JGR Oceans

RESEARCH ARTICLE
10.1029/2025JC022880

Key Points:

e Submesoscale ageostrophic kinetic
energy (KE) is pronounced around the
Izu-Ogasawara Islands in the Kuroshio
south of Japan

e Ageostrophic motion and its
interaction with geostrophic flow
dominate background KE transfers to
the submesoscales around the islands

o Away from the islands, a weak inverse
KE cascade occurs, with submesoscale
KE sourced from the conversion of
available potential energy

Correspondence to:

S. Zhang,
zhangsw @stu.edu.cn

Citation:

Shen, Z., Yang, Y., Hu, J., & Zhang, S.
(2025). Impact of topography on
submesoscale ageostrophic kinetic energy
in the Kuroshio south of Japan. Journal of
Geophysical Research: Oceans, 130,
€2025JC022880. https://doi.org/10.1029/
2025JC022880

Received 14 MAY 2025
Accepted 28 SEP 2025

Author Contributions:

Formal analysis: Yang Yang
Investigation: Jianyu Hu

Writing — original draft: Zheyue Shen
Writing — review & editing:

Shuwen Zhang

© 2025. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

V ad |
AG

l ADVANCING
EARTH AND
-~ SPACE SCIENCES

'

Impact of Topography on Submesoscale Ageostrophic
Kinetic Energy in the Kuroshio South of Japan

Zheyue Shen'? ©, Yang Yang® ©©, Jianyu Hu®, and Shuwen Zhang'?

"Institute of Marine Science, Shantou University, Shantou, China, *Guangdong Provincial Key Laboratory of Marine
Disaster Prediction and Protection, Shantou University, Shantou, China, 3State Key Laboratory of Marine Environmental
Science, Center for Marine Meteorology and Climate Change, College of Ocean and Earth Sciences, Xiamen University,
Xiamen, China

Abstract The submesoscale energetics over the topography in the Kuroshio south of Japan are analyzed
using the 1/48° resolution MITgem LLC-4320 simulation. We use the multiscale window transform (MWT) and
canonical transfer theory based on MWT to investigate the cross-scale kinetic energy (KE) transfers between the
background flow and submesoscale currents, and the conversion of submesoscale available potential energy
(SAPE) to KE. Results show that ageostrophic KE predominates on the submesoscale window near the Izu-
Ogasawara Islands, peaking in August while reaching a minimum in March. In August, the Kuroshio follows a
nearshore path with high background KE, generating ageostrophic centrifugal instability as it crosses the
islands. This instability is accompanied by significant ageostrophic motions and interactions between
geostrophic and ageostrophic flows. As a result, two types of KE transfers from the background flow to
submesoscale windows are generated: the ageostrophic KE cascade and the transfer associated with
geostrophic-ageostrophic current interactions. In contrast, in March, the Kuroshio follows an offshore path with
weaker KE background, leading to a reduction in KE transfer. The conversion from SAPE to KE remains
negligible during these 2 months. However, in the region farther from the islands where a weak inverse KE
transfer predominates, the submesoscale ageostrophic KE is relatively small; and SAPE is the main source of
submesoscale KE in March, but not in August. Our results highlight the role of ageostrophic motions and their
interactions with geostrophic flows in cross-scale KE cascades, contributing to a quantitative understanding of
complex submesoscale dynamics in island areas.

Plain Language Summary The Izu-Ogasawara Islands lie south of Japan, where the Kuroshio passes
through. As an oceanic background circulation, the Kuroshio satisfies geostrophic balance, and most of the
kinetic energy (KE) is stored in the geostrophic KE. Due to Kuroshio-topography interactions and the loss of
geostrophic balance, the island region is characterized by pronounced submesoscale processes and high
submesoscale ageostrophic KE. Ageostrophic motions, along with their interactions with geostrophic motions,
extract KE from the background flow and transfer it to submesoscale ageostrophic KE. The contribution of the
Kuroshio background flow and its path across the islands varies seasonally, leading to changes in the
submesoscale ageostrophic KE in the region around the islands. Our analysis of cross-scale KE transfers in the
island region reveals that ageostrophic motions and their interactions with geostrophic flows significantly
contribute to submesoscale ageostrophic KE. In addition, submesoscale processes play a crucial role in the
forward KE transfer from the geostrophic scale toward dissipation.

1. Introduction

The submesoscale processes, with a horizontal scale of O(0.1-10) km and a timescale ranging from a few hours to
several weeks, are ubiquitous in the ocean. These processes are intermediate between mesoscale and small-scale
processes, possessing unique dynamic characteristics. Submesoscale processes are commonly found in western
boundary current regions, with both geostrophic and ageostrophic components coexisting (D’ Asaro et al., 2011;
Qiu et al., 2017; Zhang & Qiu, 2018).

Mesoscale processes, governed by quasi-geostrophic dynamics, tend to transfer energy inversely to larger scales
while the ageostrophic nature of submesoscale motions drives a forward cascade toward dissipation (Arbic
et al., 2012; Ferrari & Wunsch, 2009; Jing et al., 2021; McWilliams, 2016; Qiu et al., 2022). This ageostrophic
nature also exhibits several significant characteristics, including intense upwelling/downwelling and rapid
restratification (McWilliams, 2017; Thomas, 2008; Thomas et al., 2008; Yang et al., 2021; Zhang et al., 2019).
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Flow-topography interaction is one of the important generation mechanisms of submesoscale processes (Gula
etal., 2015; Srinivasan et al., 2019; Zhang, 2024; Zhang et al., 2022). Submesoscale currents, which carry marked
KE, are often found near steep topographies, such as continental slopes, seamounts, and ridges (Chen et al., 2024;
Molemaker et al., 2015; Ruan et al., 2017). A series of high-resolution numerical model simulations have
emphasized that submesoscale currents are generated through the interactions between geostrophic flows and
steep topographic slopes (Napolitano et al., 2020; Naveira Garabato et al., 2019; Perfect et al., 2018; Srinivasan
et al., 2017).

The dynamic transition from large-scale and mesoscale to submesoscale motions is typically accompanied by a
disruption of geostrophic balance and the generation of ageostrophic motions (Dong et al., 2007; Grooms, 2015;
Mahadevan & Tandon, 2006).

On sloping seafloors, topographic drag can induce vertical and horizontal shears in background ocean currents,
which may cause the shear currents to separate from the turbulent bottom boundary layers (Srinivasan
et al., 2019). These shear currents, which break the constraints of the bottom boundary layers, may undergo a
series of ageostrophic instabilities, including baroclinic instability, centrifugal instability, or horizontal shear
instability. Ageostrophic instabilities could serve as a mechanism directly linking balanced mesoscale dynamics
with unbalanced submesoscale motions (Dewar et al., 2015; Gula et al., 2016; McWilliams, 2016).

As a strong western boundary current in the North Pacific, the Kuroshio regulates material transport and heat
exchange, also playing a key role in the distribution of momentum in the North Pacific Ocean (Soeyanto
et al., 2014; Wang et al., 2016). The Izu-Ogasawara Ridge is located to the south of Japan, connecting the Izu
Islands and the Ogasawara Islands. It extends from Japan's Izu Peninsula to a region near the Mariana Trench.
After crossing the Izu-Ogasawara Ridge region, the Kuroshio tends to experience mixing and instability
(Hasegawa et al., 2004; Nagai et al., 2017; Tsutsumi et al., 2017). The interaction between the Kuroshio and the
Izu-Ogasawara Ridge generates submesoscale KE primarily through barotropic instability while baroclinic
instability is suppressed (Masunaga et al., 2022). Simultaneously, the topography around the Izu-Ogasawara
Ridge is closely related to changes in the Kuroshio's path and exerts a notable controlling effect on the struc-
ture of the Kuroshio (Sekine, 1990; Sekine & Toba, 1981).

When the Kuroshio follows different paths across the island region over the Izu-Ogasawara Ridge, its geostrophic
balance is disrupted by the unique topography. As a background flow, how does the Kuroshio interact with
submesoscale processes, leading to the generation of ageostrophic KE at the submesoscale? The exploration of
this interaction will facilitate a quantitative discussion of the complex submesoscale dynamics.

The remainder of this paper is organized as follows. Section 2 provides a brief introduction to the data and
methods used in this study. Section 3 presents the KE, geostrophic KE, and ageostrophic KE at multiple scales in
the Kuroshio south of Japan. Section 4 focuses on the analysis of the processes involved in submesoscale KE
transfers within the selected area. Section 5 analyzes the mechanism of ageostrophic instability in the study area.
Finally, Section 6 contains the discussion, and the main findings of this study are summarized in Section 7.

2. Data and Methods
2.1. Topographic Data and MIT LLC-4320 Simulation

The Earth TOPOgraphy 2022 (ETOPO 2022) is a global data set that includes bathymetric, topographic, and
coastline data, made available by the National Oceanic and Atmospheric Administration (NOAA, 2022, https://
www.ncei.noaa.gov/products/etopo-global-relief-model). The data set is composed of 288 individual 15° X 15°
grid sections (longitude/latitude), each with a geographic resolution of 15 arc-seconds, providing a high-
resolution comprehensive representation of the Earth's physical characteristics.

The global high-resolution LLC-4320 (Latitude-Longitude-polar Cap 4320) model data set, developed by the
General Circulation team at the Massachusetts Institute of Technology (MITgcm), is accessible through the
National Aeronautics and Space Administration (NASA) research center (https://data.nas.nasa.gov/ecco). The
model data set features a horizontal resolution of up to 1/48° and includes 90 vertical levels. The vertical reso-
lution varies from 1 m at the sea surface to 480 m at the seafloor. The model is forced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) Atmospheric Reanalysis Data, with a resolution of 0.14° and
updated every 6 hr. The atmospheric forcing field reanalysis data encompass variables such as 10-m wind speed,
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Figure 1. Bathymetry (color shading, units: m) overlaid with mean sea
surface height (SSH) for November 201 1-October 2012, represented by thin
black contours at 10 cm intervals, ranging from 60 to 90 cm. The thick black
line indicates the main axis of the Kuroshio (defined by the 75-cm SSH
contour). Blue boxes represent: region R1 (32.7°-33.7°N, 137°-138°E) and
region R2 (32.5°-34.5°N, 139°-140°E), respectively. Section 1 (solid blue
line) in region R1 is located at longitude 137.5°E, spanning from 32.7°N to
33.7°N. Section 2 (solid blue line) in region R2 is defined by the two
endpoints: (140.0°E, 32.5°N) and (139.4°E, 34.5°N). Pink lines indicate the
200-m isobaths.

2-m temperature and humidity, longwave and shortwave radiations, atmo-
spheric pressure, and others. The model is simulated from September 2011 to
November 2012. The data utilized in this study cover the period from
November 2011 to October 2012, with an hourly temporal resolution. The
physical variables include sea surface height (SSH; #), potential temperature
(T), salinity (S), zonal velocity (ur), meridional velocity (v7), and vertical
velocity (wy). To remove most of the unbalanced internal gravity waves
unassociated with submesoscale processes (e.g., Su et al., 2018), we apply a
24-hr low-pass filter to all aforementioned variables before conducting the
analyses.

The Kuroshio is a well-known western boundary current in the North Pacific
Ocean.

As shown in Figure 1, the Kuroshio flows northeastward to the south of Japan,
crossing the island region over the Izu-Ogasawara Ridge.

2.2. Methods

2.2.1. Geostrophic and Ageostrophic Currents

The sea surface layer geostrophic currents are calculated from the SSH (#):

__&9m

Uy = 7oy )]
_g9y

Vo—fax )

here, u, and v, represent the zonal and meridional components of the sea surface geostrophic currents, respec-

tively; g is the gravitational acceleration; and f represents the Coriolis parameter. Based on the sea surface

geostrophic currents, we further calculate the geostrophic currents at the depth z;:

g z=0 0
uG(z) = up — — —p(2)dz 3)
Pof J =, 0¥
z=0
)
vG(z) = vo + £ —p(2)dz 4)
pOf =z ox

ug(z;) and vg(z;) represent the zonal and meridional components of the geostrophic currents at the depth z;,
respectively (Mulet et al., 2012). p, and p(z) denote the reference seawater density of 1,024 kg/m® and the
seawater density at the depth z = z;, respectively. The ageostrophic currents, u, (z;) and v, (z;), are obtained by
subtracting the geostrophic currents, ug(z;) and vs(z;), from the total velocities, u(z;) and vy (z;).

2.2.2. Geostrophic Richardson Number and Ertel Potential Vorticity

The geostrophic Richardson number R;, is an important parameter for analyzing fluid instability (Stone, 1966,
1970). When the logarithm of the R, is large, fluid instability is less prone to occur, whereas a small logarithm of
the R;, increases the likelihood of fluid instability (Abarbanel et al., 1984; Galperin et al., 2007; Thomas
et al., 2013). The geostrophic Richardson number is expressed as follows:

2N?
Ri = 5
£Vl ®
where Vb represents the horizontal buoyancy gradient, with b = —g Pﬁo, and N? is the square of the buoyancy
frequency.
SHEN ET AL. 30f 19

85U01 7 SUOLIWOD dAER.D) 8 (dedljdde ay) Ag peusenob e sopile VO 8sn Jo s 10} AriqiT Ul U AS|1M UO (SUONIPUOD-PUR-SWLRIAL0D A8 |IM"Afelq1jpuluo//SdNy) SUONIPUOD pue swis 1 8u1 88S *[520Z/0T/TE] uo Ariqiauluo A8|IM ‘08822000G202/620T OT/I0p/L0d Ao im Akeiq1puljuo'sgndnBey/sdny wouy pepeojumod ‘TT ‘5202 ‘16266912



Ay
M\I Journal of Geophysical Research: Oceans 10.1029/2025JC022880
AND SPACE SCIENCES

Table 1
The Mathematical Expressions and Physical Interpretations of the Energy Terms, Refer to Liang (2016) for Further Details
Terms Mathematical expression Meaning
V-Qf V. [ 1 CONE ‘A,h~m] The advection of KE on window @
r~ % [(;‘E)Nm SVY,ST -V (ﬂ)w’ .Qth] Canonical KE transfer on window w
vV-Qp V. ( Lgrm P"""’) Pressure forces work on window @
Po
b” p%ﬁ”” w? Buoyancy conversion on window w; negative b” means a conversion of available

potential energy to KE on window w

o4 Implicitly accounted for and considered as a residual term in the KE  Change rate of KE caused by wind stress and internal dissipation on window @
budget equation

As a fundamental diagnostic for dynamic instability, Ertel potential vorticity (PV) is intrinsically linked to
submesoscale processes (Thomas et al., 2013). A necessary condition for the development of fluid dynamical
instability is the reversal of the sign between the Ertel PV and the Coriolis parameter (Hoskins, 1974). Ertel PV is
defined as follows:

q=w, Vb ©)

The expression w, = fz + V X udefines the absolute vorticity, where z is the local vertical unit vector and u is
the velocity vector.

2.2.3. Multiscale Window Transform and Canonical Transfer

In this study, we use a temporal decomposition technique, namely, the multiscale window transform (MWT), to
decompose the original field to a background field and a submesoscale field. The MWT is developed by Liang and
Anderson (2007) for the purpose of obtaining physically consistent multiscale energies. Although filters can be
used to fulfill scale separation, defining the energy of the filtered field is by no means trivial. Liang and
Anderson (2007) proved that for a class of specially designed orthogonal filters with a wavelet basis, there exists a
localized transform coefficient it;” (n denotes the discrete temporal localization) for each filtered field u™~™ (7).

The operator (/\);w is the very MWT. They also proved that the energy on window w is proportional to (ﬁ;’”)z.

Using MWT, the KE on scale window @ can be derived as K” = 19,7 -¥,~7, with the governing equation for
KE given by:
oK™ 1 — 17—~ — 1 e
B v |rav)yme +7[(vvh) 7 VT -V () - e,;’”] —v.(—7p
ot 2 2 Po
-v . QY re -v-QY
- (p—[fﬁ’ v‘v””) + Fg 7
LH
o

The colon operator is defined as follows: for two dyadic products AB and CD, (AB):(CD) = (A - C) (B - D). The
expressions and meanings for each term on the right-hand side of Equation 7 are listed in Table 1.

Among the multiple terms on the right-hand side of Equation 7, I'” holds particular significance, as it charac-
terizes the cross-scale KE transfer between the background flow and the submesoscale windows. It satisfies an
important conservation property, described as follows:
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22N =0 ®)

Here, ) and ) denote summations over all the sampling time steps n and scale windows w, respectively. Note
n w

that the subscript n, denoting the discrete time step, is omitted in Equation 7 for brevity. This means that ['” serves
solely to redistribute energy among scales, without creating or destroying energy as a whole. This property is
absent in conventional energetics formulations. Interested readers are referred to Yang et al. (2024) for a detailed
comparison. To distinguish, I'® is formally designated as canonical transfer (Liang, 2016). ' can be expanded as
follows:

re = %{(/vu\)NwV T [V : (/vu\)”‘"] ff’”} + %{@vavw . [v : @Nw] r”} ©)

Note that I'” not only includes cross-scale transfers between different scale windows but also transfers within the
window itself (as each scale window consists of a range of scales). Therefore, ' requires further decomposition,
which is achieved through the “interaction analysis” procedure detailed by Liang and Robinson (2007). We
provide a concise description of this procedure below. Crucially, all terms in Equation 9 exhibit a form of triple

product, ['” = EN’"@W. Considering window @ = 1 (the primary focus of this investigation) as an exemplar,
the decomposition proceeds as

An] —— ~1

r'=¢& (pp) (10)

1

T ) ) )
)’

1_04.1 l—*lﬂl

The two terms I'*~! and I''~! indicate that the KE transfers to scale window 1 from window 0 and within itself,
respectively. We will focus on I°~! because it represents the interaction between the background flow and the
submesoscale processes.

Following previous studies (e.g., Yang et al., 2021; Zhang et al., 2020), we define the submesoscale as processes
with periods shorter than 8 days and longer than 1 day. Processes with a period longer than 8 days are defined as
the background flow. At the same time, the MWT is applied to three velocity components: (a) the total velocity
(ur, vy, wr), (b) the geostrophic velocity (g, vs), and (c) the ageostrophic velocity (u4, v4), in order to obtain the
corresponding components of each velocity for the background flow and submesoscale windows. Accordingly,
the background and submesoscale KE are derived from the respective components of the total velocity field,
following the formalism of Liang (2016). Similarly, the geostrophic and ageostrophic KE are computed within
each window from their associated velocity fields.

To validate our decomposition results, we calculate the area-mean submesoscale ageostrophic KE over the study
domain (32°-35°N, 136°-142°E) using the MWT method and a spatial high-pass filter with a 50 km cutoff scale
(Figure 2). The latter is commonly used to separate submesoscale motions from mesoscale and large-scale
processes (Su et al., 2018). The correlation between the two time series is 0.98, which demonstrates that our
temporal approach is indeed able to select out the submesoscale motions, consistent with previous studies (e.g.,
Yang et al., 2021; Zhang et al., 2020). However, we caution that the so-defined “submesoscale” window in this
study could also incorporate other high-frequency motions such as moderate-size mesoscale signals.

Additionally, based on Equations 9-11, the canonical transfer corresponding to different velocity components
within each window is also calculated. By applying the two-scale window decomposition mentioned above, we
are able to diagnose the cross-scale interactions between the background flow and submesoscale motions. I'!
includes KE transfer from the background flow window, as well as the transfer information within its own scale
window, as shown below:

rl — rO—»l + 1—v1—>l (]2)
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For convenience, we use the [°~ ! to denote the canonical transfer of KE from
the background flow window (@ = 0) to the submesoscale window (w = 1).
A positive I~ ! means a forward KE transfer from the background flow to
the submesoscales, and vice versa. I'' ! represents KE transfer within the
submesoscale window. Since the magnitude of I'' = ! is relatively small, it is
not considered in this study. To reveal the relative contributions of
geostrophic and ageostrophic motions to the cross-scale KE transfer, we

further decompose T~ ! as
I—‘0~>l — ]—v(c);al + I—wl(;al + F%XI (]3)

Where l"OG_’1 (T~ 1) is calculated using only the geostrophic (ageostrophic)

| | | | | velocity, and the  cross-term F%; 1 is obtained  through

e Nov Dec Jan

Figure 2. Time series of sea surface ageostrophic KE (AKE, units: m? s=2)

Time(2011 Nov-2012 Oct)

May Jun Jul Aug Sep Oct :
NIRRT T 0= — 1921 — 19~ 1 The three decomposed terms can be interpreted as

follows. F%"l (Fﬁ)\_’ 1Y denotes the cross-scale KE transfer from background
geostrophic (ageostrophic) flow to submesoscale geostrophic (ageostrophic)

on the submesoscale window, averaged over the study domain (32°-35°N, current. T%; ! denotes the cross-scale KE transfer due to interactions between
136°-142°E) based on multiscale window transform with cutoff periods geostrophic and ageostrophic flows.

between 1 and 8 days (red line) and spatial filtering with a cutoff scale of

50 km (blue line). The gray line represents the difference between the two

methods.

3. Spatiotemporal Characteristics

3.1. Spatial Distributions of Multiscale Geostrophic and Ageostrophic
Kinetic Energy

Figure 3 shows the time-averaged distributions of KE, geostrophic KE, and

ageostrophic KE for both the background flow and submesoscale windows,
averaged over the upper 200 m in the study domain. Overall, the magnitude and distribution patterns of back-
ground geostrophic KE are generally consistent with those of background KE (Figures 3a and 3c). This indicates
that the Kuroshio on the background flow window largely adheres to geostrophic balance, with most of its KE
concentrated in the background geostrophic flow. Background geostrophic KE is the predominant contributor to
background KE. High values of ageostrophic KE on the background flow window are observed only around the
islands over the Izu-Ogasawara Ridge (Figure 3e). On the submesoscale window, ageostrophic KE is most
prominent (Figure 3f). Only small fractions of submesoscale KE and geostrophic KE are concentrated around the
Izu-Ogasawara Islands (Figures 3b and 3d).

3.2. Seasonal Features of Submesoscale Ageostrophic Kinetic Energy

The submesoscale ageostrophic motions in the study domain are mainly active near the Izu-Ogasawara Islands.
Snapshots of the Rossby number (R, = {/f; ¢ = dv/dx — du/dy is the relative vorticity) at the sea surface on
15 March (a typical winter day) and 15 August (a typical summer day) are shown in Figures 4a and 4b. Large R,
values are concentrated near the Izu-Ogasawara Islands, consistent with the elevated submesoscale ageostrophic
KE in this region.

To further investigate the regional signatures of submesoscale ageostrophic KE in the study domain, we select
two study areas: one farther from the Izu-Ogasawara Islands and the other closer to it. The selected areas are:
region R1 (32.7°-33.7°N, 137°-138°E) and region R2 (32.5°-34.5°N, 139°-140°E) (Figures 1 and 4).

The submesoscale ageostrophic KE in region R2 is notably higher than that in region R1 (Figure 4c). The

submesoscale ageostrophic KE in region R2 exhibits a relatively strong seasonal cycle, weakening significantly

2 -2
s

from winter to spring and reaches its minimum value of approximately 0.07 m in early spring, around March.

The submesoscale ageostrophic KE in this region increases markedly and peaks at approximately 0.21 m? s~2 in
August. The seasonal variation of submesoscale ageostrophic KE in region R1 is less pronounced than in region
R2, but it still shows a slight weakening during the winter and a slight increase during the summer. In March, as
the main axis of the Kuroshio follows an offshore, meandering path across the [zu-Ogasawara Ridge, high values

of submesoscale ageostrophic KE are sparsely distributed around the islands along the ridge (Figure 4d). In
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Figure 3. Kinetic energy (KE) (color shading, units: m? s~2) for background flow and submesoscale windows in the study
domain (32°-35°N, 136°-142°E), averaged over the upper 200 m from November 2011 to October 2012. Panels (a, ¢, and e)
show the background KE, geostrophic KE (GKE), and ageostrophic KE (AKE), respectively, while Panels (b, d, and f)
present their submesoscale counterparts. The mean sea surface height (SSH) (averaged from November 2011 to October
2012, units: cm) is overlaid as contours, with thin black lines indicating 60-90 cm in 10 cm intervals, and the thick black
contour indicates the main axis of the Kuroshio (defined by the 75-cm SSH contour).

August, as the main axis of the Kuroshio follows a nearshore and relatively straight path over the Izu-Ogasawara
Ridge, pronounced submesoscale ageostrophic KE is widely distributed, nearly covering the entire island region
(Figure 4e).

This study will focus on analyzing how the Izu-Ogasawara Islands influence submesoscale ageostrophic KE in
the study domain during March and August.

4. Submesoscale Energetics Analysis
4.1. Buoyancy Conversion

It is worth noting that b' is related to the conversion from SAPE to submesoscale KE driven by baroclinic
instability. And it is also closely associated with ageostrophic perturbations (Capet et al., 2008; McWil-
liams, 2016, 2019). In this study, a negative b" indicates a transfer of SAPE to submesoscale KE while a positive
b' signifies a transfer of submesoscale KE back to SAPE. In region R1, located away from the Izu-Ogasawara
Islands, b' is predominantly negative and distributed along the main axis of the Kuroshio in March. In region
R2, notable b' is primarily located on the northern side of the Izu-Ogasawara Islands, exhibiting a spatial pattern
of alternating positive and negative values (Figure 5a). In August, substantial »' values in region R2 extend over
much of the island region along the Izu-Ogasawara Ridge, with predominantly positive values reaching up to
1.0 x 10~* m? s~>. In contrast, b' in region R1 is relatively weaker, exhibiting a pattern of alternating positive
and negative values, with magnitudes reaching only +0.2 X 10~ m3 s~ (Figure 5b). Overall, although the
buoyancy conversion is stronger in August than that in March, the whole study region is predominantly char-
acterized by positive b! values, indicating the conversion from submesoscale KE to SAPE.
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Figure 4. Snapshots of the Rossby number R, at the sea surface for (a) 15 March and (b) 15 August (c): The time series of
submesoscale ageostrophic kinetic energy (KE) (Submesoscale AKE, units: m? s=2), averaged over the upper 200 m in
regions R1 (blue) and R2 (pink). (d) and (e) show the spatial distributions of monthly submesoscale ageostrophic KE for March
and August, respectively (color shading, averaged over the upper 200 m, units: m? s=2). The blue boxes represent: region R1
(32.7°=33.7°N, 137°-138°E) and region R2 (32.5°-34.5°N, 139°-140°E), respectively. The monthly sea surface height (SSH)
(contours, units: cm) for either March or August is superimposed, with thin black contours at 10 cm intervals between 60 and
90 cm, and the thick black contour indicates the main axis of the Kuroshio (defined by the 75-cm SSH contour).

In March, within the upper 200 m along Sections 1 and 2, the buoyancy conversion b' predominantly exhibits
negative values, indicating that the conversion from SAPE to submesoscale KE dominates the study area. In
Section 1, between 40 and 80 km, the negative b' reaches its minimum value of —0.5 X 107 m? s73; while
positive values of b' reach up to 0.4 X 10~° m? s=3, with a sparse distribution (Figure 6a). In Section 2, b'
displays elevated values between 120 and 180 km, particularly near the islands, with peak magnitudes reaching
+1.0 x 107% m? s~3 (Figure 6b). In August, both Section 1 and Section 2 exhibit strong positive values of b'. In
Section 1, b' reaches a maximum value of 1.0 x 107® m? s~3 between 30 and 40 km, at depths ranging from 30 to
90 m; but the negative b' is very weak (Figure 6¢). As illustrated in Figure 6d, the extreme values of b' in
Section 2 are markedly stronger than those in Section 1, attaining magnitudes of up to £1.0 X 107% m? s~3, with
the most pronounced fluctuations clustered near the island region.

Overall, the above characteristics indicate the presence of a marked baroclinic instability process in the upper
ocean, influenced by the Izu-Ogasawara Islands and accompanied by intense energy conversion between sub-
mesoscale KE and SAPE. In March, the conversion is primarily from SAPE to submesoscale KE, while in
August, it predominantly occurs from submesoscale KE to SAPE, with a more intense conversion.

SHEN ET AL.

8 of 19

85U01 7 SUOLIWOD dAER.D) 8 (dedljdde ay) Ag peusenob e sopile VO 8sn Jo s 10} AriqiT Ul U AS|1M UO (SUONIPUOD-PUR-SWLRIAL0D A8 |IM"Afelq1jpuluo//SdNy) SUONIPUOD pue swis 1 8u1 88S *[520Z/0T/TE] uo Ariqiauluo A8|IM ‘08822000G202/620T OT/I0p/L0d Ao im Akeiq1puljuo'sgndnBey/sdny wouy pepeojumod ‘TT ‘5202 ‘16266912



Aru |
M\I Journal of Geophysical Research: Oceans

ADVANCING EARTH
AND SPACE SCIENCES

10.1029/2025JC022880

AL R2

2 Ma
1

T
42°E

Figure 5. Distributions of the monthly buoyancy conversion b' (color shading, integrated over the upper 200 m, units:
10~* m? s~3) in March (a) and August (b). The monthly sea surface height (SSH) (contours, units: cm) for either March or
August is superimposed, with thin black contours at 10 cm intervals between 60 and 90 c¢m, and the thick black contour
indicates the main axis of the Kuroshio (defined by the 75-cm SSH contour). The blue boxes represent: region R1 (32.7°—
33.7°N, 137°-138°E) and region R2 (32.5°-34.5°N, 139°-140°E), respectively. Section 1 (solid blue line) in region R1 is
located at longitude 137.5°E, spanning from 32.7°N to 33.7°N. Section 2 (solid blue line) in region R2 is defined by the two
endpoints: (140.0°E, 32.5°N) and (139.4°E, 34.5°N).
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Figure 6. Sectional distributions of the monthly buoyancy conversion b' along Section 1 (left panels) and Section 2 (right
panels) (color shading, units: 10~® m? s~3). Panels (a, b) correspond to March; panels (c, d) to August. Distance is measured
from the minimum latitude—32.7°N in Section 1 and 32.5°N in section 2—and increases with latitude along each section.
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Figure 7. Distributions of the monthly ageostrophic kinetic energy transfer rﬁ;*l (color shading, integrated over the upper
200 m, units: 107> m3 s=*) in March (a) and August (b). The monthly sea surface height (SSH) (contours, units: cm) for
either March or August is superimposed, with thin black contours at 10 cm intervals between 60 and 90 cm, and the thick black
contour indicates the main axis of the Kuroshio (defined by the 75-cm SSH contour). The blue boxes represent region R1
(32.7°-33.7°N, 137°-138°E) and region R2 (32.5°-34.5°N, 139°-140°E), respectively. Section 1 (solid blue line) in region R1
is located at longitude 137.5°E, spanning from 32.7°N to 33.7°N. Section 2 (solid blue line) in region R2 is defined by the two
endpoints: (140.0°E, 32.5°N) and (139.4°E, 34.5°N).

4.2. Canonical Transfer
4.2.1. The Ageostrophic Kinetic Energy Transfer

The spatial distributions of ageostrophic KE transfer reveal significant ageostrophic motions in region R2, located
around the Izu-Ogasawara Islands. In region R1, farther from the Izu-Ogasawara Islands, the ageostrophic KE
transfer is weak. In March, high values of I”g*l are sparsely distributed around the northern side of the Izu-
Ogasawara Islands (Figure 7a). The ageostrophic KE transfer is further enhanced in August. In August, the
main axis of the Kuroshio crosses the Izu-Ogasawara Ridge along a path nearer to southern Japan. Strongly
positive and negative values of Fg_’l dominate the Izu-Ogasawara Islands region, revealing intense ageostrophic
motions in this area. This facilitates efficient ageostrophic KE transfer between the background flow and the
submesoscale windows. Fﬁ"l exhibits a spatial pattern with alternating positive and negative values, reaching
magnitudes of up to 1.0 x 1073 m? s> (Figure 7b).

As shown in Figure 8, there is a strong ageostrophic KE cascade process in the upper ocean near the Izu-
Ogasawara Islands while it is relatively weak in regions farther away. In March, no pronounced ageostrophic
KE cascade is observed in Section 1 (Figure 8a). In Section 2, substantial T}~ ! values are present near the islands.
Specifically, between 120 and 160 km, at depths of 50-200 m, I" 2‘” predominantly exhibits significant positive
values, with magnitudes reaching 8.0 X 107 m? s~ (Figure 8b). In August, the magnitude of 'Y~ is higher
than that in March. In Section 1, a weak forward ageostrophic KE cascade occurs, with Fg"l reaching
4.0 x 107° m? s~ (Figure 8c). In Section 2, marked ageostrophic KE transfer occurs across the island region.
9~ " is predominantly positive, reaching a maximum of 8.0 X 107% m? s~3, Negative I\~ ! values are prom-

inently observed near the island region, with extreme values reaching —8.0 X 107% m? s=3 (Figure 8d).
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Figure 8. Sectional distributions of the monthly ageostrophic kinetic energy transfer I“g‘" along Section 1 (left panels) and
Section 2 (right panels) (color shading, units: 107 m? s=3). Panels (a, b) correspond to March; panels (c, d) to August.
Distance is measured from the minimum latitude—32.7°N in Section 1 and 32.5°N in section 2—and increases with latitude
along each section.

4.2.2. Kinetic Energy Transfer Associated With Geostrophic-Ageostrophic Current Interactions

The Kuroshio, which primarily satisfies geostrophic balance, can be influenced by external forcing and other
factors. These influences may disrupt the geostrophic balance and trigger interactions between geostrophic and
ageostrophic flows. As shown in Figure 9, substantial KE transfer associated with geostrophic-ageostrophic
current interactions I“%Xl is prominently distributed along the Izu-Ogasawara Islands, near region R2.
Notably, F%X ! exhibits a patchy distribution along the main axis of the Kuroshio. Therefore, a certain portion of
I“%;’ ! also occurs near the main axis of the Kuroshio in region R1. l"%;’ Uin August is noticeably stronger than that
in March. In March, the marked F%X ! values are concentrated only along the northern side of the Izu-Ogasawara
Islands (Figure 9a). In August, I" %X ! extends over most of the Izu-Ogasawara Island region, exhibiting a complex
pattern of alternating positive and negative values (Figure 9b).

During March in Section 1, F%;l is predominantly positive but relatively weak, with an extremum of
+3.0 X 107% m? s (Figure 10a). In Section 2, intense F%Xl values are primarily located around the islands.
Between 120 and 150 km, at depths of 0-50 m, it is positive, with a maximum of 8.0 X 10~% m? s~3. In contrast,
at depths of 50-200 m, F%X] becomes negative, reaching —8.0 x 107 m? s=3 (Figure 10b). The KE transfer,
driven by the interactions between geostrophic and ageostrophic flows, is particularly pronounced in August. In
Section 1, pronounced I'% ! values are mainly concentrated between 60 and 100 km, predominantly within the
upper 50 m layer, with positive values dominating and a peak magnitude of 8.0 x 107® m? s~ (Figure 10c). In
Section 2, near the islands, positive and negative values of T2 ! alternate spatially, with both reaching extremes

of +8.0 x 107% m? s (Figure 10d).

4.3. Mean Energy Evolution Patterns

The mean energy evolution patterns and buoyancy conversion in regions R1 and R2 for March and August are

shown in Table 2. In March and August, the submesoscale ageostrophic KE in region R1 is 0.04 m? s=2 and 0.06

m? 572, respectively, while in region R2, it is substantially higher at 0.07 m? s=2 and 0.21 m? s™2. In March, the
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Figure 9. Similar to Figure 7, but for the kinetic energy transfer associated with geostrophic-ageostrophic current
interactions [0 1.
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Figure 10. Similar to Figure 8, but for kinetic energy transfer associated with geostrophic-ageostrophic current
interactions %7 1.
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Table 2 buoyancy conversion is negative in regions R1 and R2, indicating a transfer of
Monthly Mean Energy Evolution Patterns in Regions RI and R2 SAPE to submesoscale KE. Especially in region RI, it reaches
Terms —1.80 x 107> m® s73, serving as the primary source of submesoscale KE in
Region Time Sub-AKE  b!' -1 rosl -1l rosl this region. Although the buoyancy conversion in region R2 reaches
_ 5 3 3 i . .
R March 0.04 180 —218 —134 —046 —038 1.99 X 107 m’ s™, the contribution of SAPE is comparatively weak
relative to the forward cascade of KE from the background flow.
August 0.06 0.04 -298 -2.10 -0.58 -0.30
R2 March 0.07 —1.09 —736 —1722 545 441 As an ocean circulation, the Kuroshio's KE is primarily stored as geostrophic
August 021 171 —3.95 —19.43 630 918 KE, exhibiting notable geostrophic KE transfer between the background flow

Note. Sub-AKE represents submesoscale ageostrophic KE (averaged over
the upper ocean, 0-200 m, units: m? s2). The KE transfers are represented
by 01, F%_’ Lr%=1, 1% !, and buoyancy conversion b’ (integrated over the

GA >

upper ocean, 0-200 m, units: 107> m? 5‘3).

and submesoscale windows. In regions R1 and R2, geostrophic KE mainly
transfers in an inverse cascade from the submesoscale window back to the
background flow window. In contrast, the ageostrophic KE in region R2
presents a significant forward cascade between the background flow and
submesoscale windows, reaching as high as 6.30 x 107> m® s~3 in August.
In region R1, the ageostrophic KE presents an inverse cascade between the background flow and submesoscale
windows during both March and August.

Notably, submesoscale motions are characterized by a combination of geostrophic and ageostrophic components
and based on the decomposition results of MWT, the KE on the submesoscale window is primarily composed of
ageostrophic KE. So, we consider the KE transfer associated with geostrophic-ageostrophic current interactions
as another source of submesoscale ageostrophic KE in the study region. In region R1, the KE transfer induced by
interactions between geostrophic and ageostrophic current predominantly exhibits an inverse cascade from the
submesoscale to the background flow windows. In region R2, this energy primarily cascades from the background
flow to the submesoscale windows, with the most substantial contributions occurring in August, when forward
cascade values of T2 ! reach up t0 9.18 x 107> m? s7>.

136°E 138 142°E

Figure 11. Logarithm (base 10) of the geostrophic Richardson number R;, averaged over the upper 200 m, for (a) 15 March
and (b) 15 August with the monthly sea surface height (SSH) superimposed (contours, units: cm). The thin black contours
represent 60-90 cm with an interval of 10 cm, and the thick black contour indicates the main axis of the Kuroshio (defined by
the 75-cm SSH contour). The blue boxes represent region R1 (32.7°-33.7°N, 137°-138°E) and region R2 (32.5°-34.5°N,
139°-140°E), respectively. Section 1 (solid blue line) in region R1 is located at longitude 137.5°E, spanning from 32.7°N to
33.7°N. Section 2 (solid blue line) in region R2 is defined by the two endpoints: (140.0°E, 32.5°N) and (139.4°E, 34.5°N).
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Figure 12. Snapshots of Ertel potential vorticity (PV) (color shading, units: x1078s73) averaged over the upper 200 m, for
(a) 15 March and (b) 15 August. The blue boxes represent: region R1 (32.7°-33.7°N, 137°-138°E) and region R2 (32.5°—
34.5°N, 139°-140°E), respectively. The monthly sea surface height (SSH) (contours, units: cm) for either March or August is
superimposed, with thin black contours at 10 cm intervals between 60 and 90 cm, and the thick black contour indicating the
main axis of the Kuroshio (defined by the 75-cm SSH contour). Section 1 (solid blue line) in region R1 is located at longitude
137.5°E, spanning from 32.7°N to 33.7°N. Section 2 (solid blue line) in region R2 is defined by the two endpoints: (140.0°E,
32.5°N) and (139.4°E, 34.5°N). Sectional distributions of Ertel PV along Section 2 (color shading, units: x108s73) for

(c) 15 March and (d) 15 August. Distance is measured from the location of minimum latitude (32.5°N), increasing with latitude
along Section 2.

5. Ageostrophic Centrifugal Instability

Figure 11 shows the distributions of the logarithm of the geostrophic Richardson number (R;,) averaged over the
upper 200 m for 15 March and 15 August. Across the study region, high values of the R,, are prevalent, whereas
relatively low R;, values are observed near the main axis of the Kuroshio and in the vicinity of the [zu-Ogasawara
Islands. On 15 March, low R;, values are clearly observed along the Kuroshio axis between 136°E and 138°E, and
in region R2 near the Izu-Ogasawara Islands. Compared with 15 March, 15 August shows less pronounced low
R, values along the Kuroshio axis between 136°E and 138°E, although region R2 still maintains relatively low
values (Figure 11b). Low R;, provides a favorable condition for submesoscale phenomena and may trigger
various instability mechanisms (Hoskins, 1974; Thomas et al., 2013).
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As illustrated in Figures 12a and 12b, Ertel PV in the study region is pre-
dominantly positive, whereas negative Ertel PV values are found near the Izu-
Ogasawara Islands. On 15 March, the sectional distributions of Ertel PV in
region R2 further reveal that notable negative values appear near 150 km, in
the vicinity of the [zu-Ogasawara Islands, extending throughout the entire 0—
200 m depth range (Figure 12¢). On 15 August, pronounced negative Ertel PV
values are observed around 180 km near the Izu-Ogasawara Islands at depths
of 0-100 m (Figure 12d). A change in the sign of Ertel PV constitutes a
sufficient condition for the development of instability. The fluid becomes
unstable and the relative vorticity ¢ falls below —f, leading to the develop-
ment of ageostrophic centrifugal instability (CI; Gula et al., 2016; Hos-
kins, 1974; Thomas et al., 2013). Under such conditions, the influence of

-100 -1.5 ageostrophic motions becomes significant. The presence of Ry < — 1 near
150 the Izu-Ogasawara Islands further indicates the occurrence of ageostrophic CI
- (Figures 13a and 13b).
-200 -2
QONPRYU PRV PRV NP VA PR VA NPR VAN i i
O KT (KT 0¥ »\‘7,0\(‘ :\6@(\ ’\%Q\(\ 6. Discussion

According to the MWT analysis, pronounced ageostrophic KE is observed on

Figure 13. Sectional distributions of Rossby number Ry, along Section 2 for  the submesoscale window in the Kuroshio south of Japan, with elevated

(a) 15 March and (b) 15 August. Distance is measured from the location of

values concentrated around the Izu-Ogasawara Islands (region R2).

minimum latitude (32.5°N), increasing with latitude along Section 2. The
pink contour lines correspond to Rp = —1. In region R2, the submesoscale ageostrophic KE exhibits a seasonal variation,

being weaker in winter and stronger in summer. The submesoscale ageo-
strophic KE reaches its minimum in March and its maximum in August. Furthermore, the KE cascade process is
more intense in August compared with March. The Kuroshio displays significant seasonal variations, charac-
terized by higher volume transport and stronger KE in summer and autumn, but lower volume transport and
weaker KE in winter and spring (Kagimoto & Yamagata, 1997; Sekine & Kutsuwada, 1994). As shown in
Figure 14, in region R2, both the background geostrophic and ageostrophic KE exhibit seasonal variation patterns
consistent with those of the submesoscale ageostrophic KE. In region R2, the higher background geostrophic and
ageostrophic KEs during the summer provide energy sources for the generation of submesoscale ageostrophic
KE. Previous studies showed that the [zu-Ogasawara Ridge forms a deep-water channel near 34°N, with a shallow
ridge structure extending to the south. When the Kuroshio flows near 34°N, south of Japan, it follows a nearshore
path. Conversely, when it flows farther from 34°N, it is regarded as an offshore path (Hurlburt et al., 1996;
Sugimoto & Hanawa, 2012). When the Kuroshio crosses over the Izu-Ogasawara Ridge along a nearshore path, it
tends to become more unstable, with energy more readily dissipating toward smaller scales (Yang & Liang, 2019;
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Figure 14. Mean background geostrophic kinetic energy (KE) (Background GKE, pink, units: m? s=2) and ageostrophic KE
(Background AKE, blue, units: m? s72) in region R2.
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Figure 15. Mean latitude for the main axis of the Kuroshio (defined by the 75-cm sea surface height contour) in the south of
Japan, between 136°E and 141°E. The blue dashed line indicates the 34°N latitude.

Yasuda et al., 1985). As shown in Figure 15, from summer to autumn, the Kuroshio south of Japan follows a
relatively nearshore path as it crosses over the Izu-Ogasawara Ridge.

As shown in Figures 11-13, prominent ageostrophic CI occurs around the island region over the Izu-Ogasawara
Ridge, with slightly stronger intensity in August compared with March. Ageostrophic CI can extract KE from
larger-scale balanced currents and enhance the forward cascade of KE (Gula et al., 2016; Thomas et al., 2013). In
addition, ageostrophic CI is also intensified in topographic wakes (Dewar et al., 2015; Molemaker et al., 2015).
Therefore, in August, the Kuroshio follows a nearshore path and crosses the Izu-Ogasawara Islands. During this
period, the background KE is relatively high. Significant ageostrophic CI is associated with ageostrophic motions
and interactions between geostrophic and ageostrophic flows. Their synergistic effects trigger a series of intense
forward KE cascades, resulting in the most prominent submesoscale ageostrophic KE being observed. In March,
as the Kuroshio passes the Izu-Ogasawara Islands, it follows a more offshore path. The background KE is weaker,
and ageostrophic CI is less pronounced, leading to less submesoscale ageostrophic KE.

7. Conclusions

This study utilizes the MITgem LLC-4320 simulation, with a resolution of 1/48°, to investigate the temporal and
spatial variability of submesoscale KE in the Kuroshio south of Japan, as well as the mechanisms driving this
variability. We employ a developed functional analysis tool, MWT, and the MWT-based theory of canonical
transfer. Using the MWT, the total, geostrophic, and ageostrophic velocities in the study region are decomposed
into two temporal windows: the background flow window and the submesoscale window. Based on canonical
transfer theory, we quantitatively evaluate the contributions of cross-scale KE transfer and the conversion of
SAPE to submesoscale KE. The submesoscale window is dominated by ageostrophic KE, with notable sub-
mesoscale ageostrophic KE mainly distributed near the island region over the Izu-Ogasawara Ridge. This KE
reaches its minimum in March and peaks in August, exhibiting a distinct seasonal variation.

In August, the Kuroshio follows a nearshore path, accompanied by high background geostrophic and ageostrophic
KE, as it flows along the Izu-Ogasawara Islands. As the Kuroshio interacts with the islands, the disruption of
geostrophic balance leads to the development of ageostrophic CI. This instability is closely linked to ageostrophic
motions and enhances interactions between geostrophic and ageostrophic flows. These processes facilitate intense
ageostrophic KE transfer, as well as KE transfer associated with geostrophic-ageostrophic current interactions,
from the background flow window to the submesoscale window. As a result, they constitute the primary source of
the pronounced submesoscale ageostrophic KE in this region, with both types of KE transfers contributing
comparably to the generation of this ageostrophic KE. The conversion from SAPE to submesoscale KE is not
significant in this region.

In March, the Kuroshio follows an offshore path, with relatively low background geostrophic and ageostrophic
KE as it passes over the Izu-Ogasawara Islands, accompanied by a relatively weak ageostrophic CI. This gen-
erates a subdued forward energy cascade involving both ageostrophic motions and geostrophic-ageostrophic
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interactions, resulting in weak submesoscale ageostrophic KE compared with August. Similarly, the conversion
from SAPE to submesoscale KE is not pronounced.

However, there is no significant submesoscale ageostrophic KE in regions farther from the islands; its seasonal
variability is weak, and no evident signatures of ageostrophic CI are identified. Meanwhile, a weak inverse
cascade involving both ageostrophic motions and their interactions with geostrophic flow transfers KE from the
submesoscale ageostrophic KE reservoir back to the background flow window. In March, the conversion from
SAPE to submesoscale KE is the dominant source of submesoscale KE in this region, whereas in August, the
effect of this conversion is not significant.
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