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Abstract Vertical structure of mesoscale eddies is key to the eddy-induced heat/material transport that
further affects the climate and marine ecosystem. This study explores the vertical structure of mesoscale eddies
in the Kuroshio-Oyashio Extension region (KOE) and its underlying dynamics. By applying the hierarchical
ascending classification to the observational and reanalysis data sets, we classify mesoscale eddies with three
distinct kinds of vertical structures. Each kind of eddies exhibits clear spatial aggregation along a distinct zonal
band. Eddies have core depths of 100-300 m in the northern part of the KOE and core depths of 300-500 m
and 0-100 m in the southern. The eddy splitting or merging does not introduce new kind of eddy vertical
structure but causes large intra-kind variability. The different kinds of eddy vertical structures can be partially
accounted for by the baroclinic instabilities at the eddy generation sites and local adjustment process.

Plain Language Summary Mesoscale eddies are swirling motions with a radius ranging from
several tens to a hundred of kilometers. The mesoscale eddies can cause strong vertical displacement

of isopycnals, yet the vertical structure of such displacement has not been well understood. This study
examines the vertical structures of mesoscale eddies in the Kuroshio-Oyashio Extension region based on the
observational and reanalysis data sets. Mesoscale eddies with three distinct kinds of vertical structures are
identified. Both the eddy generation and local adjustment during eddy propagation play important roles in the
vertical structures of eddies.

1. Introduction

Mesoscale eddies are ubiquitous in the upper ocean. Although the surface signals of mesoscale eddies have been
well depicted based on satellite measurements, their vertical structures are less understood but play a critical role
in the eddy-induced heat/material transports. These transports have been shown to exert significant influences on
the large-scale ocean thermal structure (Yu et al., 2019), anthropogenic climate changes (Du et al., 2022), ocean's
biogeochemical cycles (McGillicuddy et al., 1998, 2007), dispersion of marine pollutants (Gilchrist et al., 2020)
and microplastics behavior (Cai et al., 2022).

The Kuroshio-Oyashio Extension (KOE) region, located near the western boundary of North Pacific, consists of
several prominent fronts including the subarctic front (SAF), the subarctic boundary, the Kuroshio bifurcation
front and the Kuroshio extension (KE) (Figure 1). The KOE region is characterized as a zone with elevated eddy
kinetic energy (EKE) (Qiu & Chen, 2010; Figure 1) and also a hotspot for mid-latitude air-sea heat and carbon
dioxide exchanges (Fassbender et al., 2017; Jing et al., 2020). A knowledge of the vertical structure of mesoscale
eddies within the KOE region is thus essential for understanding the eddies' climate and ecological impacts. By
compositing all the mesoscale eddies around the KE front, Sun et al. (2017) reported that the eddy core measured
by density anomaly is on average located around 300-400 m. In contrast, Dong et al. (2017) observed a deeper
eddy core in the south of the KE front than the north and attributed this vertical difference to the poleward shoal-
ing of thermocline. Ding and Jing (2020) analyzed the zonal variation of the eddy vertical structure, identifying
double-core eddies in the upper stream of the KE front.

Although these previous studies have advanced the understanding of eddy vertical structures in the KOE region,
they suffer from several limitations. First, the previous studies dealt with the mean eddy vertical structure in some
pre-defined subdomains of the KOE region. It remains elusive from such analysis how many there are distinct
kinds of eddy vertical structures in the KOE region. Second, the previous studies analyzed the eddy vertical struc-
ture under a Eulerian framework and thus did not take into account the evolution of eddy vertical structure during
the eddy life cycle. In particular, it is still unclear whether the eddy vertical structure would change significantly
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Figure 1. Climatological mean eddy kinetic energy (EKE; unit: cm?s~2) from Archiving, Validation and Interpretation
of Oceanographic Satellite data (AVISO) (Aviso Altimetry, 2022). The Japan Trench and Kuril-Kamchatka Trench are
represented by the dashed white lines. The subarctic front, the subarctic boundary, the Kuroshio bifurcation front and the
Kuroshio extension are represented by white thick lines and are recognized by AVISO mean dynamic topography contour
following Nakano et al. (2018). The red box is our research region.

during the eddy splitting or merging process. Third, mesoscale eddies in the KOE region are generated primarily
from the baroclinic instability especially for those large enough to be well identified from the satellite altimeters
(Jietal., 2018; H. Yang et al., 2018). A natural question is that to what extent the distinct eddy vertical structures
in the KOE region can be accounted for by the baroclinic instability.

Recently, clustering techniques have been leveraged to analyze oceanic data (Sambe & Suga, 2022).
Surface-intensified and subsurface-intensified eddies have been distinguished via the hierarchical ascending clas-
sification (HAC) for the four primary eastern boundary upwelling systems (Pegliasco et al., 2015). In contrast
to traditional approaches that manually subdivide areas for analysis, the HAC is capable of offering an impartial
classification of mesoscale eddies based on the mathematical similarity of their vertical structures.

In this study, we explore the vertical structure of mesoscale eddies in the KOE region under a Lagrangian frame-
work, by applying the HAC to the observational and reanalysis data sets. The paper is organized as follows.
Section 2 details the data and methods. The vertical structures of mesoscale eddies as well as their changes during
the eddy splitting or merging are documented in Section 3. Section 4 discusses the role of baroclinic instability
of eddy generation and local adjustment process in shaping the eddy vertical structure. The paper is ended with
a summary of its major conclusions.

2. Data and Methods
2.1. Observational Data

Surface mesoscale eddies within the KOE region (135-175°E; 25-45°N) are detected and tracked using daily
maps of delayed-time multimission absolute dynamic topography and derived geostrophic velocity fields (UV)
(E.U. Copernicus Marine Service Information (CMEMS), 2022). The data span a period of 22 years (from
January 2000 to December 2021) and have a spatial resolution of 1/4°. There are 3,056 anticyclonic eddies
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(AEs) and 3,787 cyclonic eddies (CEs) detected and tracked in total via the TOEddies algorithm (Laxenaire
et al., 2019). Only mesoscale eddies possessing more than five Argo profiles within the maximum eddy velocity
boundary during their lifespan are retained for further analysis. After a quality control of the Argo data (see
Text S1 in Supporting Information S1), there are 7,214 (4,821) Argo profiles in 476 AEs and 404 CEs used for
analysis.

2.2. Reanalysis Data

Given the limitations in the spatio-temporal coverage of observational data, we have also utilized the
Four-Dimensional Variational Ocean Reanalysis for the Western North Pacific over 30 Years (FORA-WNP30)
(Usui et al., 2017) to analyze the vertical structure of mesoscale eddies and their underlying dynamics. The
FORA-WNP30 offers a spatial resolution of 1/10° for the majority of the research region, and 1/6° for the
remainder. To align with the period during which the assimilated altimeter-derived sea surface height (SSH) was
recorded, we only use model output from January 1993 to December 2014. From the FORA-WNP30 data, we
detected and tracked 5,100 AEs and 6,371 CEs in total.

2.3. The Ocean Eddy Detection and Tracking Algorithms (TOEddies)

The TOEddies algorithm (Laxenaire et al., 2018, 2019), developed from the widely used geometric algorithm
(Chaigneau et al., 2008, 2009; Pegliasco et al., 2015), is used to detect and track mesoscale eddies. The TOEddies
algorithm does not only provide information on eddy dynamical characteristics such as radius and velocity but
also constructs a sophisticated eddy network. This network connects eddy trajectories associated with merging
with other eddies or splitting into multiple eddies, enabling the tracking the origin of individual eddies.

Once an eddy is detected, eddy anomalies are calculated by subtracting a local climatological mean profile. For
the observational data, local climatological mean profiles of potential temperature 6, salinity S and potential
density o are derived from the World Ocean Atlas 2018 (WOA18) 1/4° objectively analyzed monthly climatology
following Laxenaire et al. (2020). These fields are linearly interpolated to match the position and day of the year
of each Argo float. For the reanalysis data, eddy anomalies are calculated by subtracting a large-scale back-
ground field. The large-scale background of some variable, including 0, S, ¢ and horizontal velocity (u,v) is first
computed as its climatological mean on each calendar day over a 22-year period. Then this climatological mean
field is further smoothed horizontally using a 41 X 41 grid boxcar filter and temporally using a 31-day running
mean filter. The EKE is computed as EKE = (> + v/*)/2, where u’ and " are velocity anomaly.

2.4. Cluster Analysis

To classify mesoscale eddies with different vertical structures, we implement the HAC technique following
Pegliasco et al. (2015) to eddies in the observational and reanalysis data sets. Due to the complexity of mesoscale
eddies in the KOE region, the vertical profiles of 8'/S’/c’ at the centroids of the eddies and the average EKE
profile along the SSH contour with the maximum eddy velocity are considered for a substantial classification.

All the vertical profiles are first linearly interpolated onto a 10-m regular grid from the surface to 1,000 m, as the
eddy signal below 1,000 m in our research region is very weak. Then the vertical profiles of an eddy along its
trajectory at different snapshots are averaged to form a single vertical profile. To remove potential obscure clus-
ters classified by the HAC, following Laxenaire et al. (2020) we discard weak eddies that have a maximum value
of any vertical profile of §'/S'/c’ less than 0.1 °C/psu/kg m~3. This criterion is applied to both the eddies in the
observational and reanalysis data to keep consistency, yielding 394 (297) AEs (CEs) in the observational data and
3,130 (4,001) AEs (CEs) in the reanalysis data. Note that the much smaller number of eddies in the observation
is due to the sparsity of Argo profiles.

The HAC method first treats each eddy's vertical profiles of 6'/S'/¢’ (and also EKE for the reanalysis data) as a
unique cluster, subsequently merging similar clusters to form a unified cluster that encompasses all the eddies'
vertical profiles. The merging process involves the three stages: calculating Euclidean distances of the normal-
ized (dimensionless) vertical profiles between eddies; grouping closest eddies into a dendrogram using Ward's
aggregation method (Ward, 1963); and finally selecting an optimal cut point in the cluster tree to partition the
eddies into different clusters based on the significant difference in their vertical structures (Text S2; Table S1;
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Figure S1 and S2 in Supporting Information S1). Readers can refer to Pegliasco et al. (2015) for more details of
the HAC method.

3. Results
3.1. Vertical Structures of Mesoscale Eddies

Application of the HAC method to the observational data suggests that the vertical structures of AEs and CEs in the
KOE region can be classified into three distinct clusters (Figure 2). The first cluster, including 112 (28%) AEs and
117 (39%) CEs, is characterized by strong 8'/S'/c’ between 100 and 300 m (Figures 2a, 2g, 2m, 2s, 2d, 2j, 2p, and 2v).
These eddies are predominantly located in the northern part (35°N—45°N) of the KOE region, consistent with the find-
ings reported by Itoh and Yasuda (2010). Tracking analysis reveals that many AEs and CEs in this cluster originate
from the SAF, the Kuril-Kamchatka Trench and downstream KE (Figures S3 and S4 in Supporting Information S1).
The AEs (CEs) included in this cluster tend to carry positive (negative) €’ and S’ values with the former dominating
o’. The typical peaking values ¢'/S'/c’ in the vertical are 1.97°C, 0.17 psu, and —0.20 kg m~3 for AEs and —1.91°C,
—0.22 psu, and 0.15 kg m=3 for CEs, respectively. The water mass analysis implies that these eddies should carry
Okhotsk sea mode water (Gladyshev et al., 2003; Yasuda, 1997) and transition region mode water (Saito et al., 2007),
which is consistent with their origins derived from the tracking analysis (Figure S5 in Supporting Information S1).

The second cluster includes 164 (42%) AEs and 138 (46%) CEs, exhibiting strong 0'/S’/c’ between 300 and 500 m
(Figures 2b, 2h, 2n, 2t, 2e, 2k, 2q, and 2w). This cluster is distributed around the center and to the south of the KE axis,
located within the warm and salty region of the North Pacific Subtropical Mode Water (STMW) (Masuzawa, 1969)
and lighter central mode water (Oka et al., 2011) (Figure S5 in Supporting Information S1). Some eddies in this clus-
ter are shed off via the meandering of the KE (Ding & Jing, 2020), while others originate to the south of the KE axis or
from the central North Pacific (Figures S3 and S4 in Supporting Information S1). This cluster displays typical peaking
values of @'/S'/6’ as 3.25°C, 0.22 psu, and —0.38 kg m~ for AEs and —2.62°C, —0.22 psu, and 0.33 kg m~ for CEs.

The third cluster comprises 118 (30%) AEs and 42 (14%) CEs. The 0'/S’/c’ of these eddies are near-surface
intensified and have relatively smaller amplitudes than those in the first and second clusters (Figures 2c, 2i, 20,
2u, 2f, 21, 2r, and 2x). Typical peaking values of §'/S’/¢’ in this cluster are 1.08°C, 0.14 psu, and —0.26 kg m~3
for AEs, and —0.75°C, —0.10 psu, and 0.33 kg m~3 for CEs. This cluster of eddies is located in the southernmost
part of the KOE region and partially overlapped with the second cluster of eddies in space. These eddies tend to
form locally or originate from the central North Pacific, carrying warm and salty STMW (Figures S3 to S5 in
Supporting Information S1). To the best of our knowledge, this third eddy cluster has not been documented in
the existing literature. Due to the spatial overlap of the second and third clusters, and the weaker amplitude of the
third cluster, it is difficult to identify the third cluster based on the eddy composite analysis over a pre-defined
region as done in the previous studies (Dong et al., 2017; Ji et al., 2018; Sun et al., 2017).

Finally, it is found that the three distinct eddy clusters in the observations are consistently reproduced in the
reanalysis data (Figure S6 in Supporting Information S1) and in a smaller domain (29°N—-45°N) excluding eddies
from the subtropical countercurrent (Figure S7 in Supporting Information S1). The statistical analysis of surface
characteristics within each cluster reveals notable distinctions among them (Table S2 and S3 in Supporting Infor-
mation S1). Moreover, whether including the vertical profile of EKE in the HAC method does not qualitatively
affect the identified eddy clusters in the reanalysis data (Figures S6 and S8 in Supporting Information S1). In
the following analysis, we will focus on the eddy clusters in the reanalysis data as its sample number of eddies is
much larger than that in the observation, yielding a more robust statistic.

3.2. Influences of Eddy Merging and Splitting on Vertical Structures of Mesoscale Eddies

In the KOE region, displacement and deformation of mesoscale eddies cause frequent eddy merging and splitting.
Among the total 5,100 (6,371) AEs (CEs) detected in the reanalysis data, only 2,226 (2,326) always evolve as
a single coherent vortex. The remainings merge with other eddies or split into multiple eddies sometime during
their life cycles. In specific, there are 1,624 (2,168) AEs (CEs) undergoing merging events and 1,250 (1,877)
undergoing splitting events.

To examine the effects of eddy merging and splitting on the eddy vertical structures, we compute the vertical
displacement of peaking depth of ¢’ during the merging and splitting events (denoted as d,, and d,). Here the verti-
cal displacement is estimated as the difference between the peaking depths of ¢’ 15 days before and after merging
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Figure 2. Spatial distributions and vertical structures (6'/S'/c”) of eddies for each cluster in the observational data. (a—f) The trajectories of eddies (red/blue line
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Figure 3. Probability density function of vertical displacement of peaking depth of 6" during the eddy merging, splitting
events and otherwise (non-event). The errorbar denotes the 95% confidence intervals of the mean and standard deviation of
vertical displacement.

and splitting events. Sensitivity tests suggest that varying the time span from 10 to 20 days or using the peaking
depth of ¢ and S’ do not have substantial impacts on the results (Figure S9 in Supporting Information S1). It
should be noted that the peaking depth of ¢’ during a 30-day-long period is likely to change even without the
occurrence of eddy merging and splitting events. Therefore, the values of d,, and d_ should be compared to that
when eddy merging and splitting do not occur (denoted as d,y).

Figure 3 presents the probability density functions of d,,, d; and d,. The mean value and standard deviation of d,
are 5.5+ 0.7 (6.6 + 0.9) m and 115.9 + 0.5 (143.7 + 0.6) m for AEs (CEs), respectively (the errorbars denote the
95% confidence intervals, and hereinafter). The standard deviation of d,, for AEs (CEs) increases to 215.5 + 5.4
(240.4 + 5.2) m, significantly larger than that of d,. Similar is the case for d,, suggesting that the eddy merging
and splitting have notable effects on the eddy vertical structures. Unlike the standard deviation, the difference
among mean values of d,, d, and d, are minor. It thus suggests that the eddy merging and splitting should be
unlikely to introduce new clusters of eddy vertical structures but instead enlarge the intra-cluster variability. This
is further confirmed by applying the HAC method to eddies experiencing merging/splitting during the life cycles
or not, respectively. The resultant eddy vertical structures of three clusters are consistent with those derived from
all the eddies (Figures S10 and S11 in Supporting Information S1).

4. Discussion

To shed light on the underlying dynamics on the three different clusters of vertical structures of mesoscale eddies
in the KOE region, we perform a linear baroclinic instability (LBI) analysis at generation sites and a vertical mode
analysis at the positions during eddy movements. The LBI analysis is based on the inviscid quasi-geostrophic
potential vorticity (QGPV) equation (Feng et al., 2022).

¢+U-Vg+u-V0=0, -H<z<0 1)

$2+U -Vo.+u-V(p.+ f'N*n) =0, z=0,-H, )

where U = U(z)i + V(z)j is the mean current, Q = fy + k-VxU-— g/poaz(fp/Nz) is the mean poten-
tial vorticity with 8 the local planetary vorticity gradient, N the background squared buoyancy frequency, p,
the reference density and f the Coriolis parameter, ¢ = V2p + [y is the eddy component of the QGPV with
I' =0 (f*/N*9,) the vortex stretching operator, u = —(pﬁ + @] is the eddy velocity field expressed in terms of the
horizontal eddy stream function ¢ = ¢(x, y, z, 1), Vg, = Vz? - UJ is proportional to the mean horizontal buoy-
ancy gradient via the thermal wind relation, # is the bottom topography height at z=—-H and y =0 at z = 0, and
\Y% =7% + 7% is the horizontal gradient operator.

Contrary to the previous LBI analysis performed over fixed regions (e.g., Jing et al., 2019), we apply the LBI anal-
ysis to individual eddies. In specific, the LBI analysis is computed based on the background field at the generation
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Figure 4. Vertical profiles of normalized ¢’ (black) and its prediction from linear regression to normalized |¢_| (green),
normalized |y| (blue) and their combination (red) for anticyclonic eddies (a—c) and cyclonic eddies (d—f) of different clusters.
Each profile corresponds to the median profile in the functional boxplots, and the gray shading is the standard deviation of ¢'.
The numbers in each panel show the median R? and its confidence interval.

sites of individual eddies. To exclude the mixed-layer baroclinic instability (MLI) generating eddies at submesos-
cales, the upper boundary is moved from the sea surface to the 50-m depth. The detailed procedures for searching
fastest-growing baroclinic instability (BCI) mode at mesoscales can be found in Feng et al. (2021, 2022).

There are, however, several limitations for the LBI analysis. First, it can only account for mesoscale eddies gener-
ated primarily via the baroclinic instabilities. Second, it does not take into consideration the adjustment of eddy
vertical structure to the local stratification (Pedlosky, 1987). In the observation, stream functions of eddies are
found to be dominated by the first baroclinic mode y(z) derived from the Sturm-Liouville eigenvalue problem
(Gill, 1982) and barotropic mode (Zhang et al., 2013), suggesting the important role of local adjustment to strat-
ification and planetary rotation in shaping the eddy vertical structure. To evaluate the effects of baroclinic insta-
bility at eddy generation site and local adjustment during eddy propagation, we first normalize ¢’ of each eddy
so that it ranges from 0 to 1 vertically, regress the normalized ¢’ to the normalized |@_| and |y|, use the variance
explained by the regression model R? as a measurement.

When both |@_| and |y,| are chosen as predictors of the regression model, the predicted ¢’ agrees qualitatively
with the true value and captures the distinct vertical structures of the three eddy clusters (Figure 4). The median
R? over the eddies of different polarization and clusters ranges from 0.76 to 0.89, significantly higher than that
for the regression to lg_| or ly| alone. It thus suggests that both the baroclinic instability at eddy generation sites
and local adjustment process play an important role in shaping the vertical structure of eddies and can partially
account for the different vertical structures of three eddy clusters.

5. Conclusions

In this study, we utilize a clustering technique to classify the typical vertical structures of mesoscale eddies in the
KOE region based on the observational and reanalysis data. According to the vertical profiles of '/S'/¢’, three
distinct eddy clusters are identified. The first cluster has core depths of 100-300 m and is located in the northern
part of the KOE. The second and third clusters has core depths of 300-500 m and 0—100 m, respectively. These
two clusters are located in the southern part of the KOE and overlapped in space. The eddy splitting or merging
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causes strong variability of vertical structures of 6'/S’/o’, enlarging their intra-cluster variability. Dynamical anal-
ysis suggest that the three clusters of eddy vertical structures can be partially accounted for by the baroclinic
instabilities and local adjustment process. Further research is needed to better comprehend the underlying dynam-
ics governing the eddy vertical structures, including the effects of barotropic instability, eddy-mean flow, and
eddy-eddy interactions.

The cluster analysis uncovers a new type of eddy vertical structure in the south of KOE region, which is over-
looked in the existing literature (Dong et al., 2017; Jing et al., 2019; W. Sun et al., 2017). On the one hand, this
discovery expands our comprehension of the vertical structure of mesoscale eddies within the KOE region. On
the other hand, it highlights the usefulness of statistical learning like cluster analysis in oceanography research.
We remark that previous studies (Chaigneau et al., 2011; Dong et al., 2017; Keppler et al., 2018) computed the
mean eddy vertical structure in some pre-defined subdomains based on the subjective premise that eddies in
each subdomain should have a unique vertical structure. This premise, however, is invalid in the south of KOE
region and mix up two different kinds of eddy vertical structures there. The cluster analysis gets rids of this
premise and provides a more reliable classification of eddy vertical structures. Combination of dynamical anal-
ysis and advanced statistical learning could improve our understanding of eddy origins, characteristics as well
as their induced heat and material transports that are crucial to the climate and marine ecological system (Chang
et al., 2020; Chelton et al., 2011).

Data Availability Statement

The altimeter products are available in E.U. Copernicus Marine Service Information (CMEMS) (2022). The
Argo data are available in Argo Data Management Team (2022). The climatological data WOA18 (World Ocean
Atlas 2018) are available in Boyer et al. (2018), Locarnini et al. (2019a, 2019b) and Zweng et al. (2019). The
reanalysis data FORA-WNP30 (Four-dimensional Variational Ocean ReAnalysis for the Western North Pacific)
are available in Usui and Usui et al. (2017). The radius of deformation data are available in Chelton et al. (1998).
The seasonal mean EKE data are available in SSALTO/DUACS (2022).
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