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Ocean mesoscale eddies contribute significantly to water transport on a global
scale, constituting the ubiquitous, irregular, discrete, nonlinear components. In this
manuscript, we propose to explore whether and how the topographic effect of one
meridional ridge, could exert considerable influences on the evolution and propagation
of mesoscale eddies through their life cycle, directly from the perspectives of real
observation statistics. We systematically investigate the known variability of mesoscale
eddy trajectories, derived by multimission satellite altimetry from 1993 to 2018, of a life
cycle more than 6 months, over the Izu-Ogasawara Ridge, and quantitatively examined
the eddy-ridge interaction by observation statistics and wavelet coherence map, with
respect to the intrinsic attributes, namely, the amplitude, the rotation speed, the radius.
Due to the spatial-temporal diversity, a series of correlative steps have been particularly
designed along time-frequency domain to trace back mesoscale eddy trajectories in a
variety of origins, location, lifespan, polarity, either completely or partially passing over
the ridge, and to facilitate the standardization in statistics across three phases of their
life cycle, i.e., before, during and after the interaction with the ridge. It has been revealed
in our experiment that three intrinsic attributes of mesoscale eddies within 25 years,
all demonstrated noticeable correlation with the variation of topographic relief over the
ridge. We observed that most of the cyclonic eddies obviously tended to begin to decay
or even demise, while on the contrary, some of the anticyclonic eddies preferred to
intensify slightly, or making no significant difference when encountering the upslope until
climbing across the top, basically consistent with the expectation of potential vorticity
(PV) conservation. The drifting velocity agreed with the tendency that the direction would
be more probably modified toward equatorward or poleward by forcing to meridional
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component, with zonal component reduced at the beginning. The mesoscale eddies
with the passage over the ridge exhibited the relatively high average horizontal scales,
amplitude, rotation speed on the whole, compared to those with only partially passage.
The developed scheme could integrate more evidences on how mesoscale eddies
response to the topographic effects during their time-varying evolution and propagation
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process, and help provide opportunities to potentially identify and predict the underlying
dynamic patterns and mechanisms that mesoscale eddies engage in ocean dynamics
when proceeding toward meridional ridges on a global scale, with the promise of
the end-to-end data-driven solution, such as deep learning architecture involved in

the future.

Keywords: ocean mesoscale eddies, topographic effects, wavelet analysis, life cycle, satellite altimetry, eddy-
ridge interaction, lzu-Ogasawara Ridge

INTRODUCTION

Ocean mesoscale eddies, with typical horizontal scales of less
than 100 km and timescales on the order of months, constitute
one of the most essential and fundamental components of water
transport on a global scale (Sarangi, 2012; Frenger et al., 2013;
Zhang et al., 2014, 2018, 2019, 2020; Shu et al, 2018). It is
of great scientific importance to quantitatively investigate the
known variability of ocean mesoscale eddies through life cycle.
On this basis, we could integrate evidences on the spatio-
temporal responses to manifold intrinsic and external origins
during their evolution and propagation. It could also help provide
opportunities to potentially identify and predict the underlying
patterns and mechanism that mesoscale eddies involve, in ocean
dynamics, or the related biological and chemical processes.

For decades, evidences have been shown that the life cycle
evolution and trajectories of mesoscale eddies would be to some
extent affected by the topographic effects when encountering with
mid-ocean ridges, seamounts, bottom slopes, or over a variety
of topography (Sekine, 1989; Jacob et al., 2002; Sutyrin et al.,
2011; Torres and Gomez-Valdes, 2017). The eddy-seamount
interaction has been examined in a variety of quasi-geostrophic
and multi-layer primitive equation settings, as well as in
laboratory experiments (Adduce and Cenedese, 2004; Nycander
and Lacasce, 2004; Sutyrin et al., 2008, 2011). The evolution of
eddies near a topographic obstacle depends on the bathymetric
gradients, which can be treated as background potential vorticity
(PV) gradient, and on the vorticity of these eddies. This provides
several general predictive rules (Kamenkovich et al, 1996;
Beismann et al., 1999; Thierry and Morel, 1999; Morrow et al.,
2004; Hu et al., 2012; Falcini and Salusti, 2015): (1) When the
column PV and the topographic PV are conserved (f-plane), and
if the topography is smooth, vortex column squeezing leads to the
decay of relative vorticity for cyclonic eddies, while the column
stretching leads to the intensification, with strong barotropic
component of the eddy, conversely, for anticyclonic eddies. (2)
If the topographic gradient is strong but regular, topographic
Rossby wave may scatter the lower PV and lead to the vortex
compensation at the surface. (3) When the column PV and the
planetary PV are conserved (B-plane), cyclones and anticyclones
will have different meridional propagation. (4) When PV is not
conserved because of the bottom friction, irregular topography
will lead to the erosion of the vortex. Apart from the theoretical
understanding, the survey from available real observation still
remains incomplete.

The northwestern subtropical Pacific Ocean (NWSTP) could
be considered to be one of the most convoluted bottom

topography area in the ocean (Qiu and Lukas, 1996; Qiu and
Miao, 2000; Ohara et al., 2007; Jing et al., 2011; Rudnick
et al., 2011; Yuan and Wang, 2011; Li and Wang, 2012; Yang
et al.,, 2013). Trodahl and Isachsen (2018) suggested from the
calculation of a nonlinear eddy-permitting ocean model hindcast
that the time-mean currents could be strongly guided by bottom
topography in the northern North Atlantic and Nordic seas,
where baroclinic instability constitutes a consistent source of the
mesoscale eddy field but topographic potential vorticity gradients
impact unstable growth significantly, and the topographic effects
has been systematically observed on finite-amplitude eddy
characteristics, including a general suppression of length scales
over the continental slopes. Thara et al. (2002) developed a two-
layer primitive ocean model with a submerged ridge that mimics
the Izu-Ogasawara Ridge and divides Philippine Basin in the west
and the Pacific Basin in the east, suggested that the baroclinic
eddies may be generated owing to nonlinearity through the
interaction between the basin-wide response to seasonal winds
and the localized bottom topography, and believed that the
possible link between the eddy generation and the seasonal
variation will shed new light on the predictability on the Kuroshio
meandering. Ebuchi and Hanawa (2001) investigated trajectories
of mesoscale eddies in the kuroshio recirculation region with
sea surface height anomaly, and it seemed to be crucially
affected by the bottom topography around Izu-Ogasawara Ridge
region, where most of eddies pass through the gap between the
Hachijojima Island and Ogasawara (Bonin) Islands, and in the
region south of Shikoku and east of Kyushu, some of the eddies
coalesce with the Kuroshio, which may trigger the path variation
of the Kuroshio.

We hope to look into the interaction between the variation
of mesoscale eddies in history through real observation
and the topographic effects, when proceeding toward the
meridional ridge Northwestern Pacific Ocean, Izu-Ogasawara
Ridge. Kamenkovich et al. (1996) have examined the influences
of one meridional ridge, Walvis Ridge, on the dynamics of
Agulhas eddies, in a series of numerical experiments with a two-
layer primitive equation model, differing vertical structures of a
specified intensity in the upper layer and a prescribed horizontal
scale, and found significantly baroclinic eddies could go cross the
ridge, but barotropic or near-barotropic ones could not. Eddies
with the characteristics and dimensions of Agulhas rings did react
to crossing a ridge, exhibiting an intensification in the form of
a deeper thermocline and a heightened sea surface amplitude
just before reaching the ridge. Beismann et al. (1999) applied the
quasi-geostrophic model to investigate the topographic influence
of a meridional ridge on the translatory movement of Agulhas
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rings, with the vertical ring structure, the initial ring position,
and the height of the ridge varied, and found that the general
northwestward movement of the model eddies has been modified
toward a more equatorward direction by encountering the
upslope of the ridge, even forced toward a pure meridional
movement for the sufficient topographic heights and strong
slopes. The vertical coherence lost during the translation of the
eddies, due to the possible rectification of radiated Rossby waves
at the topographic slope. Strong, shallow eddies over deep lower
layers can cross the ridge without strong modification of their
translatory movement. Thierry and Morel (1999) investigated
the influence of steep topography on the propagation of a
surface intensified vortex in a two-layer quasigeostrophic model,
with the planetary beta effect taken into account, and found
the steep topography could scatter disturbances created by the
upper-layer vortex displacement and maintain the lower-layer
motion weak. The numerical experiments showed that both
the steep topography and reduced-gravity trajectories remained
close up to a large radius, after which a vortex above a strong
slope became unstable and was dispersed by a signature of
topographic Rossby waves.

We try to further extend the research scope of the topographic
effect on the meridional ridge, into the real observation statistics
of mesoscale eddy trajectories, directly retrieved from the satellite
altimeter and bathymetric digital elevation, with the promise of
the end-to-end data-driven solution. It has been noted that most
commonly applied time series approaches, such as bootstrapping
regression models (Freedman, 1981), rolling window regression
(Su et al, 2019b), and auto-regressive distributed lag (ADL)
model (Shahbaz et al., 2015), often only consider one single or
several independent predictive elements, and tend to ignore the
combined effects of the complex structures, while the classic
correlation calculation, is only suitable for studying relatively
short-term time series and severely limited to stationary series.
Wavelet analysis is a mathematically basic tool for analyzing
localized intermittent periodicities within non-stationary time
series (Daubechies, 1991; Torrence and Compo, 1998; Labat,
2005), which could optimally describe the occurrence of transient
events, and well adapt to conditions where the amplitude of
the response varies significantly in non-stationary time series
(Meyers et al., 1993; Steel and Lange, 2007; Pineda-Sanchez
et al.,, 2013; Li et al., 2015; Rhif et al., 2019; Su et al., 2021a).
As the extended usage of wavelet transform, wavelet coherence
(Maraun and Kurths, 2004; Reboredo et al.,, 2017; Su et al.,
2019a, 2020, 2021b; Tao et al., 2021) and phase difference
(Aguiar-Conraria and Soares, 2011; Nian et al, 2021a,b; Su
et al.,, 2021c,d) can be utilized to recognize whether two time
series are quantitatively linked by a certain correlation even
causality relationship.

Recently, machine learning (ML), has become one of the
most powerful tools in the field of multivariate multi-step time
series prediction (Hochreiter and Schmidhuber, 1997; Geurts
et al., 2006; Sapankevych and Sankar, 2009; Box et al.,, 2015;
Hu and Zheng, 2020; Nian et al., 2021c). Deep learning could
be regarded as one of the hottest topics in the context, and all
kinds of most emerging and advanced algorithms have been put
forward and made progresses (Hinton and Salakhutdinov, 2006;

Krizhevsky et al,, 2012; Goodfellow et al., 2014; He et al,
2016; Huang et al., 2017; Wan et al., 2019), such as Recurrent
Neural Network (RNN) (Elman, 1990; Lipton et al, 2015;
Braakmann-Folgmann et al, 2017; Qin et al, 2017) and
Long Short Term Memory (LSTM) (Kalchbrenner et al., 2015;
Shi et al, 2015; Greff et al, 2016; Zhang et al., 2017;
Shi and Yeung, 2018; Wang et al, 2021; Gangopadhyay
et al, 2021; Nian et al, 2021b). We expect to establish a
comprehensive predictive model of mesoscale eddy trajectories
toward meridional ridges on a global scale in the future,
coupling with the topographic effects, via deep learning. So
in this manuscript we try to evaluate the possible responses
of mesoscale eddies to manifold attributes, particularly the
topography effects onto one meridional ridge, from both the
real observation statistics and wavelet coherence map, which
might help collect evidences to identify the fundamental roles
of mesoscale eddy attributes, so as to adaptively select from
the relevant indices that dominantly correlative with the time-
varying process through life cycle, to further feed into deep
learning architecture.

In this manuscript, taking the Izu-Ogasawara Ridge in
Northwest Pacific Ocean as an example, we retrieve daily
mesoscale eddy attributes and the integrated bathymetric digital
elevation in the study area, from AVISO satellite altimeter
and ETOPOI, respectively, and systematically investigate the
variation of mesoscale eddy trajectories, of a life cycle more
than 6 months, to discover the possible expression of the
topographic effects with and without passage over the ridge.
We employ temporal regularity, spatial normalization, range
expansion, to identically align into a standardized representation.
We observe the evolution and propagation process of mesoscale
eddies in history through life cycle, and quantitatively examine
the eddy-ridge interaction by both observation statistics and
wavelet coherence map, from multiple perspectives, namely
the amplitude, the rotation speed, and the radius. This will
also help establish a complete machine learning framework
for multivariate time series, including the amplitude, rotation
speed, radius, the latitude and longitude at the geographical
location, the zonal displacement and meridional displacement,
and the variation of the bathymetric topography, which would
possibly behave as the potential input vectors when we attempt
to determine the comprehensive predictive patterns of mesoscale
eddy variation toward meridional ridges.

The remainder of the manuscript is organized as follows:
Section “Data and Methods” describes the access of the time
series about both topography and mesoscale eddy trajectories
referred, the steps of mathematical statistics in our study, the
basics in wavelet coherence. Section “Results” quantitatively
and systematically investigates the interaction between the
variation of mesoscale eddy trajectories in history and the
topographic effects, and exhibits the experimental results. Section
“Discussion” suggests the potentially mutual relationships among
manifold intrinsic and external attributes including topography
effects, which would help develop deep learning architecture
for the potential prediction of mesoscale eddy trajectories.
Finally, the conclusions are drawn in Section “Summary
and Conclusion”.
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DATA AND METHODS

Mesoscale Eddies in the Izu-Ogasawara
Ridge

The mesoscale eddy trajectory atlas, retrieved from AVISO
satellite altimeter by Chelton et al. (2011), is of 1 day time-
resolution, provides the amplitude, the radius, the rotation speed,
the life cycle, and the longitude and latitude generated for the
mesoscale eddies within the spatial range of the global ocean
(excluding 2°S-2°N), and retains only mesoscale eddies with
lifetime of more than 4 weeks, which contains 179, 127 cyclones
and 173, 245 anticyclones from 1993 to 2018. Our study area
refers to 130°E-170°E, 20°N-35°N, as is shown in Figure 1,
with location the marked in the red rectangle. 74 mesoscale eddy
trajectories across the Izu-Ogasawara Ridge from east to west,
of a life cycle more than 6 months, have been systematically
and statistically investigated, to explore the potential spatio-
temporal correlation with the topographic effects, where five
mesoscale eddies that are odd and eccentric in trajectories have
been discarded. Among the rest 69 mesoscale eddy trajectories,
32 of them completely pass through the ridge from east to west,
and 37 of them only partially leap over one side of the ridge
and then demise inside it. The records of the amplitude offer the
difference between the extreme value of the sea surface height
(SSH) and the average value of the SSH within the mesoscale
eddy. The radius refers to the circle with area equal to that within
the closed contour of SSH in each eddy that has the maximum
average geostrophic speed. The rotation speed is defined as the
maximum of the average geostrophic speeds around all of the
closed contours of SSH inside the eddy, while the life cycle is the
number of days from the first to the last detection date. Table 1
is the statistics of mesoscale eddies in the STCC from 1993 to
2018. Table 2 displays the statistics of 69 mesoscale eddies in
study from 1993 to 2018. Table 3 lists the seasonal and polarized
statistics of all the mesoscale eddies over the principal ridge
region (139°E-143°E, 25°N-32°N) from 1993 to 2018.

The topography of Izu-Ogasawara Ridge has been retrieved
from ETOPOI, the global integrated bathymetric-topographic
digital elevation model (DEM), to discover the potential
topographic effects on mesoscale eddies, with the terrestrial
topography and ocean water depth provided, at the highest
resolution, as a grid-registered, 1 arc-minute grid that spans from
pole to pole and from —180° to 180° in longitude. The Izu-
Ogasawara Ridge is located in the northwest of the Philippine
Sea, which occupies a large part of the Northwest Pacific,
and the Philippine Sea Plate forms its seafloor topography,
long from north to south, narrow from north to south, at
a large water depth, with a variety of islands, ridges, ocean
basins, deep trenches, and other topography. The range of Izu-
Ogasawara Ridge starts from Nagoya, Honshu, Japan to the
southern area of Tokyo, and the open ocean constitutes the
Ogasawara-Iwo Jima arc. Along the eastern side of the ridge
runs the Izu-Ogasawara Trench, with the maximum depth deeper
than 9,000 m, and to the western of the ridge, there is flat
Shikoku Basin, the depth of which ranges approximately from
4,000 to 5,000 m. According to the former studies based on

the observational data, the vertical scale of the mesoscale eddies
could reach about 1,000 m in the region around the ridge (Zhang
et al,, 2013). On the other hand, the water depth along the
trajectories that 69 mesoscale eddies travel within the ridge has
been started from 110 m to more by statistics, and this means
that the topography of the ridge could indeed directly influence
the attributes of mesoscale eddies during the evolution and
propagation process.

Mathematical Statistics and Wavelet
Analysis

Initialization

As the origin of mesoscale eddies in our study can be traced back
in a variety of starting time, formation location, and successive
lifespan intervals, we first uniformly reset the arrival time to
the east ridge edge as the reference origin time 0, so that the
standard timeline could be consistently imposed on all mesoscale
eddies. Let the total number of mesoscale eddies be I, with
the i — th mesoscale eddy denoted as M;(t;), i={1,2,...,I},
where t; refers to the survival time that the given mesoscale
eddy activity moves forward, and the amplitude, rotation speed,
radius of the given mesoscale eddy could then be, respectively,
defined as Ai(t;), Si(ti), and R;(t;). For each mesoscale eddy, we
first transform the time domain in the above three indices to
identically align the arrival time as follows:

L, =t —tjpo (1)

where tjg is the time point that the mesoscale eddy originally pass
through the ridge, and the transformed t; reset the arrival time
with ti’ = 0 when the mesoscale eddy the east ridge edge.

Temporal Regularity
After the initialization stage, we make a temporal regularity for
all the mesoscale eddies thoroughly proceeding within the ridge

region. Let (xi(t;-), yi(t;)) be the longitude and the latitude of the

geographical location that each mesoscale eddy moves toward,
with r indicating the ridge region. Among all those mesoscale
eddies completely passing over the ridge, i.e., for any time t; >
0in a given mesoscale eddy, if (xi(t;), yi(t;)) ¢ r exists, we first
examine every timespan across the whole ridge region by defining
t;max = ti/r, with t;r representing the time duration when the
mesoscale eddy moves to the west edge of the ridge region,
and then find out the maximum timespan duration t max =

argmax(t;r), from all the mesoscale eddies that completely move
i=1:1

out of the ridge edge. Furthermore, we define a temporal scaling
index between the real and the maximum timespan duration
t. max across the ridge, with the interval from the arrival to
departure time toward the ridge, and then align and extend each
mesoscale eddy trajectory to be considered to an equal timespan
length via interpolation.

For example, for the amplitude time series of each given
mesoscale eddy that completely goes across the ridge, Ai(ti/),

ti/ € [0, t;r], the cubic spline interpolation has been applied for
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FIGURE 1 | The location and topographic mapping of our study area. (A) Location. (B) Topographic mapping.
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TABLE 1 | Statistics of mesoscale eddies in the STCC from 1993 to 2018.

Region Character Number Average lifespan Average Average Average
(week) amplitude (cm) radius (km) speed (cm/s)
The North Pacific Cyclonic 3,601 16 + 18 (4,211) 81+56(1.7, 91 +£23 24.98 + 9.51
Subtropical 39.0) (48,176) (9.08, 92.91)
Countercurrent
(STCO) Anticyclonic 3,373 17 £ 20 (4,236) 7.3+54(1.9, 94 + 25 22.89 + 6.11
23.0) (45,179) (8.01, 57.74)

the newly updated one A;(t;) with the assumed form of the cubic
polynomial curves to fit for each segment,

05 = oty (A1) = A6 + By(Ai(e) — Ai(6)y)?
+Yij(Ai(t;') - Ai(t;)j) +Njj (2)
where ] refers to the number of the segments in total, j stands for

the j — th segment, and o , B, y are respectively the coefficients
of the polynomial curves, \ is a constant term, O represents the

result of fitting, and the spacing of the amplitudes between the
successive time points is:

hij = Ait)je1 — Ai(t); (3)

The interpolation of cubic spline constrains the function
itself, as well as the first derivative and the second derivative,

so the routine must ensure that O; (Ai(tg)), O; (Ai(t;)),

andO;/ (Ai(t;-)) are equal at the interior node points for adjacent
segments. We substitute the coefficients by the new variable s
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TABLE 2 | Statistics of 69 mesoscale eddies in study from 1993 to 2018.

Region Character Number Average lifespan Average Average Average
(week) amplitude (cm) radius (km) speed (cm/s)
|zu-Ogasawara Ridge Cyclonic 31 35+ 7 (26, 51) 11+6(1,39 99 + 28 25.8 + 7.56
(130°E-170°E, (25,176) (7.47, 60.09)
20°N-35°N) ) .
Anticyclonic 38 38 + 8 (26, 52) 16+ 11 (1,23 93 + 30 32.54 + 15.62
(14,179) (5.83, 57.74)
TABLE 3 | Seasonal and polarized statistics of all mesoscale eddies in the ridge region (130°E-170°E, 20°N-35°N) from 1993 to 2018.
Region Character Attribute Spring Summer Autumn Winter
lzu-Ogasawara Cyclonic Amplitude (cm) 8.3 8.7 8.1 7.5
Ridge
(139°E-143°E, Speed (cm/s) 23.17 23.98 23.23 22.11
25°N-32°N)
Radius (km) 84 83 84 84
Anticyclonic Amplitude (cm) 8.8 8.9 7.3 71
Speed (cm/s) 25.25 24.92 21.08 20.54
Radius (km) 82 86 85 81

for the polynomial’s second derivative in each segment for
simplification. For the j — th segment, the governing equation is,

hig-)Si-1) + (2hi-1) + 2h5) sij + hisigrr)

— (Oi(i+1) 0 Oj— Oi(f—l))
hij hig-1)

(4)

In matrix form, the governing equation could be reduced to a tri-
diagonal form.

2(h +hy)  hy

$2
hy 2(h1 + hy) . Sj
)
hy—3 2(hj—2 + hj—1) ; SI-1 |

03—=0;, _ 0—04

hy h

=6 : ©)

0;—05 _ O;1-05»

hy—1 hj—2 i

where s; and s; are zero for the natural spline boundary
condition. In this way, the polynomial definition for each
segment could be deduced as follows:

o = (sig+1) — si) /6hy

Bij = sij/2

o = Q=05 _ 2hysi+hisin ©)
= Ry 6

)\ij = O,’j

Spatial Normalization
We further make a spatial normalization for those mesoscale
eddies that partially travel the ridge, ie., for any time f, >

0, if all the geographical locations range within the ridge,
(xi(t;), yi(t;)) € r, which means the mesoscale eddy does not

completely go across the edge of the ridge region. Given the
standard spatial distance dpmax that the mesoscale eddy moves
across the ridge with the maximum timespan t, max> We denote
one spatial scaling index between the real distance d and the
standard distance dmayx, and further modify their time intervals
t starting from the reference time 0 accordingly, to align the

1max
spatial distance for each given mesoscale eddy as follows,

/ dl
imax—
dmax

x (ti e F 1) 7)

where t; max could be regulated with the help of the above spatial
scaling index, considering the maximum timespan duration over
the ridge t. max> and the corresponding standard distance dmax,
i.e., the measurement from the arrival position to the departure
position toward the entire region of the ridge. For the real

distance d; and the standard distance dpay, the referred time
domain are t;- IS [0, t;.en d] and t, € (O, £, max). The cubic spline
interpolation would hereby be applied again to normalize the
initial amplitude time series Ai(t;), ti/ € [0, £

iend |» into the newly

updated one A;(t;), for each given mesoscale eddy that partially
goes across the ridge.

Range Expansion

At last, we expand the domain of survival time in study to
ranges out of the ridge region for all the mesoscale eddies,
and follow the scaling principle derived from the ratio between
the real and the corrected time duration in the ridge for all
the mesoscale eddies completely or partially passing over it,
by interpolation. For example, when we try to make the range
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extension to the time domain [-30, 150] days after resetting the
time series at the initialization stage, for the regulated amplitude
A;(ti,) of each given mesoscale eddy that completely goes across
the ridge, we could similarly employ temporal regularity strategy
by t, x 30/1‘; i and £ X (150 —t max) /t; max for the time
domain before and after travailing into the ridge. For the
mesoscale eddies that partially travel the ridge, we only need to

imax

extend the temporal regularity by t; x 30 / t

Topographic Extraction

We collect the corresponding longitude and latitude along
the way that mesoscale eddy trajectories pass, then apply the
integrated bathymetric digital elevation of Izu-Ogasawara Ridge
from ETOPOI, to discover the potential topographic effects on
mesoscale eddies. Let the altitude at the geographical location
(xi(t;-), yi(t;)> along the trajectory of each given mesoscale
eddy be B;i(t;). We follow the same principle mentioned
above to extract the standardized time series of the amplitude,
rotation speed, radius, altitude for the given mesoscale eddy,
ie., A;(ti,), S;(t;), R;(t;), and B;(t;). We intuitively apply the
mathematical statistics to all the mesoscale eddies in study
by the aligned time averaging, for the above types of the
potentially correlative time series, forming the mean curve of
the altitude, the amplitude, rotation speed, radius of all the
mesoscale eddy trajectories, EA(t/), Es(t,), ER(t/), and Eg(f),
which sums up into the averaged variation curves to investigate
how much of the possible impacts they might response to the
topographic effects during the movement of the mesoscale eddies
across the ridge.

Standardization

The zero-mean normalization will be further applied to all the
above standardized mesoscale eddy trajectories in study with
an extension over time, those completely spanning the ridge or
those that demise within the ridge in comparison, in terms of
the mesoscale eddy amplitude, rotation speed, radius and the
altitude.

Ea(t) — pa Es(f) — ns ER(t) — pr
= , Zs = ,ZR =
A os OR

_ Ep(t) — s
OB

Z

5

Zp (8)
where s, Ws, IR, and pp are respectively the mathematical
expectation of Ea(f), Es(f), Er(f), Eg(f), o, o5, or, and o
are respectively the standard deviation of EA(t/), Es(t/), ER(t/),
and Eg(t ). Meanwhile, it is appropriate to identify those samples
with the deviation that is highly probable to have an impact on
assessment, and hereby to categorize as requiring quality control
and eliminating singular values from time series of mesoscale
eddy trajectories with and without passage.

Wavelet Coherence
Let Y(t) be the mean curve of topography around the Izu-
Ogasawara ridge. The cross-wavelet transform between the

intrinsic attributes of the mesoscale eddies X(f) and the
topography can be represented as:

Wxy (a’ T) = Wx (as T) WY (as T) (9)

where Wx(a, t) and Wy(a, 1) are respectively the wavelet
transforms of X(t) and Y(t), and Wy (a, ) indicates the complex
conjugation of Wy(a, 1), a is a scale factor, representing the
period length of the wavelet, and t is a shift factor, reflecting the
shift in time. The covariance between the cross-wavelet power
spectrum is then defined as follows:

|Wxy (@, Dl = [Wx (a, D] |Wy (a, 1) (10)

The correlation between the intrinsic attributes of the mesoscale
eddies and the topography could be further measured via wavelet
coherence (Rhif et al., 2019), as follows:

Is Wiy (@, D)
Js(IWx @ 0P) - s (1Wy (@, 0P)

(11

Cxy (a, 1) =

where s (Wxy(a, 1)) is the cross spectral density between X(t)
and Y (t), with a smoothing operator s. The wavelet coherence
coefficient reflects the synchronization similarity.

RESULTS

In our simulation experiment, mesoscale eddy trajectories of
a life cycle more than 6 months, across the Izu-Ogasawara
Ridge from east to west from 1993 to 2018, within the
study area (130°E-170°E, 20°N-35°N), have been quantitatively
investigated, to explore the potential spatio-temporal correlation
with the topographic effects, with the average lifespan 37 weeks,
the average amplitude 14 cm, the average radius 96 km, the
average rotation speed 29.5 cm/s. Figure 2 displays all the 69
mesoscale eddy trajectories, where 32 of them completely pass
through the ridge from east to west, and 37 of them only partially
leap over one side of the ridge and then demise inside it, with
cyclonic eddies in black and anticyclonic eddies in white.

We screened out the solely mesoscale eddy which exhibited
the maximum timespan duration within the ridge, 116 days,
from all of the 32 mesoscale eddy trajectories that completely
go through the ridge, and accordingly retrieved the distance
513.2 km that particular mesoscale eddy moves from the east
to the west across the ridge. We standardized time series of the
amplitude, rotation speed, radius for all the 32 mesoscale eddies
in temporal regularity process.

We conducted the spatial normalization to all the 69 mesoscale
eddy trajectories, to ensure all the trajectories of the same
statistical significance across the aligned maximum timespan
duration within the ridge, for not only those completely pass
through the ridge but also those partially go across the ridge.

We further extended the time domain in study from [0, 116] to
[-30, 150] days, i.e., to consider more the mesoscale eddy activities
before and after reaching the edge of the ridge. We carried out the
mathematical statistics to explore the potential spatio-temporal
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FIGURE 2 | Mesoscale eddy trajectories. (A) Mesoscale eddy trajectories that completely pass through the ridge, with cyclonic in black and anticyclonic in white.
(B) Mesoscale eddy trajectories that partially travel across the ridge, with cyclonic in black and anticyclonic in white.
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correspondence between the topography and the three attributes
of mesoscale eddies, i.e., the amplitude, rotation speed, radius,
by respectively synthesizing all the individual time series into a
timely aligned averaged curve. The time series of the amplitude,
rotation speed, radius for all the 69 mesoscale eddies after range
extension have been individually illustrated in Figure 3, with the
mean curve in red thick lines indicating the tendency as a whole.

The corresponding mean topography curve are averagely
accumulated from the altitude at each geographical location over
the ridge along all the mesoscale eddy trajectories referred. We
collectively made a comparison between the mean curves of both
the topography and three impact factors about the mesoscale
eddies, i.e., the amplitude, rotation speed, radius, under the
condition whether the mesoscale eddies go across the ridge, as
is shown in Figure 4, with all the 69 mesoscale eddy trajectories
in black, 32 completely passing in red, 37 partially passing
in blue, in the top three rows, respectively, the gray shading
indicating the transition before, during, and after the eddy-
ridge interaction, and in the last row, the mean altitude has
been listed, corresponding the eastward (143°E-146°E, 20°N-
35°N), the interior (139°E-143°E, 20°N-35°N), the westward

(136°E-139°E, 20°N-35°N) to the ridge. We also particularly
plot the mean curves of the topography in black, mesoscale
eddy amplitude in blue, radius in cyan, and rotation speed in
red together after standardization with quality control, for all
the 69 mesoscale eddy trajectories, as well as mesoscale eddy
trajectories that completely pass through the ridge and partially
travel across the ridge, regarding to the vortex polarity, with the
vertical dashed lines indicating the beginning and end time points
within the ridge region, as is shown in Figure 5. The zonal and
meridional drifting speed have also been statistically observed
along the extended range of the time domain daily on average in
Figure 6, regarding to the vortex polarity and the passage of the
ridge, with the statistics of all the 69 mesoscale eddy trajectories
in black, the cyclonic eddies with passage in red, the anticyclonic
eddies with passage in blue, the cyclonic eddies without passage
in green, the anticyclonic eddies without passage in yellow.

We utilized the wavelet coherence to search for how frequently
and how much extent the topography effects could exert possible
impact to the variation in mesoscale eddy trajectories over time,
in terms of the three relevant indices, i.e., the amplitude, rotation
speed, radius, and described the lead-lag effects through the
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FIGURE 3 | The intrinsic attribute curves of 69 mesoscale eddies. (A) Amplitude curves of 69 mesoscale eddies after spatial normalization. (B) Rotation speed
curves of 69 mesoscale eddies after spatial normalization. (C) Radius curves of 69 mesoscale eddies after spatial normalization.
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wavelet phase difference. The wavelet coherence map between
the mean altitude and the average amplitude, rotation speed,
radius of mesoscale eddy trajectories over time are respectively
shown in Figure 6, where wavelet correlation is affected by
discontinuity, and the color bar corresponds to the relative
intensity of each frequency. The stronger correlation tends
to be in red, while weaker correlation in blue, from red to

blue, the coherence spectrum values decrease in order. The
cone of influence (COI), the region of the wavelet spectrum
with edge effect, is denoted in thick black curve. Since the
region in COI will be influenced by boundary distortion,
reliable information could not be provided and should be
removed. And 5 and 10% significance levels are respectively
indicated in black thin line and black dashed line, with
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FIGURE 4 | Comparison of mesoscale eddy amplitude, rotation speed, radius with topography under conditions. (A) The mean curve of the amplitude for 69/32/37
mesoscale eddy trajectories. (B) The mean curve of the rotation speed for 69/32/37 mesoscale eddy trajectories. (C) The mean curve of the radius for 69/32/37
mesoscale eddy trajectories. (D) The mean curve of the topography for 69 mesoscale eddy trajectories (136°E-146°E, 20°N-35°N).
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the significance value generated by Monte Carlo simulation
(Aguiar-Conraria and Soares, 2011).

DISCUSSION

In this manuscript, we address to systematically and
quantitatively investigate the topographic effects on evolution
and propagation of mesoscale eddies across Izu-Ogasawara
Ridge in Northwestern Pacific Ocean, in term of three relevant
attributes, i.e., the amplitude, rotation speed, radius. We explore
the potential topography effects through three phases of life
cycle, i.e., before, during, and after the interaction with the
ridge, by both the direct observation and the wavelet coherence
map, from the perspective of the time-frequency domain. When
the mesoscale eddies approach the ridge, and the steepness
of the mean topography curve becomes higher, we observed
from Figures 5B,D that most of the cyclonic eddies obviously
tended to begin to decay or even demise, and the amplitude,
rotation speed, radius of the mesoscale eddies decreased until
some of the mesoscale eddies could move across the top of
the ridge. The mean topography curve dropped, the three
relevant attributes gradually increased, consistently coherent
with the variation of the topography. On the contrary, it has
been illustrated from Figures 5C,E that some of the anticyclonic
eddies tended to intensify slightly and some didn’t make a
significant difference, regarding to the amplitude, rotation
speed, radius, when encountering the upslope of the ridge.
The general southwestward or northwestward mesoscale eddy
trajectories tended to modify toward a more equatorward
direction or oppositely by forcing the meridional components, as
is shown in Figure 6, which is coherent to the previous studies
(Beismann et al., 1999).

For topography vs. mesoscale eddy amplitude, it has been
implied from the experimental results in Figures 4A,D, 5A-E
that there has been generally significant correlation between the
two time series within the ridge region on the whole (139°E-
143°E, 20°N-35°N). The mean amplitude value through life
cycle of all 69 mesoscale eddies is 14.1 cm with the standard
deviation of 9.5 cm, while the mean amplitude values of all the
cyclonic eddies and all the anticyclonic eddies are respectively
11.6, 18.6 cm with passage and 10.4, 10.3 cm without passage over
the ridge, implying that the mesoscale eddies that partially travel
across the ridge often exhibit a tendency on the verge of demise,
with relatively small amplitude values on a whole. The sudden
changes with a range over 10% of the mean amplitude value in a
7-day period after standardization and quality control happen on
the 92nd-97th days for 69 mesoscale eddies, the 13th-24th days
and the 6th-13th, 28th-31st, 38th-46th, 59th-75th, 80th-89th
days for cyclonic eddies with and without passage, the —30th to
—22nd, 51st-55th, 104th-109th days and the 19th-26th, 52nd-
58th, 75th-83rd, 88th-94th days for anticyclonic eddies with and
without passage, along the time domain. In the 0-36th days,
the mean topography curve gradually rises, with the depth rise
from —7,409 to —3,134 m roughly, the mean amplitude curve
gradually decreases from 14.3 to 9.5 cm for cyclonic eddies, with
a relative decline of 33.6%, while the mean amplitude curve for
anticyclonic eddies first rises from 12.7 to 13.6 cm, and then
drops till 12.3 cm. To be exactly, the mean amplitude curve of
cyclonic eddies falls from 15.6 £+ 8.2 to 11.2 & 5.4 cm with
complete passage and from 13.0 £ 5.6 to 7.8 & 4.9 cm with
partial passage, on the contrary, the mean amplitude curve of
anticyclonic eddies increases from 11.0 £ 2.5 to 13.4 & 3.0 cm
with complete passage, remains around 14.4 & 9.8 cm for 21 days
and then descends to 11.2 & 11.1 cm with partial passage. When
the mean topographic curve starts the downward trend, and
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FIGURE 5 | Mean curve mapping of amplitude, rotation speed, radius, and
topography after standardization. (A) The statistics in all of 69 mesoscale
eddy trajectories. (B) The statistics in cyclonic eddy trajectories that
completely pass through the ridge. (C) The statistics in anticyclonic eddy
trajectories that completely pass through the ridge. (D) The statistics in
cyclonic eddy trajectories that partially pass the ridge. (E) The statistics in
anticyclonic eddy trajectories that partially pass the ridge.

accordingly the mean amplitude curve demonstrated the upward
growth. Starting from the 88th day, the mean altitude value drops
from roughly —2,410 to —3,792 m, and the corresponding mean
amplitude has been recovered from 9.0 to 12.1 cm for cyclonic
eddies, and from 7.9 to 9.0 cm for anticyclonic eddies. To be
exactly, the mean amplitude curve of cyclonic eddies rises from
10.6 £+ 4.9 to 12.1 £ 4.3 cm with complete passage over ridge,
drops from 7.4 + 3.7 to 1.4 &+ 0 cm till the demise with no
passage, in contrast, the mean amplitude curve of anticyclonic
eddies decreases from 12.9 & 3.0 to 9.0 £ 1.8 cm with complete
passage, increases from 3.0 & 0.9 to 7.0 = 0 cm till dying
with partial passage. After the range extension, it is found that
around the region eastward to the ridge edge (143°E-146°E,
20°N-35°N), there tended to be a more stable variation of the
mesoscale eddies, compared to that across the ridge region, with
the average amplitude 14.8 cm for cyclonic eddies, and 14.0 cm
for anticyclonic eddies. It seemed that no obvious evidence could
be shown for the topography effects outside the east edge of
the ridge. While the region westward to the ridge edge (136°E-
139°E, 20°N-35°N) still involves the topography variation from
roughly —3,954 to —4,583 m, the mean amplitude grew from
10.8 to 11.7 cm for cyclonic eddies, with an relative increase of
8.7%, and the mean amplitude decreased from 9.1 to 9.0 cm for
anticyclonic eddies, with an relative drop of 1.1%. It has also
been shown from the wavelet coherence map in Figure 7A that
in the short-term frequency band of 2-5 days, the significantly
strong correlation occurred on the 15-25th days and the 93-
110th days, when the mesoscale eddies just reached the east
edge of the ridge or approached to leave away from the ridge
region. In the medium-term frequency band of 7-10 days, there
has been significant correlation reflected on the 30-50th days.
From the long-term frequency band of 16-25 days, the strong
correlation lasted during the 80-110th days when the mesoscale
eddies almost arrived at the west edge of the ridge.

For topography vs. rotation speed of mesoscale eddies,
it has been demonstrated from the experimental results in
Figures 4B,D, 5A-E that around the region eastward to the ridge
edge (143°E-146°E, 20°N-35°N), both the mean topography
curve and the mean rotation speed behaved relatively stable for
all of 69 mesoscale eddies, with the altitude value —5,279 and the
rotation speed 31.0 cm/s. There have been no obvious evidences
of the topography effects on the variation of the rotation speed
before reaching the ridge. Within the region westward to the
ridge edge (136°E-139°E, 20°N-35°N), the rotation speed for all
of 69 mesoscale eddies increased from 29.3 to 32.4 cm/s on the
whole, with a relative increase of 10.6%. However, it has been
seen within the ridge region (139°E-143°E, 20°N-35°N) after
standardization and quality control, in the 0-40th days, the mean
rotation speed gradually decreases from 28.9 to 24.9 cm/s for
cyclonic eddies with a relative reduction of 13.8%, and the mean
rotation speed increases from 27.8 to 28.1 cm/s for anticyclonic
eddies with a relative rise of 1.1%, when the mean topography
curve gradually rises. To be exactly, the mean rotation speed
curve of cyclonic eddies drops from 30.3 & 10.7 to 26.3 4= 8.6 cm/s
with complete passage and from 27.5 &+ 6.9 to 23.5 £ 9.3 cm/s
with partial passage, conversely, the mean rotation speed curve of
anticyclonic eddies first grows from 25.9 & 1.5 to 30.6 = 0.7 cm/s
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FIGURE 6 | Distribution of zonal and meridional drifting speed.

and then decreases to 28.9 &+ 3.6 cm/s with complete passage,
and first descends from 29.8 + 14.2 to 28.5 £ 12.8 cm/s, rises
to 30.7 &+ 14.9 cm/s, and finally drops to 27.2 + 12.3 cm/s
with partial passage. Around the 90th day, when the altitude
value is —2,427 m, the rotation speed decreases and reaches
to the minimum 23.3 cm/s for cyclonic eddies, and gets to
22.0 cm/s for anticyclonic eddies, where the rotation speed values
are respectively 25.4 £ 7.8, 28.1 & 4.8 cm/s with passage and
21.2 + 8.7, 16.0 £ 2.5 cm/s without passage over the ridge. In
the 90-116th days, when the mean topographic curve drops from
roughly —2,427 to —3,793 m, and the rotation speed gradually
returned to 24.9 cm/s for cyclonic eddies, to 22.8 cm/s for
anticyclonic eddies. To be exactly, the mean rotation speed curve
of cyclonic eddies increases from 25.4 & 7.8 to 26.7 &= 7.8 cm/s
and then drops to 24.9 £ 7.9 cm/s with complete passage over
ridge, falls from 21.2 £ 8.7 to 9.7 &= 0 cm/s till the demise with
no passage, on the other hand, the mean rotation speed curve of
anticyclonic eddies decreases from 28.1 4= 4.8 to 22.8 4= 0.5 cm/s
with complete passage, increases from 16.0 £ 2.5 to 24.7 & 0 cm/s
till dying with partial passage. The mean rotation speed value
through life cycle of all 69 mesoscale eddies is 29.8 cm/s with
the standard deviation of 12.2 cm/s, while the mean rotation
speed values of all the cyclonic eddies and all the anticyclonic
eddies are respectively 27.1, 35.4 cm/s with passage and 25.6,
25.7 cm/s without passage over the ridge, implying that the
mesoscale eddies that tend to approach dying over ridge mostly
have smaller rotation speed values. Although we did not find out
the dramatic conversions with a range over 10% of the mean
rotation speed value in a 7-day period on the mean rotation
speed curve for all 69 mesoscale eddies and cyclonic eddies
with passage, they did appear on the 38th-43rd day for cyclonic
eddies without passage, the 8th-13th day and the 52nd-57th,
84th-94th day for anticyclonic eddies with and without passage,
along the time domain. The coherence between the topography
and the rotation speed could be derived. It could also be seen
from the wavelet coherence map in Figure 7B that in the short-
term frequency band of 2-4 days, there have been significant
correlation implied on the 0-10th days and the 95-105th days,
when the mesoscale eddies first moved toward the east edge

of the ridge and almost exceeded the west edge of the ridge.
In the medium-term frequency band of 6-10 days, the strong
correlation ranged between the 45-55th and 90-105th days.

For topography vs. mesoscale eddy radius, it has been shown
from the experimental results in Figure 4C,D, 5A-E that to
the eastern side of the ridge (143°E-146°E, 20°N-35°N), the
mean radius curve exhibited a downward tendency for all of 69
mesoscale eddies on the whole, from 100.0 to 93.4 km, with a
relative reduction of 6.6%, when the mean topography remains
stable to about —5,279 m. Out of the western side of the ridge
(136°E-139°E, 20°N-35°N), the mean radius curve was relatively
stable on the whole for all of 69 mesoscale eddies, between
100.0 and 105.1 km, when the mean topography curve actually
drops from —3,646 to —4,582 m. Therefore, there was no direct
evidence of the mutual coherence between the topography and
the radius of mesoscale eddies outside the ridge. It has been
seen within the ridge region (139°E-143°E, 20°N-35°N) after
standardization and quality control, in the 0-30th days, the mean
radius for cyclonic eddies first rises from 93.7 to 96.5 km, and
then drops till 93.1 km, and the mean radius for anticyclonic
eddies first decreases from 107.1 to 81.4 km, and then increases
to 93.9 km, when the mean topography curve rises from —7,109
to —3,140 m. To be exactly, the mean radius curve of cyclonic
eddies declines from 97.2 4 17.6 to 88.1 £ 27.1 km and goes up to
95.3 £ 25.9 km with complete passage, and from 90.1 & 19.9 km
down to 82.6 + 18.6 km and up to 91.0 + 14.0 km with
partial passage, whereas the mean radius curve of anticyclonic
eddies grows from 120.0 £ 39.0 to 135.4 £ 19.4 km, drops to
80.9 £ 10.4 km, and recovers to 105.8 & 35.0 km with complete
passage, and descends from 94.2 & 27.8 to 81.9 £ 20.8 km during
a vibration process with partial passage over the ridge. In the 80-
100th days, when the mean topography curve is about to decline,
the mean radius curve begins to demonstrate an upward tendency
for cyclonic eddies, from 98.4 km to nearly 113.5 km, with a
relative increase of 15.3%, and from 88.6 km to nearly 94.7 km
for anticyclonic eddies. To be exactly, the mean radius curve of
cyclonic eddies climbs from 99.9 £ 23.0 to 113.5 £ 14.1 km
with complete passage over ridge, dives from 96.8 £ 8.9 to
46 £ 0 km till the demise with no passage, meantime, the mean
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FIGURE 7 | Wavelet coherence mapping. (A) Wavelet coherence map between mesoscale eddy amplitude and topography. (B) Wavelet coherence map between
rotation speed of mesoscale eddy and topography. (C) Wavelet coherence map between mesoscale eddy radius and topography.

radius curve of anticyclonic eddies also surges from 102.4 £ 27.0  till dying at 65.0 &= 0 km with partial passage. In the 100-120th
to 134.9 + 16.1 km and then decays to 124.4 £ 18.4 km with  days, when the topography curve drops from about —2,751 m
complete passage, sinks from 74.8 £+ 16.0 to 45.7 £ 23.5 km to about —4,147 m, the mean radius curve of cyclonic eddies
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declines from 113.5 £ 14.1 to 85.2 £ 25.5 km and then goes
up to 95.3 £ 18.2 km with complete passage, while the mean
radius curve of anticyclonic eddies descends from 124.4 + 18.4
to 122.1 £ 17.6 km, rises to 128.4 £ 23.8 km, and drops to
106.3 £ 33.2 km in a repeatedly vibration process with complete
passage over the ridge. Unlike the other two relevant attributes,
there has been no obviously significant correlation directly from
the eddy-ridge interaction on mesoscale eddy radius, but more
implications on whether the mesoscale eddies could long survive
tend to be revealed from its variation. The mean radius value
through life cycle of all 69 mesoscale eddies is 96.4 km with the
standard deviation of 27.4 km, while the mean radius values of all
the cyclonic eddies and all the anticyclonic eddies are respectively
100.3, 98.2 km with passage and 84.7, 78.7 km without passage
over the ridge, demonstrating that the mesoscale eddies that are
only able to partially go over the ridge behave a blink of decay
with the relatively small radius values. Although we did not find
out the sharp alteration with a range over 10% of the mean radius
value in a 7-day period on the mean radius curve for 69 mesoscale
eddies, they did emerge on the 32nd-38th, 107th-111th days
and the —21st to —17th, 84th-91st days for cyclonic eddies with
and without passage, the —27th to —18th, —10th to —6th, 6th-
11th, 18th-27th, 47th-59th days, and the 38th-43rd, 48th-52nd,
and 77th-92nd days for anticyclonic eddies with and without
passage, along the time domain. It has also been illustrated from
the wavelet coherence map in Figure 7C that in the short-term
frequency band of 4-7 days, there existed a correlation on the
28-35th days. In the medium-term frequency band of 7-10 days,
the correlation was reflected on the 42-50th days. From the long-
term frequency band of 16-25 days, the correlation lasted during
the 100-115th days when the mesoscale eddies almost departed
the west edge of the ridge.

For topography vs. daily drifting speed of mesoscale eddies,
it has been indicated from the experimental results in Figure 6
that there exists a generally significant correlation within the
ridge region on the whole (139°E-143°E, 20°N-35°N) as well.
The mean daily drifting speeds in both the meridional and
zonal direction through life cycle of all 69 mesoscale eddies
across the ridge are 0.2 km southward and 3.5 km westward,
with the meridional drifting speed and the zonal drifting speed,
respectively, 0.1, 0.1, 0.5 and 3.7, 3.4, 3.6 km before, during,
and after the interaction with the ridge in the three phases of
life cycle. To be exactly, the daily meridional drifting speed of
the cyclonic eddies averagely rises from 0.2 km southward to
0.5 km southward, then drops to 0.4 km southward with passage,
and increases from 0.1 km northward to 0.4 km northward till
demise without passage, meanwhile, the daily meridional drifting
speed of the anticyclonic eddies averagely switches from 0.4 km
northward to 0.4 km southward, then surges to 0.6 km southward
with passage, and shifts from 0.2 km southward to 0.5 km
northward till demise without passage. Most of the mesoscale
eddies proceeding toward northward disappear on the top of the
ridge while those marching to southward mostly tend to survive
over the ridge. Almost all of the mesoscale eddy trajectories has
a tendency with the increased meridional drifting speeds when
reaching the upslope of the ridge. The daily zonal drifting speed of
the cyclonic eddies oriented to westward averagely declines from

3.6 to 3.4 km, then down to 3.3 km with passage, and decreases
from 3.8 to 3.1 km till decease without passage, on the other hand,
the daily zonal drifting speed of the anticyclonic eddies toward
westward averagely descends from 4.4 to 3.7 km, then comes up
to 4.3 km with passage, and reduces from 3.6 to 3.0 km till the
end without passage. Almost all of the mesoscale eddy trajectories
exhibits the decayed zonal drifting speeds when emerging the
east edge of the ridge. The westward daily zonal drifting speed
of anticyclonic eddies looks slightly higher than that of cyclonic
eddies on average, owing to the higher drifting performances in
anticyclonic eddies that completely pass across the ridge.

It has been concluded that, as is shown in Figures 4-6,
regardless of the amplitude and rotation speed, 37 mesoscale
eddies were more prone to be significantly influenced by the
topography effects, most of which followed the decline tendency,
starting from the arrival location until demise over the ridge. 32
mesoscale eddies that completely pass through the ridge exhibited
significant negative correlation with the mean topography curve
for cyclonic eddies during the evolution process that began at
the east boundary of the ridge and lasted until passing over
the ridge, while there occurred a little intensified for some of
anticyclonic eddies. In total, it could be demonstrated in Figure 5
that for all the 69 mesoscale eddies, except the radius, there exist
a highly degree of agreement among the other three attributes
after standardization, which further proves the existence of the
topographical effects along the life cycle. The highly significant
correlation between the topography and the amplitude of the
mesoscale eddies could be particularly identified here. When the
mesoscale eddies approach the ridge and the water depth gets
shallower, the amplitude of the mesoscale eddies decrease for
cyclonic eddies and increase a bit for some of anticyclonic eddies
accordingly. Then, when the mesoscale eddies leave the ridge and
the water depth increase, the amplitude of the mesoscale eddies
recover almost to the level before the encounter. This is consistent
with the expectation by PV conservation: The vorticity of the
eddy and the area of the water column evolve in a compensational
way. The vortex column squeezing will lead to the decreasing of
the eddy vorticity for cyclonic eddies, and the stretching leads to
intensification, conversely, for anticyclonic eddies. The coherence
between the mesoscale eddies and the topography impairs the
initial stability of the mesoscale eddy structure. This is due to the
westward shift of the eddy by the planetary p effect which causes
rising up to the shallower region over the eastern slope of the
ridge. Namely, as the mesoscale eddies shift to a shallower region,
the large frictional spin-down, which is inversely proportional
to the lower layer thickness, and the generation of negative
vorticity by the conservation of the potential vorticity are carried
out. These two phenomena would weaken the eddy structure.
Conversely, the westward shift of the cyclonic eddies has a
small influence from the topographic effect of the bottom slope.
Almost all of the mesoscale eddy trajectories manifests the rise
in the daily meridional drifting speed and the decline in the
daily zonal drifting speed, at the moment originally outstretching
the ridge, no matter with the passage or not. In addition, out
of 69 mesoscale eddies, only 32 of them could manage to go
across the ridge. It has been revealed from our experimental
results that the average horizontal scale of 32 mesoscale eddies
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that completely pass over the ridge tended to exhibit a relatively
large radius on the whole, compared to 37 mesoscale eddies that
only partially pass the ridge, whereas 32 mesoscale eddies that
completely move across the ridge provided visually dominant
clues on both the amplitude and the rotation speed as well,
showing the attribute divergence between the mesoscale eddies
with passage and without passage over the ridge. We did see
from the evaluation of the daily meridional drifting speed that
the mesoscale eddies oriented to southward were more likely to
survive over the ridge when proceeding toward the upslope of
the ridge. It has been reported that the baroclinic or barotropic
structure of mesoscale eddies could provide some explanation in
the passage or not over the meridian ridge (Kamenkovich et al.,
1996). We expect to extend our current work to involve more
evidences on the vertical structure of mesoscale eddies over the
meridional ridge in the future.

The above potential spatio-temporal dependency could
quantitatively reveal how the relevant attributes of mesoscale
eddies response to the topography variability over the Izu-
Ogasawara Ridge, and inspire to identify the fundamental
roles that possible dominantly correlative with the time-varying
evolution process. Concerning the self-correlated properties
inherently underlined in the propagation of mesoscale eddies,
together with the time-frequency interaction imposed from the
topography variability, we wish to make an initial attempt to
capture the potentially patterns that mesoscale eddy trajectories
might dynamically vary during the evolution process over the
meridional ridge in the future, via deep learning, such as Long
Short Term Memory (LSTM) architecture. Inspired by the real
observation statistics in our research, the intrinsic and extrinsic
attributes, such as the amplitude, rotation speed, radius, as well as
the latitude and longitude at the geographical location, the zonal
displacement and meridional displacement, the drifting velocity,
and the variation of the bathymetric topography, could engage
in deep learning selectively as the multivariate input for the
predictive model, which allows to capture and retain long-term
dependencies for the variation of mesoscale eddy trajectories, and
meanwhile concludes the dominantly mutual linkage between the
historic and current mesoscale eddy trajectories. The evaluation
on whether and when the topographic attribute involves as input
could substantially benefit for the prediction accuracy, will be
further comprehensively estimated, when we try to intentionally
feed with the topography variation as the additional inputs,
rather than only the relevant indices of the amplitude, rotation
speed, radius, drifting velocity, supposing the topography effects
play relatively leading roles in determining the evolution and
propagation of mesoscale eddy trajectories to be predicted.

The life cycle of ocean mesoscale eddies, including generation,
decay, dissipation processes, is of great scientific value in
understanding the propagation and evolution characteristics.
Previous numerical experiments, carried out on the f-plane
(Herbette et al., 2003), and on the B-plane (Herbette et al., 2005),
with a seamount located in the bottom layers, below the isopycnes
in which the surface eddy core resides, showed that surface
eddies could get strongly eroded by deformation effects induced
by bottom eddies, generated near the topography. Large intense
eddies, known to have a long life time on the f-plane, no longer

stayed coherent. At the same time, the presence of other poles
made the exact path and structure of the eddy, as it impinged on
the seamount, hypersensitive to details of the configuration, such
as initial eddy position and numerical viscosity. Splitting, and
subsequent erosion, of surface eddies became extremely sensitive
to the initial conditions.

In contrast to previous studies, the present scheme provides
more experimental evidences and hopeful solution with the
promise of the end-to-end data-driven modeling of the
topographic effects from the real observation data. The survival
lifespan, generation date, dissipation date, geographical location,
of the mesoscale eddy trajectories are all diverse. The differences
of individual mesoscale eddies could easily affect the eddy-ridge
interaction evaluation as a whole. So we propose to systematically
examine the spatio-temporal dependency from mathematical
statistics and wavelet coherence analysis, with the help of
temporal regularity, spatial normalization and range expansion,
to ensure the understanding of mesoscale eddy trajectories could
be identically aligned to the geographical meaning from the
standardization perspectives, and to synthesize all the time series
statistically, regarding to the polarity. On the premise that all
the time series are projected into the same domain, it will be
more convenient to carry out the subsequent prediction with
sufficient mesoscale eddy samples to be considered for training
in deep learning, which could further prove the underlined
correlation that the relevant attributes of mesoscale eddies might
hold through their life cycle, including the amplitude, rotation
speed, radius, and drifting velocity, in combination with the
topography effects.

SUMMARY AND CONCLUSION

Ocean mesoscale eddies, involve significant amounts of water
movements with irregular, discrete occurrences. Evidences have
shown that the variation of mesoscale eddy trajectories would
be to some extent attributed to the topographic effects when
encountering with mid-ocean ridges, seamounts, bottom slopes,
or over a variety of topography, while both the theoretical
understanding and the survey from available observational data
still remains incomplete. In this manuscript, we propose to make
an attempt to explore whether and how the topographic effects of
one meridional ridge, could exert considerable influences on the
evolution and propagation process of mesoscale eddies through
life cycle, directly from the perspectives of real observation
statistics. We quantitatively investigate the known variability of
ocean mesoscale eddies in the study area (130°E-170°E, 20°N-
35°N) from 1993 to 2018, of a life cycle more than 6 months,
on the basis of the trajectory atlas retrieved from AVISO satellite
altimeter and the integrated bathymetric digital elevation sourced
from ETOPOI, including 69 mesoscale eddy trajectories in total,
with 32 completely traveling across the ridge, and 37 partially leap
over the ridge, to discover the possible eddy-ridge interaction, by
both observation statistics and wavelet coherence, with respect
to the intrinsic attributes, namely, the amplitude, the rotation
speed, the radius. A series of correlative steps, including the
initialization, temporal regularity, spatial normalization, range
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expansion, topographic extraction, wavelet coherence map, have
been particularly designed along time-frequency domain to
trace back mesoscale eddy trajectories in a variety of origins,
location, lifespan, polarity, either completely or partially passing
over the ridge, and to facilitate the standardization in statistics
across three phases of their life cycle, i.e., before, during and
after the interaction with the ridge. It has been revealed in
our experiment that three intrinsic attributes of mesoscale
eddies within 25 years, all demonstrated significant correlation
with the variation of topographic relief over the ridge. The
bathymetric topography reflects its relationships with mesoscale
eddies through an integrated mode of a short-term, a mid-
term, a long-term, respectively in the frequency band with a
period of 2-7, 6-10, 16-25 days. We observed that most of
the cyclonic eddies obviously tended to begin to decay or even
demise, while on the contrary, some of the anticyclonic eddies
preferred to intensify slightly, or making no significant difference
when encountering the upslope of the ridge until climbing across
the top, basically consistent with the expectation of potential
vorticity (PV) conservation. The drifting velocity agreed with the
tendency that the direction would be more probably modified
toward equatorward or poloidally by forcing to the meridional
component, with the zonal component reduced at the beginning.
The mesoscale eddies with the passage over the ridge exhibited
the relatively high average horizontal scales, as well as the
relatively high average amplitude and rotation speed on the
whole, compared to those with only partially passage. We expect
to identify the relevant attributes dominantly correlative with
the time-varying evolution process of mesoscale eddies during
the eddy-ridge interaction, employ a deep learning architecture,
to capture the predictability of mesoscale eddy trajectories on
a global scale, when selectively feed the amplitude, rotation
speed, radius, the latitude and longitude at the geographical
location, the zonal displacement and meridional displacement,
the drifting velocity, the variation of the bathymetric topography
as the input variables for training. The developed scheme could
integrate more evidences on how mesoscale eddies response to
the topographic effects during their evolution and propagation
process, and help provide opportunities to potentially identify
the underlying dynamic patterns and mechanism that mesoscale
eddies engage in ocean dynamics with the promise of the end-to-
end data-driven solution.
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