
upper ocean, and a significant temperature drop at the depth of
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Vertical sections of the salinity anomaly of the composite (left) CE and (right) AE at AY = 0.

300-700 db still exists. From the depth of 700db-1000 db at the
bottom of our selected research scope, it seems that the
temperature in the eddies did not change and was not being
remarkably affected. For anticyclonic eddies (AEs, Figure 4),
the positive temperature anomaly signal experienced a process
of weakening from the surface layer to the enhancement process
at the middle layer. Under the influence of TC, a significant
cooling effect demonstrated in 100-200db, the cooling rate and
range gradually increased from the surface layer, reaching a
maximum of -1.2°C at approximately 120 db (recall Figure 2B).
The cooling rate slowed down below this depth, and the
temperature at about 250 db had been close to the state
before TC came. Down from 250db, the positive temperature
anomaly had been even more obvious than that before TC
came. From 250 db to about 500db, the maximum temperature
rise was reached, and the temperature rise rate between 500 and
700 db gradually decreased, 700 db to the bottom layer, the
temperature anomaly gradually approached zero. Judging from
the abnormal temperature of composite AE and CE pre- TC, the
extreme center of abnormal temperature tended to be at the
center of grid AX=AY=0, while the extreme position had a
relatively obvious deviation after engaging with TC. This may
mean that the structure of the eddy especially above 200 db is
actually greatly deformed by the TC and is not recovered at least
for a short period of time. In the thermocline layer (50-150 m),
from the cooling range of CE after being affected by TC, it can
be inferred that the area influenced by temperature anomaly has
increased significantly compared with that before TC came,
while the situation of AE is on the contrary, indicating that the
strength of CE has been enhanced by TC to some extent, while
AE has been weakened. These changes in CEs (AEs) were due to
the and horizontal

magnitude pattern of upwelling
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(downwelling), and the dynamic processes of eddy

adjustment (Lu et al.,, 2016).

The vertical sections of temperature anomaly of the
composite CE and AE pre- TC at AY
separately in Figure 5. Interestingly, the composite CE show

= 0 are shown
a clear dual-core vertical structure and this phenomenon is not
very obvious in composite AE. The core in the upper layer of the
eddy is at 50-150 m and in the deeper layer is 300-600 m. The
temperature anomaly of core in the upper layer is stronger than
that in the lower layer. The same findings appeared in previous
studies (Yang et al,, 2013; Dai et al.). In these studies, this dual-
core structure is related to the low-potential vortex North
Pacific subtropical modal water (STMW) in the main
thermocline, which can be explained by the interaction of
the eddy with the subtropical modal water. The presence of
STMW divides the main thermocline into upper (<200 m) and
lower layers (300-600 m). The eddy signal is usually stronger in
shallow water, so the vertical fluctuation of the isotherm caused
by eddy is more pronounced in the upper thermocline than in
the lower thermocline (Yang et al., 2013; Ni, 2014). For CEs, the
upwelling in the eddy makes the capacity of thermocline
protrusion more significant, and the effect on the upper
thermocline becomes more obvious. Therefore, the upper
and deeper thermocline are more separated, which makes
the upper and deeper cores more conspicuous. In AEs, the
effect of downwelling makes the thermocline concave
downward, thus the upper and lower thermoclines become
closer in space and no obvious dual core structure can be seen.
The Northwest Pacific region is an important TC active region,
and the frequency of TC-eddy interaction is very high.
Compared with other oceans, the number of samples
obtained in this region accounts for the highest proportion,
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FIGURE 9
Dynamic height anomaly (in m) of composite CE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.
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FIGURE 10
Dynamic height anomaly (in m) of composite AE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.
so the overall characteristics obtained are also in line with layer, which was originally low in temperature, showed a certain
previous scholars in this region. temperature recovery, and the temperature in the part above
Under the effect of TC vertical mixing and enhanced heat 50 m tended to be consistent. From the depth above 200m, the
exchange at the air-sea interface, after the slight positive temperature of the original upper temperature anomaly core of
temperature anomaly originally existed in the CE surface layer the composite CE and AE was been greatly reduced due to the
was mixed with the lower layer of cold water, the subsurface influence of TC. The specific manifestation is that the cold core of
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FIGURE 11

Horizontal fields of geostrophic velocity anomaly (vectors indicate flow directions only; color shading indicates the magnitude of the speed) of
the composite CE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.
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FIGURE 12
Horizontal fields of geostrophic velocity anomaly (vectors indicate flow directions only; color shading indicates the magnitude of the speed) of
the composite AE at 10, 50, 100, 150, 200, 300, 500, 700, 900 dbar.

CE showed more obvious, while the original warm core of AE
was no longer significant or even tended to disappear. However,
the second core located at the underlayer 300-600 m seems to be
enhanced, and the negative abnormal signal of the cold core in
CE and the positive abnormal signal of the warm core in AE
became more obvious. Here, a heat pump effect similar to the
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common effect of TC on sea surface temperature (SST) appeared.
The abnormal signal in the upper layer propagated downward
under the influence of TC, and remained inside the eddy after the
TC. The tubular structure of the eddy acted as the “amplifier” for
this effect, thus this kind of abnormal signal can be transmitted to
the lower parts of the eddy structure, which further indicates that
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The difference of the average eddy kinetic energy (EKE) of
each layer (post-TC minus pre-TC). Blue lines represent CE, red
lines represent AE.

the effect of TC on the eddy may not be limited to the upper
ocean.
However, compared with the heat pump effect
corresponding to the influence of TC on the temperature of
subsurface layer, the propagation depth of abnormal signals in
the eddy is deeper, obviously reaching the middle layer of the its
structure and located below the thermocline, and it shows

similarities between CE and AE.

3.3 Salinity anomaly structures

The transformation in the salinity anomaly of CEs from the
surface layer to the bottom layer pre- TC can be seen in Figure 6
(Left). In CE, the salinity anomaly signal shows the
characteristics of negative-positive-negative distribution from
the surface to the bottom. From the surface to the depth of
100 db (about the middle and lower part of the salinity
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thermocline), the salinity anomaly signal has a large turning
point. From 100 db down to the depth of about 400db, the
negative anomaly signal of salinity continues to increase and
reaches the maximum value of about -0.12psu (recall Figure 2C)
and gradually weakens at the depth of 400 db until it nearly
disappears at the bottom. The salinity anomaly signal has a
weak negative value in the surface layer of AE (Figure 7, Left),
and a turning point occurs in the shallower subsurface layer.
The anomaly shows a positive value as a whole from the depth
of 100 db down, and its maximum positive anomaly signal
(about +0.065psu) is close to the depth of the maximum
negative salinity anomaly in CE, which is about 400 db. The
abnormal signal of 400db downward gradually weakens.
Whether in CE or AE, the depth of the extreme value of
than that of
temperature anomaly. The change of salinity anomaly signal

salinity anomaly appears to be deeper
above 200 db seems to have little fluctuation under the influence
of TC, and the phenomenon that this signal is enhanced can be
clearly seen in both CE and AE between 200 and 500 db depth
(Figures 6, 7, Right). Moreover, the amplified intensity of this
salinity anomaly signal in CE seems to be higher than that in
AE. The enhanced signal attenuates quickly below 500db, and a
weaker opposite signal begins to appear below 700 db.

The vertical sections of salinity anomaly of the composite CE
and AE pre- TC at AY = 0 are shown separately in Figure 8. In the
range of 250-500 m, before the influence of TC, a clear
mononuclear structure can be seen in the salinity anomalies
of CE and AE. At 10-100 m, salinity had a positive anomaly
approximately 0.08. The negative anomaly is the upward
movement of water caused by CE that raises the low salinity
North Pacific mid-level water (NPIW) and then reduces the
salinity of the water above it. Then the subsurface hypersaline
North Pacific Tropical Water (NPTW) was also uplifted,
resulting in anomalous positive surface salinity (Yang et al,
2011; Dai et al.,, 2021). The salinity patterns of the composite
AEs feature an almost opposite vertical structure from CEs. Slight
negative salinity anomaly at the surface may be the input of
outside fresh water (Qiu, 1998; Li and Wang., 2012). Under the
influence of the sinking effect of AE, the deepening of the NPTW
produces large positive salinity anomaly in the entire subsurface
layer, while the deepening of the NPIW in turn produces weak
negative anomaly signal in the deeper layer.

The vertical mixing of TC makes the negative anomaly
signal of surface salinity disappear, and the overall salinity of
seawater above 100 m in CE shows positive anomaly. At the
depth above 50 m in AE, the original slight negative salinity
anomaly has a deeper change. From 100 m down to the depth of
200 m, affected by the positive salinity anomaly signal in CE
above 100 m, the original negative anomaly signal in this layer is
weakened, and the salinity anomaly of the whole layer shifts to a
positive value.

However, the positive and abnormal signals of AE in this
layer are weakened. As described in Salinity anomaly
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The boxplots in (A—C) denote the barrier layer thickness (BLT), isothermal layer depth (ILD), and mixed layer depth (MLD) of CE pre- and post-
TC. (D—F) correspond to the relevant variables of AE. On the right side of each box diagram is the probability density distribution of the corresponding
sample. The numbers in the figure represent the size of the 50th percentile. The difference between two adjacent groups is statistically significant

above the 99% confidence level based on the Student's t test.

structures, a similar effect is applied to the feedback of
salinity anomaly we obtained here. Anomalous signals from
the upper layers propagate downward and make the
anomalous signals appear to be amplified at 250-600 m.

3.4 Dynamic height and geostrophic
velocity anomaly structures

Figure 9 shows the variation of the dynamical height of
the composite CE at different layers. Under the influence of
TC, the dynamic height from the surface layer to the depth of
500 db has changed obviously. This negative abnormal
signal is more obvious above the depth of 100db, and the
signal intensity decreases with the increase of depth,
which reflects the enhancement effect of TC on CE to some
The height in the
vertical stratification of AE (Figure 10) can be divided

extent. change of dynamic
into two steps. Above 150db, this positive abnormal
signal is weakened, and around 200db-500db, it can be
seen that the signal seems to be enhanced to a certain
that  the

proportional to the inverse of the density, it seems

extent. Considering specific ~ volume is
reasonable to obtain such a result in combination with the
changes of temperature and salinity in CE and AE after being

affected by TC.
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According to the obtained dynamic height distribution and
the calculation formula of geostrophic flow, we inverted the
flow field of composite CE (Figure 11) and AE (Figure 12) at
different layers. The eddy center of CE shifted to a certain extent
after being disturbed by TC, and is roughly located at the lower
left of the original center of the grid, while the center of AE still
seems to remain close to the center of the grid. In the horizontal
direction, the velocity is weakest at the eddy center and
increases with distance from the center. The flow velocity
has a certain asymmetry around the center of the vortex,
and there exists a large flow velocity disturbance at the edge
of the grid, which may be caused by the forcing of the TC wind
field. From the perspective of eddy kinetic energy (EKE,
Figure 13), it can be seen that the energy of CE
increased from the surface layer to the bottom layer after
being affected by TC. The increase is most obvious in the
surface layer, and the energy gradually decays downward.
The performance of EKE in the upper layer of AE is almost
opposite to that of CE. Above the depth of 300 m, the overall
eddy kinetic energy of AE is attenuated compared with that
before the impact of TC. The energy increase in the surface layer
may be caused by the disturbance of TC at the edge of the grid
which leads to the increase of velocity. Between 300 and 600 m,
the EKE of AE has a certain increase. This is because the
geostrophic velocity is affected by the change of the
temperature salinity structure between the layers, resulting in
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a heat pump-like effect in the middle layer of the AE flow field
structure.

3.5 Response of barrier layer thickness
inside eddy

Many previous scholars (Steffen and Bourassa, 2018; 20205
Zhang et al., 2022) studied the response of the barrier layer under
the condition of TC. Here we focus on the changes of the barrier
layer inside the eddy. The boxplots in Figure 14 clearly show the
changes of the barrier layer thickness (BLT), isothermal layer
depth (ILD), and mixed layer depth (MLD) before and after the
influence of TC. The thickening trend of the BLT is consistent in
both CE and AE. Although both ILD and MLD increased under
TC forcing, the ILD was obviously more sensitive to the
perturbation, resulting in an eventual thickening trend of the
BLT. The trend of this type of thickening is consistent with the
results obtained by previous study (Zhang et al., 2022). By
comparing the BLT in CE and AE, it can be found that the
BLT in AE was thicker, because the sinking effect of eddy current
in AE made the IL deeper, while the lifting effect of eddy current
in CE made the IL shallower. Generally speaking, the change of
BLT caused by TC has little difference between AE and CE.

4 Conclusion and discussion

The interaction between oceanic mesoscale eddies and TCs
have attracted increasing attention in recent years. Previous
studies have found a significant role of the eddy in
modulating the TC-induced oceanic response as well as their
feedback to the intensities of TCs (Shay et al., 2000; Chan et al.,
2001; Lin et al., 2005, 2008; Wu et al., 2007; Yablonsky & Ginis,
2013; Walker et al., 2014; Jaimes et al., 2016; Ma et al., 2017).
However, current knowledge of how the three-dimensional
characteristics of eddies are determined by TCs is still limited.
In this study we investigate the TC-induced changes in eddy
three-dimensional characteristics in combination with satellite-
based eddy information and Argo data.

While TC forcing brings cooling and desalination to the eddy
surface, it seems to stimulate a heat pump-like effect, and the
abnormal signals originally existing in the eddy surface are
amplified in the subsurface and middle layers. The effect
travels far deeper in the eddy than we thought, and the tube-
like structure of the eddy appears to act as an amplifier. This also
shows that the influence of TC on the deep structure of the eddy
is not limited to the surface layer.

This study stresses the significant effects of TCs on
modulating the eddy three-dimensional characteristics, and
a heat-pump-like phenomenon is found in the eddy response
to TC forcing. Limited by the shortage of the observation
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data of mesoscale eddies in the deep ocean, the flow field
structure in the deep ocean cannot be more realistically
inverted and it is hard to explore whether this change in
the middle and lower structure is permanent or not. It is
believed that with the further development of ocean
observation technology in the future, the ocean data will be
more abundant and the exploration of eddy structure will be
more complete.
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