
Trough‐Scale Slope Countercurrent Over the East China Sea

Continental Slope Driven by Upwelling Divergence

Xuan Cui1,2,3 , Dezhou Yang1,2,3,4 , Arthur J. Miller5 , Baoshu Yin1,2,3,4 , and Jiayan Yang6

1Key Laboratory of Ocean Observation and Forecasting, Key Laboratory of Ocean Circulation and Waves, Institute of

Oceanology, Chinese Academy of Sciences, Qingdao, China, 2Laboratory for Ocean Dynamics and Climate, Qingdao Marine

Science and Technology Center, Qingdao, China, 3CAS Engineering Laboratory for Marine Ranching, Institute of

Oceanology, Chinese Academy of Sciences, Qingdao, China, 4College of Marine Sciences, University of Chinese Academy

of Sciences, Beijing, China, 5Scripps Institution of Oceanography, University of California San Diego, La Jolla, CA, USA,
6Department of Physical Oceanography, Woods Hole Oceanographic Institution, Woods Hole, MA, USA

Abstract Observations have revealed the existence of persistent slope countercurrents (SCCs) that flow

southwestward beneath the Kuroshio Current at several locations over the East China Sea (ECS) continental

slope. It was not clear whether these flows are localized circulation features or segments of a trough‐scale

circulation system in the Okinawa Trough (OT). We demonstrate that there indeed exists a potentially

continuous trough‐scale SCC along the ECS slope that is associated with an OT‐wide cyclonic circulation using

high‐resolution model simulations and physical interpretations. The detailed features of the deep OT circulation

are illustrated by the trajectories of the Lagrangian drifters and the time‐varying distributions of passive tracers.

The SCC in the ECS is characterized by its weak yet persistent nature, typically located in narrow sloping

regions at the isopycnal layer of 26.6–27.3 kg m−3. It exhibits a characteristic speed of approximately O‐(1)

cm s−1. Analyses and experiments suggest that the divergence of upwelling in the SCC layer (26.6–27.3 σθ
surface) gives rise to lateral potential vorticity transport, ultimately driving the deep cyclonic circulation.

Furthermore, the SCC also displays a substantial connection with the onshore intrusion of the Kuroshio Current,

particularly to the northeast of Taiwan Island. The SCC may potentially play a crucial role in the transport of

heat and nutrients, as well as in regulating sediment distributions within the deep OT. This mechanism offers

fresh insights into explaining the presence of undercurrents in semi‐enclosed marginal seas.

Plain Language Summary The Okinawa Trough (OT) is a key link between the Pacific Ocean and

the East China Sea (ECS) continental shelf. It was observed by previous studies that persistent southwestward

slope countercurrents (SCCs) exist beneath the northeastward Kuroshio Current at several locations over the

ECS continental slope. These countercurrents have been attributed to a variety of mechanisms based on analyses

and interpretations of observations made at different locations. It is yet not clear whether these flows are

localized circulation features or segments of an OT‐wide circulation system. In this study, we find that there

indeed exists a trough‐scale SCC along the ECS slope that is associated with an anti‐clockwise circulation.

Analyses indicate the OT experiences different vertical volume exchanges at the deep layer, which induces

lateral exchanges of potential vorticity (a dynamically conserved quantity in an ideal and rotating fluid) and

eventually drives the SCC. Numerical experiments are performed to show the validity of this process. The SCC

may be of vital importance in transporting heat and nutrients and regulating the sediment distributions in the OT.

This mechanism is potentially applicable to explain the undercurrent in similar semi‐enclosed marginal seas.

1. Introduction

The global ocean circulation system is spatially complex and temporally evolving. Many of its aspects remain

insufficiently understood, especially in the deep ocean beneath the main thermocline where direct observations

are still sparse. Despite varying dynamics, deep currents that counter surface currents are observed, and the

reversal of flow from the surface to the bottom is a common phenomenon in both open oceans and marginal seas.

The deep circulation in the Atlantic Ocean is most typical. Stommel (1958) and Stommel and Arons (1960a,

1960b) constructed the first conceptual model of abyssal circulation in their attempt to explain how the North

Atlantic Deep Water is exported away from its formation sites in the subpolar North Atlantic Ocean. It is

postulated that deep western boundary currents must play a critical role in transporting water masses meridio-

nally, which has been confirmed by subsequent observations (e.g., Toole et al., 2017; Warren & Speer, 1991) in
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the Atlantic Ocean and elsewhere (e.g., Andres et al., 2015; Beal & Bryden, 1997). In semi‐enclosed marginal

seas, the flow reversal structures are sometimes more complicated. Studies have shown the multi‐layer circulation

structure in the South China Sea (Gan et al., 2016; Zhu et al., 2017) and the Banda Sea (Zhu et al., 2019). Un-

derstanding these stratified circulation is most important yet challenging because of the limited observation.

The abyssal ocean circulation in the North Pacific Ocean is distinctly different from that in the North Atlantic

Ocean because of a lack of deep‐water formation. Observations, however, have revealed the existence of the slope

countercurrents (SCCs) flowing southwestward over the ECS continental slope beneath the northeastward

flowing Kuroshio Current (see Figure 1 for the mooring locations). Lie et al. (1998) were the first to identify and

actually name this current. Their analyses of mooring observations revealed a quasi‐permanent SCC in the

northern Okinawa Trough (OT) and a wave‐like SCC feature in the central OT. They attributed the SCC for-

mation mechanism in the northern and central OT to the upwelling associated with the Kuroshio Current

branching and the frontal eddies. The SCC is also observed in an inverted echo sounder array by James

et al. (1999) where the velocity maximum is located at 800‐m depth. Nakamura et al. (2003, 2008) concluded that

the SCC is relatively stronger and deeper in the southern basin of northern OT than in the northern basin and its

variability is highly influenced by the Kuroshio path meander. As for the SCC mechanism in the northern OT,

Nakamura et al. (2008) suggested that based on analyses of numerical model simulations, deep cyclonic eddies

are the main cause of the observed countercurrent. Based on a 23‐month acoustic Doppler current profiler

observation, Andres et al. (2008) also showed the existence of the SCC at the PN line in the ECS. Due to the lack

of simultaneous observations in the OT and the limited understanding of the deep ocean circulation, south-

westward flows beneath the Kuroshio Current at different observing sites have been considered as parts of

localized circulations that are attributable to local processes. For example, Nakamura et al. (2021, 2008) and

Nakamura (2005) proposed that the SCC observed in the northern OT is a consequence of baroclinic instability

originating from the surface Kuroshio front. Additionally, they believe the presence of SCC in the southern part is

attributed to the persistent inflow of intermediate and deep water from the Kerama Gap (Nakamura et al., 2013;

Figure 1. Geographical setting and model domain. The black ellipse delineates the research domain, encompassing the East

China Sea slope and the Okinawa Trough. The PN transect is marked with a black solid line. Some of the previous mooring

locations are marked: the yellow downward triangles from Lie et al. (1998); the green upward triangles from Nakamura

et al. (2008); the red dots from Andres et al. (2008). The yellow line marks the J line from Lie et al. (1998) where the

Kuroshio path leaves the continental slope southwest of Kyushu and strong upwelling exists. The deep channel linking the

Okinawa Trough and the Pacific Ocean is highlighted with red characters: ETC, east Taiwan channel; KG, Kerama Gap; TS,

Tokara Strait.
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Nishina et al., 2016). More systematic analyses of the OT‐wide dynamical processes are needed so that a better

understanding on the driving mechanism of SSC, either local or basin‐wide, can be developed.

In semi‐enclosed deep basins, the sense boundary flows are strongly constrained by the lateral fluxes of the

potential vorticity (PV) (Yang & Price, 2000, 2007). A positive PV transport would require a cyclonic circulation

along the boundary so that the frictional PV transport balances the lateral advective PV transport. This PV integral

constraint has been applied to explain deep circulations in several marginal seas, such as in the Arctic Ocean

(Karcher et al., 2007; Yang, 2005), and the South China Sea (Gan et al., 2016; Lan et al., 2013; Zhu et al., 2017).

The OT is a semi‐enclosed basin with several openings for the deepwater layer and the SCC can be considered as

the northwestern part of the deep cyclonic circulation within the OT.

A trough‐scale circulation may profoundly regulate mass transport and play an important role in deep‐ocean

carbon cycling. Furthermore, the trough‐scale annual‐mean circulation obtained by numerical model calcula-

tion and its formation mechanism are crucial for better understanding of the potential continuity of the SCC

observed at several sites in the OT. The results of this study are expected to contribute better comprehending of

the complex observational results in the ECS.

The remainder of the paper is structured as follows. Section 2 offers a brief introduction to the numerical model,

encompassing its configuration, validation, and the inclusion of drifters and tracers. In Section 3, a comprehensive

discussion of the circulation features is presented through analyses of our model results. The formation mech-

anism of the SCC is outlined and validated in Section 4. The discussion part Section 5 incorporates relevant

features and future research interests. Finally, Section 6 provides concluding remarks.

2. Numerical Model

2.1. Model Setup

The numerical model in this study is based on the Regional OceanModel System (ROMS), a free‐surface, terrain‐

following, primitive equation ocean model (Dinniman et al., 2003; Marchesiello et al., 2003; Peliz et al., 2003;

Shchepetkin & McWilliams, 2005; Song & Haidvogel, 1994). ROMS has been widely used in various ocean-

ographic studies. Detailed information about the model can be found in the works of Shchepetkin and McWil-

liams (2003, 2005).

In this study, we use the ECS‐SCS ocean model (ESOM) from Yang, Huang, et al. (2018) to simulate clima-

tological ocean circulation in the OT (see Figure 1 for the model domain). Extending from 105°E to 136°E and

from 15°N to 41°N, ESOM has a horizontal resolution of 3ˊ × 3ˊ(‐5 km) and 31 vertical layers. As shown in

Figure 1, the OT is deep and narrow. It is worth noting that the maximum grid stiffness ratios, rx0 = 1.62

(Haney, 1991) and rx1 = 3.72 (Beckmann & Haidvogel, 1993), which suggests ESOM grids are fine enough to

reflect the steep slope topography without causing instability problems or spurious deep currents. In addition,

climatological monthly mean ERA‐Interim reanalysis wind stress with an original time span of 12 hr (Dee

et al., 2011) is used to force the Nest2 model, river fluxes of the Yangtze River and the Pearl River (http://xxfb.

hydroinfo.gov.cn) and 10 tidal components from the TPXO7 (Egbert & Erofeeva, 2002) are included in ESOM.

Atmosphere forcings are utilized from COADS data (Diaz et al., 2002). Feeds by the open boundary conditions

from a larger grid domain (fully spun up to cover the Anderson and Gill timescale) including the whole Pacific

Ocean, ESOM has been consistently integrated for 15 years for the spin‐up process. The 15th‐year output from the

spun‐up ESOM is utilized to analyze the circulation features over the ECS continental slope. All the configuration

details can be accessed in Yang, Yin, et al. (2018).

2.2. Model Validation

ESOM has undergone rigorous validation, consistently demonstrating strong agreement with the observations

available in previous studies on ocean circulations in the ECS regions (Yang, Huang, et al., 2018; Yang

et al., 2020), such as the Kuroshio Current, the Taiwan Warm Current, and the Tsushima Warm Current. ESOM

also performs well in regions with steep and complex topography where Kuroshio onshore intrusions often take

place (Cui et al., 2021).

Although ESOM output was intensively checked in previous studies, we execute an extra model validation by

comparing the velocity structure at the well‐studied PN line with accessible observations (Andres et al., 2008).
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Figure 2a shows the velocity across the section along the well‐studied PN line in the control run. In the upper

layer, the most significant feature is the northeastward Kuroshio Current. The Kuroshio Counter Current (KCC),

which flows southwestward, can be observed on the east side of the Kuroshio Current. The horizontal velocity

structure aligns with the velocity profile across aMunk frictional boundary layer, as described by Pedlosky (1979)

and Qiu and Imasato (1990). Significantly, it distinctly illustrates the presence of the SCC beneath the core of the

Kuroshio Current, the typical velocity of which is about O‐ (1) cm · s−1. The envelope of the SCC turns to emerge

in the deep layer beneath the 26.6 potential density (σθ) surface. Overall, the modeled velocity structure along the

Figure 2. Annual mean cross‐transect velocity at the PN line from the model output (a and b) observations reconstructed from

Andres et al. (2008). The green line is the 26.6 σθ surface. Northeastward positive, unit: cm s−1. The contour intervals are

different for positive and negative values. (c) Power spectrum of the along‐slope velocities at SCC1‐SCC4 (solid line), the

dashed lines reflect 95% confidence levels. (d) The modeled annual mean vertical velocity at the J line.

Journal of Geophysical Research: Oceans 10.1029/2023JC020743

CUI ET AL. 4 of 22

 2
1

6
9

9
2

9
1

, 2
0

2
4

, 1
0

, D
o

w
n

lo
ad

ed
 fro

m
 h

ttp
s://ag

u
p

u
b

s.o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
2

9
/2

0
2

3
JC

0
2

0
7

4
3

 b
y

 U
n

iv
ersity

 O
f C

alifo
rn

ia, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
4

/1
1

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



PN line closely resembles the observational pattern depicted in Figure 2b. However, there are slight discrepancies

in the detailed intensity: the double core structure observed by Andres et al. (2008) is absent, and the intensity of

the KCC is generally weaker but the KC is much stronger in the ESOM model results than observational results.

Previous studies have highlighted the importance of frontal eddies generated near the Kuroshio path in inducing

upwelling and onshore intrusions (e.g., Isobe & Beardsley, 2006; Yanagi et al., 1998). These processes are

thought to be closely related to the presence and variability of the local southwestward flows. Here we operated

power‐spectrum analysis on the modeled time series of the along‐slope velocity at the same locations (SCC1‐

SCC4 in Figure 1) with those in Nakamura et al. (2008). Despite being a climatological simulation, ESOM still

reveals a significant period band around 10–20 days that stands out from the background noise (Figure 2c). This

period band is typical for frontal eddies (Ichikawa & Beardsley, 1993; James et al., 1999; Qiu et al., 1990;

Sugimoto et al., 1988), although the power density is much weaker than that reported in Nakamura et al. (2008)

from ADCP mooring observations.

ESOM successfully reproduces the strong upwelling over the ECS continental slope as well. As shown in

Figure 2d, the strong upwelling along the J line aligns with the dome‐like structure of temperature and salinity

reported by Lie et al. (1998). This alignment is largely due to the Kuroshio path moving away from the continental

slope, resulting in strong divergence in the upwelling region.

From the above‐mentioned comparisons of model results with observational results, it can be concluded that the

ESOM is acceptable to be an appropriate tool for the purpose of studying the SCC formation mechanism, which is

associated with the mean‐state pattern.

2.3. Lagrangian Drifters and Passive Tracers

To grasp the characteristics of the SCC, three‐dimensional Lagrangian drifters are strategically released in

ESOM. Unlike isobaric and geopotential drifters, these Lagrangian drifters are designed to accurately capture the

genuine movement of water particles, with their three‐dimensional positions computed by integrating dXi/dt = u

at each time step, where Xi is the location of each drifter, u = u(x, y, z, t) is the three‐dimensional current velocity.

These drifters are massless, meaning they do not possess inertia and will therefore move along with the back-

ground current during the model simulation.

Passive tracers (which do not contribute to the equations of motion) are also released within the OT to gauge the

mass transport of deep currents. Distinct from temperature and salinity, they are considered as additional tracers

which are computed through the integration of the tracer equation (Shchepetkin & McWilliams, 2005). There are

generally two ways to introduce tracers into numerical simulations. One approach involves specifying a tracer

distribution at the initial state, integrating it over time, and observing the resulting concentration as it plays out;

the alternative method, which is applied in this study, involves continuously dying specific parts of the water

column with tracers at a particular concentration, effectively designating these locations as point sources for

tracers. Apart from temperature and salinity, we additionally introduce a group of point‐source passive tracers

into the model computation. This technique has been utilized by a group of studies (Hu et al., 2020; Isobe &

Beardsley, 2006; Yang, Huang, et al., 2018).

These drifters and tracers are released at an annual‐mean ESOM simulation, effectively damping multiscale

variabilities that could potentially disrupt the potential continuity of the SCC.

3. Circulation Features in the Deep OT

3.1. Continuity

The question of whether the SCCs over the ECS continental slope are spatially continuous arises from their

consistent presence at several locations in previous studies. Therefore, the potential continuity of the SCC is

investigated by releasingLagrangian drifters inESOM.A total of 100 drifters are initially positioned at an upstream

section S0 (see its location in Figure 3a), focusing specifically on the SCC core to mitigate the influence of bottom

eddies, which could potentially affect the SCC in advecting these drifters. This core is characterized by velocities

greater than 1.5 cm s−1 and is situated along the northern slope of the ECS around 30.5°N. The flow pattern in

Figure 3b clearly indicates the existence of the southwestward current in continental slope in the northern OT,
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where the Kuroshio Current is not present. Released on the first day of January, these drifters are tracked for

360 days and are recorded every 36 hr.

Although the deep circulation is extremely complex with numerous details, the trajectories of these drifters share

some similarities, and the envelope of the SCC is intricately sculptured by the trajectories of the Lagrangian

Figure 3. Different trajectory categories of drifters released in the northern Okinawa Trough. The left panels illustrate the

time‐varying locations, with the black dashed line representing the 500‐m isobaths, the red line indicating the location of the

releasing transect, and the red stars marking the initial locations. Regions shallower than the depth minimum of the 26.6 σθ
surface or beyond the Okinawa Trough are masked with blue shading. The right panels display the along‐slope velocity

structure, with green dots indicating the releasing locations. The contour intervals are different for positive and negative

values.
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drifters. Three groups of drifters are summarized, with their trajectories represented by colored asterisks in

Figure 3. The trajectories of the drifters are categorized in terms of their fates (see their trajectories in Figures 3a,

3c, and 3e and initial locations in Figures 3b, 3d, and 3f). It is worth mentioning that 22 out of 100 drifters (group

1) travel southwestward along the steep ECS continental slope (depicted by the 500‐m isobath on the western OT)

during the whole tracking period (Figure 3a). What is even more interesting is that these drifters are initially

released closer to the velocity maximum of the SCC. The percentage of group 1 exceeds 50% when the drifters

released in regions with a velocity exceeding 2 cm s−1 are taken into account, which reveals that drifters released

close to the velocity maximum are more likely to follow the SCC mainstream and be advected southwestward.

The presence and the potential continuity of SCC along the ECS slope are further illustrated by six extra cross‐

shelf transects. We choose six representative transects over the entire ECS slope to show the previously observed

SCCs are not localized circulation features but rather a spatially continuous circulation over the ECS continental

slope. Figures 4a–4f depict the normal velocity across transects S1, PN, and S2 to S5 with the locations of the

group 1 drifters when they pass through them, the locations of group 1 drifters further confirm that the drifters

remain within the SCC core. After a 1‐year traveling time, these drifters are capable of reaching the steep

topography northeast of Taiwan Island and 11 of them even make it to the very southern section S5. Additionally,

the circulation within the sloping area is characterized by a southwestward current, flowing counter to the di-

rection of the surface Kuroshio Current. Another characteristic of the SCC is the deepening of its core during its

downstream evolution, which starts from ∼700 m at S0 to ∼1,100 m at S5 (Figures 4a–4f), which may be

attributed to the deepening downstream bottom topography. Although the SCC exhibits spatial variations in terms

of depth range, width, and velocity maximum, it is predominantly confined to the 26.6–27.3 σθ surfaces

throughout the ECS slope. Therefore, based on the velocity stratification (Figure 4g) and the continuity shown by

the group 1 drifters, we select the layer with 26.6–27.3 σθ as the SCC layer.

That being said, the other drifters, which are typically released in regions slightly further from the velocity

maximum, exhibit different behaviors by leaving the core halfway through and ending up traveling with other

background flows. Specifically, 42% can still be advected southwestward by the background SCC, however, they

tend to be transported upward more easily upon reaching upwelling active regions and subsequently penetrating

onto the ECS shelf (group 2, see Figures 3c and 3d). These trajectories effectively reflect the strong upwelling and

active onshore intrusion over the ECS continental slope. The remaining 36% leave the SCC midway, tend to be

carried by the Kuroshio Current, and eventually disperse randomly in the OT (group 3, see Figures 3e and 3f). It is

worth noting that the ability of the SCC to retain these drifters is weak; they can be displaced from the SCC core

with perturbations as they are transported southwestward, even if initially released at the core of the SCC. The

flow patterns at each section and the trajectories emphasize the weak, narrow, but continuous nature of the SCC.

3.2. Onshore Intrusion and Upwelling Divergence

The ECS continental slope has been widely documented as a location where onshore intrusions of Kuroshio water

occur, characterized by high‐salinity and nutrient‐rich content (Gan et al., 2016; Hu et al., 2020; Isobe &

Beardsley, 2006; Wei, 2018; Yang, Huang, et al., 2018). Onshore intrusion refers to the movement of water

particles toward shallower regions and is invariably accompanied by vertical displacements of their altitudes. The

vertical displacements of water particles are evident in the drifter trajectories which signifies the active onshore

intrusion at the central and northern part of the ECS slope.

To include more details on the onshore intrusion and the upwelling in the SCC layer, the water within the 26.6–

27.3 σθ surface is dyed with passive tracers with a fixed 100 kg m
−3 concentration which serve as point sources in

the OT (Figure 5). The time‐varying passive‐tracer concentration serves as one of the pieces of evidence for the

upward lift of water particles as well. After 70 days, the penetration of SCC‐layer water onto the ECS shelf is

evident in the central region (around 26°N to 28°N) and the northern region (around 30°N) of the ECS slope. This

pattern aligns with the trajectories observed for the group 2 drifters. The vigorous onshore intrusion northeast of

Taiwan Island is accurately captured as well, which shows similar patterns to previous studies (e.g., Yang, Yin,

et al., 2018). It is worth mentioning that nearly 60% of the ECS is covered with passive tracers which originates

from the SCC layer inside the OT after a 1‐year simulation.

The upwelling connected with the onshore intrusion is very obvious. Figures 6a and 6b respectively show the

vertical velocity at the 26.6 and 27.3 σθ surface. In Figure 6a, the strong upwelling pattern at the 26.6 σθ surface is

highly consistent with the passive tracer distribution near the ECS slope. In other words, regions with strong
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Figure 4. The distribution of SCC in the deep Okinawa Trough. (a–f) The normal velocity at S1, PN, and S2–S5, respectively

(northeastward positive). The green lines are respectively the 26.6 and 27.3 σθ surfaces. The green dots depict the location of

the drifters when they pass through S1–S5. The contour intervals are different for positive and negative values. (g) The cross‐

transect velocity over sloping bottom as a function of potential density. The green patch indicates the potential density range

for the SCC.
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background upwelling are generally accompanied by active onshore intrusions of passive tracers. Relative to the

vertical motions at the 26.6 σθ surface, those at the 27.3 σθ surface are much less active. Across the entire OT, the

SCC layer experiences an annual loss of 0.52 Sv at the 26.6 σθ surface and gains 0.07 Sv at the 27.3 σθ surface.

This results in a net loss of 0.45 Sv vertically, contributing to a divergent SCC layer. Notably, it is reported by

Zhang et al. (2017) that the bottom‐layer cross‐shelf transport into the ECS shelf in the sloping regions is about

0.7 Sv, which is comparable with the 0.52 Sv in our case. Therefore, ESOM simulation shows that the SCC plays a

surprisingly crucial role in shaping the hydrological environment of the ECS.

Figure 5. Time‐varying tracer concertation at the bottom terrain‐following layer for passive tracers. The dashed line represents the 200‐m isobaths, while the 500‐m and

1000‐m isobaths are indicated by solid lines.

Figure 6. Upwelling divergence in the deep Okinawa Trough. (a) Annually averaged vertical velocity at the 26.6 σθ surface. Regions shallower than the depth minimum

of the 26.6 σθ surface or out of the Okinawa Trough are masked by blue shading. Panel (b) same as pane (a), but for the vertical velocity at the 27.3 σθ surface.
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3.3. Trough‐Scale Flow Pattern

Sloping bottoms differ from wall‐like boundaries in that the intersection between isopycnals and the lateral

boundary varies horizontally with depth. To better illustrate the deep circulation, especially the SCC near the ECS

continental slope, the flow fields near the OT boundary and in the inner OT are calculated separately. The flow

pattern over the sloping bottom is computed as follows.

The 26.6 σθ surface, serving as the upper boundary of the SCC layer, intersects with the OT slope. These in-

tersections are indicated by the edge of the blue shading in Figure 7a, which signifies the upper edge of the OT

slope within the SCC layer.

The centers of the OT slope (indicated by black triangles in Figure 7b) are selected as grid points located three grid

points inward from the eastern and western edges, with necessary artificial modifications operated near the

openings and eastern OT slope to make the closed line in Figure 7a smooth. When averaging the current velocities

around these centers, the algorithm searches for the closest available points at each isopycnal surface within a

radius of 5 grid points (the yellow circle in Figure 7b) and then averages them. The purple triangles in Figure 7b

are regarded as the inner OT points, and their velocity are vertically averaged (the green and blue arrows in

Figure 7a). Note that in regions where the potential density at the sea bottom is less than 27.3, the average current

velocity in the SCC layer is calculated by averaging the vertical integration from the 26.6 σθ surface to the deepest

σθ surface available, which is the closest σθ surface near the sea bottom.

This averaging method is operated at the model grids but here we use the PN transect as a comprehensive

example. Figure 7c shows the vertical slice of potential density at the PN transect in which the original s‐

coordinate model outputs at each horizontal grid points (density points) are then vertically interpolated onto σθ
surfaces between 26.6 and 27.3 with a 0.1 kg m−3 interval. Note that the 27.2 and 27.3 σθ surfaces are absent in

Figure 7c due to the limited bathymetry. The dots in Figure 7c are the interpolated locations at the PN transect

from the ROMS grid points, and the intersections between the bottom topography and the 27.0 σθ surface, as well

as the 27.1 σθ surface, will not actually be taken into account if this method is conducted here.

Shown in Figure 7a, the SCC, characterized by a maximum speed exceeding 6 cm s−1, exhibits continuity along

the deep western boundary. On the eastern side of the OT, the boundary current demonstrates heightened

complexity. A relatively weaker current flows northeastward along the western side of the Ryukyu Islands. This

northeastward current tends to intensify northeast of Taiwan but weakens as it passes the western side of the

Okinawa and Amami Islands. Collaboratively, these details give rise to a potential trough‐scale continuous SCC

and a cyclonic circulation pattern at the OT boundary. Importantly, a well‐defined cyclonic eddy is located in the

northern OT region, near S1, contributing to a localized intensification of the SCC. Along the western boundary of

the Tokara Islands, the Kuroshio Counter Current (KCC) flows intensively southward at coordinates 129°E,

29.5°N. This strong KCC causes the original SCC, which typically flows northward in this region, to disappear.

Additionally, the branch of the Kuroshio flowing northward over the slope of the SSC layer northwest of the

Tokara Strait appears to be the source of the SCC that forms the cyclonic circulation at the head of the OT

southwest of Kyushu as well.

These findings substantiate our perspective that the SCC represents a spatially continuous flow linked to the

potential trough‐scale cyclonic circulation accompanied by upwelling in the slope region around the OT. In the

subsequent sections, we provide further analysis to show its formation mechanism.

4. Mechanism

In the case of a semi‐enclosed deep basin like the OT, the deep circulation is typically linked to lateral volume

transport (LVT). The OT undergoes substantial exchanges of deep water with adjacent seas, primarily through

three openings, as illustrated in Figure 4a for their locations. Transect 1 (T1) is situated at the East Taiwan

Channel (ETC), where the lower envelope of the Kuroshio Current extends to a 1‐km depth. Transect 2 (T2) is

located at the Kerama Gap, dominated by inflow from the northwest Pacific Ocean. Transect 3 (T3) is positioned

at the Tokara Strait, representing the exit spot of the Kuroshio Current from the OT.

Figure 8 illustrates the deep LVT (layer between 26.6 and 27.3 σθ surfaces) through these transects (inflow

considered positive). The transport into the OT predominantly occurs across T1 and T2, with annual mean values

of approximately 0.83 and 0.30 Sv, respectively. The primary outflow transport from the OT takes place through
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T3, accounting for approximately 0.94 Sv annually. The LVT through T1 to T3 advect PV and directly influences

the PV budget in the OT. To elucidate the mechanism behind the cyclonic circulation pattern, we employ the PV

constraint (Yang, 2005; Yang & Price, 2000, 2007):

∂

∂t
(∮

C
(uh→ · l

→)dl)⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟
ACCEL

+ ∑N
i=1

Qi fi

Hi⏟⏞⏞⏟
LPV

+ VPV = VS−λ∮
C
(uh→ · l

→)dl⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟
DISS

(1)

In Equation 1, C is a closed circle, l is the unit vector tangential to C, ds is an element length, uh is the horizontal

component of the velocity vector. Term ACCEL is the accelerating term which is usually omitted at a steady state.

Term LPV is the net PV transport across C (influx positive), where Qi, fi, and Hi are respectively the volume

transport, Coriolis parameter, and the layer thickness at the ith opening. Term VPV and VS are respectively the

advective vertical PV transport and the vortex stretching term, these two terms are weak below the main ther-

mocline (300 m at most over the ECS slope) and act to cancel each other because they contribute to the total PV

oppositely (see Appendix A). VPV and VS are calculated by interpolating the vertical velocity, which shows

strong upwelling features near the ECS slope, onto the upper and lower boundaries of the SCC layer, which are the

26.6 and 27.3 σθ surfaces, respectively (Figure 6). Due to changes in bottom topography, the 27.3 σθ surface

covers only the southern OT (Figure 7a). Term DISS is the lateral (bottom) frictional torque (also known as the

dissipation term), where λ is the Rayleigh friction coefficient, uh is the horizontal component of the velocity

vector. It has been noted that the PV constraint is mainly a balance between the LPV and DISS term beneath the

main thermocline (Yang & Price, 2000; Zhu et al., 2017, 2019), the depth of which is 300 m at most over the ECS

slope. It states that the net lateral PV transport into an area bounded by a closed contour C is balanced by the

lateral frictional torque. A positive net PV transport, for instance, is balanced by an anti‐cyclonic frictional torque,

which is often associated with cyclonic circulation along C.

Yang and Price (2000, 2007) conducted a series of idealized numerical experiments using a reduced‐gravity

model to investigate the influence of the PV constraint on boundary currents. In this study, we employ ESOM

simulations to investigate whether the deep cyclonic circulation in the OT, especially the SCC, is linked to lateral

PV transport.

The mean velocity along bottom slope signifies the boundary flow within the SCC layer. The DISS term is in-

tegrated along the circle outlined by the locations of the red arrows in Figure 9, approximately following the edge

of the 26.6 σθ surface inside the OT. The Rayleigh friction coefficient λ is typically assigned subjectively. For

example, Yang and Price (2000) utilized λ = 1.36 × 10−6 s−1. Huang and Yang (1996) directly estimated λ‐

10−6 s−1. Here we apply a rigorous approach to set λ by applying linear regression between the bottom stress and

bottom current velocity within the OT. The linear regression coefficient yields λ = 5.17 × 10−6 s−1. The

contribution of the terms in Equation 1 is shown in Figure 8, it is estimated an annual net lateral PV transport of

0.034 m2 s−2 enters the deep OT and a comparable total PV of 0.029 m2 s−2 is dissipated through bottom friction.

The other terms, including VPV, VS, and ACCEL, are two orders of magnitude smaller than the main balanced

terms. Specifically, the bars for the latter three terms are enlarged by a hundredfold. Notably, VPV and VS

effectively counteract each other, as elucidated in Appendix A. This robust balance here agrees well with those in

deep layers of other semi‐enclosed basins (Yang & Price, 2000; Zhu et al., 2017, 2019).

Figure 7. (a) Mean currents at the SCC layer (between 26.6 and 27.3 σθ surface). The black dashed lines are the 500‐m isobaths. Regions shallower than the depth

minimum of the 26.6 σθ surface or beyond the Okinawa Trough are masked with blue shading. T1–T3 serves as three pathways enabling the exchange of deep water. The

PN and S1–S5 transects are cross‐shelf transects at the ECS slope. (b) An idealized schematic for the averaging method. The gridded map illustrates the density‐points of

the horizontal Arakawa‐C grid over a sloping bottom, where the bathymetry deepens southeastward, resembling the East China Sea continental slope. Blue crossings

denote the density points where bottom density is smaller than 26.6 σθ, and these points are masked by blue shading. The triangles mark the density grid points. Black

triangles represent the slope centers, purple triangles denote the inner grid points outside the sloping bottom, and other colored triangles depicts the densest σθ at each

location, with dashed lines connecting them to show the edges of these isopycnal levels. Note that these triangles may exhibit irregular distribution and coincide with

each other due to the limited resolution in model simulations. The black solid line denotes an example of a cross‐shelf transect, with the black dot representing the

interpolated slope center, and red dots indicating the corresponding intersections between the slope and different isopycnals. The yellow circle shows the search radius

used during averaging. (c) Potential density stratification of SCC layer at PN transect. The black dots are the centers of the slopes. The red dots signify the intersections

between isopycnal layers from 26.6 to 27.3 σθ with 0.1 interval and the ocean bottom within the sloping region, as shown by the yellow rectangles. The green dots

represent the standard isopycnal layers within the Okinawa Trough.
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The balance between the LPV and DISS could potentially be a coincidence since there are a lot of differences

between an idealized model framework and ROMS. It is important to validate such balance through sensitivity

experiments. Designing numerical experiments to verify the PV constraint with primitive‐equation models is

challenging, especially in an irregularly shaped basin like the OT. It is tempting but impractical to freely

manipulate the lateral PV input into the OT and observe the corresponding response in the deep circulation.

Modifying transports at the model boundary is a straightforward task, but it typically has minimal impact on the

interior of the model. On the other hand, it is even less feasible to directly alter the fluxes at T1‐T3. However, the

following approach makes an exception and resolves this dilemma by leveraging the unique characteristics of the

western boundary current region in the North Pacific Ocean.

Circulations over 2,000 m depth in the western boundary current region in the North Pacific Ocean are signif-

icantly influenced by large‐scale forcings, such as the wind stress curl and its associated signals. These factors are

encompassed in the open boundary conditions of regional models like ESOM. In essence, the western boundary

current region in the North Pacific Ocean serves as the recipient of open boundary messages, and changes in the

open boundary conditions will definitely affect circulation features in the OT. The inflow and outflow into the OT

exhibits significant seasonal contrast between July and January because of the ECS‐Kuroshio intensity difference

as reported by previous studies (Guo et al., 2003, 2006; Hu et al., 2020; Yang, Huang, et al., 2018). Therefore, the

disparity in open boundary conditions between January and July may partly contribute to the change in the mean‐

state deep circulation. To validate this deduction, we conducted two additional cases by modifying the open

boundary conditions (see Figure 1 for boundary locations). Case BRY07 and case BRY01 are run under fixed

open boundary conditions in July and January from the coarse model in all 12 months to simulate scenarios with

different net PV transport into the OT.

Figure 8. Potential vorticity balance in the deep Okinawa Trough (between 26.6 and 27.3 σθ surface). The arrows show the vertically averaged boundary current velocity,

their locations show the closed line along which the line integral is conducted. The black dashed line shows the 500‐m isobath. Note that the terms VPV, VS, and

ACCEL are enlarged by a hundredfold.
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Compared with the Control run, when the deep OT experiences a positive (negative) anomaly of PV influx, as

evident in cases BRY07 (BRY01), a cyclonic (anticyclonic) circulation anomaly emerges along the OT boundary

(refer to Figures 9a and 9b). This consensus is quantitively illustrated in the bar plots, in which the LPV term

increases by 11% in BRY07, while in BRY01, the LPV term decreases by 48%. The DISS term exhibits com-

parable changes correspondingly, indicating the balance between them still holds, and the deep circulation adjusts

to the LPV change through bottom dissipation. Therefore, the robustness of the PV constraint is verified by these

experiments.

Although the validity of PV constraint in the deep OT is demonstrated, it is yet not clear why the net PV influx is

always positive and induces a cyclonic circulation pattern. In the following, we address that the divergence of

upwelling, which mostly results from the onshore intrusion of the deep water, is the driving factor for the potential

trough‐scale cyclonic circulation.

The vertical displacements of water particles lead to upwelling divergence in the SCC layer (illustrated in the

previous section), necessitating LVT to compensate. In an annual mean state, the loss of water volume is expected

to be compensated by LVT through T1‐T4 since ROMS conserves volume. ESOM anticipates that there is a net

LVT of 0.45 Sv annually in the SCC layer of OT. Although the net LVT is not a perfect match for the loss of

volume from the upwelling divergence, this result is totally understandable considering the uncertainty in

interpolation.

Assuming the water through the openings conserves volume and advects constant PV f0/H0, Equation 1 can be

reformulated through the divergence theorem as (see Appendix A):

(W1 −W2)
f0

H0

= −λ∮
C

(uh · l) dl (2)

whereW1 andW2 are respectively the area integrated vertical volume transport at the upper layer and lower layer

(26.6 and 27.3 σθ surface in this case) in the OT, f0/H0 denotes the constant PV. Equation 2 means upwelling

divergence accompanied with horizontal outflow from the inner area to surrounding shelf slope area induces

positive LVT, which transports PV and hence results in the cyclonic circulation.

Subsequently, two experiments (case ANSOURCE and case ANSINK) are additionally conducted to show that

the upwelling divergence indeed manipulates the boundary circulation in the SCC layer. In the case of

ANSOURCE (ANSINK), a total amount of 0.5 Sv point source (sink) is introduced along the ECS slope between

26.6 and 27.3 σθ surface to alter the upwelling divergence in the SCC layer. As anticipated, Figure 10a (10b)

illustrates a notable anticyclonic (cyclonic) circulation anomaly in the southern OT, accompanied by reduced

(increased) LVT through the openings. The changes in LVT in ANSOURCE and ANSINK are most significant

through the Kerama Gap, indicating the unique importance of this deep channel in regulating the deep circulation

in the OT. In Figure 10a, these noteworthy velocity anomalies are primarily concentrated in the vicinity of the

applied source (sink) regions. This can be explained as follows: the LVT acts to offset the effects of the extra

sources and sinks, causing alterations in local PV. As a result, bottom friction responds by adjusting the boundary

flow to eliminate these changes.

Based on the analyses above, we conclude that the upwelling divergence in the OT is the driving factor for the

potential trough‐scale SCC over the ECS continental slope.

5. Discussions

It is noteworthy that the circulation pattern depicted in Figure 10a deviates from the typical spatial distribution of

SCC intensity. This diversity is marked by a notable contrast in SCC intensity particularly in the northern OT,

where SCC maintains relatively strong intensity despite the comparatively weak upwelling in the northern ECS

slope. This suggests that while the upwelling divergence in the ECS slope plays an essential role in driving a

trough‐scale cyclonic circulation pattern in Figure 10a, there are other processes at play that locally intensify the

SCC. For example, Nakamura (2005) and Nakamura et al. (2008, 2021) have addressed the existence of the SCC

at the northern OT which results from the baroclinic instability of the surface Kuroshio front. Our experiments

suggest that the seasonality of the open boundary conditions in the NEST2 model seems to give rise to an eddy‐

like flow pattern in the northern OT (figure not shown), which provides evidence for Nakamura's conclusion
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because baroclinic instability is stronger when the Kuroshio path meander tends to be less stable with seasonal

open boundary conditions.

Upwelling and onshore intrusion are quite common and often occur together over the ECS continental slope.

Various mechanisms have been proposed to explain this phenomenon in distinct regions, each involving unique

processes. One of the dominant processes is the generation of frontal eddies from the Kuroshio front. It is reported

that the central region of the Kuroshio frontal eddy is characterized by the upwelling of slope water (Qiu

et al., 1990; Sugimoto et al., 1988) and considerable amount of slope water is transport to shallower regions of the

ECS shelf (Isobe & Beardsley, 2006). In the real ocean, each of these eddies is unique and nearly impossible to be

reproduced through climatological simulations like ESOM. However, the significant period band around 10–

20 days in the power spectrum in Figure 2c suggests that ESOM partially captures their influence on the mean‐

Figure 10. Circulation anomalies from source and sink experiments. (a) The difference between case ANSINK and the

Control run. (b) The difference between case ANSOURCE and the Control run. The green rectangles denote point sources of

water volume, while the red ones represent the opposite.
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state upwelling pattern. It has also been addressed that the vigorous Kuroshio Current meeting with the zonal‐

running steep topography northeast of the Taiwan Island induces the local upwelling, serving as one the

important source of the onshore intrusion into the ECS shelf (Yang, Huang, et al., 2018). Strong upwelling is

evident in the region southwest of Kyushu as well, where divergence occurs as the Kuroshio Current moves away

from the continental slope (Lie et al., 1998). Other processes, including non‐uniform heat flux (Oey et al., 2010),

the joint effect of baroclinicity and relief (Guo et al., 2003, 2006), and shear stress (Wei, 2018), collectively

contribute to the annual‐mean upwelling pattern. Consistent with previous studies, this paper confirms that the

SCC layer experiences water loss due to upwelling, with lateral volume transport serving as a compensation.

The SCC over the ECS continental slope is in a sense boundary flow that counters the surface Kuroshio. From a

trough‐scale perspective, this continuous countercurrent may potentially have a profound influence on mass, heat,

and nutrient transport. The Kuroshio onshore intrusion northeast of Taiwan Island has been extensively inves-

tigated in the past decade. There is a near consensus that the surface Kuroshio water and the Kuroshio subsurface

water are the main sources of the intruded water. However, this study brings new insight into this vigorous

intrusion event in that the SCC over the ECS continental slope also contributes to the penetration. More details on

the mass transport of the SCC will be presented in future studies.

The OT is known as an active place for hydrothermal vents and cold seeps which transfer and exchange materials

and energies. As the SCC is positioned directly over the ECS continental slope and exhibits bottom intensification

near the locations of the hydrothermal vents and cold seeps, it is highly probable that sediment distribution OT is

profoundly influenced by it. When connected with the active upwelling near the ECS slope, the SCC may also

play a vital role in maintaining regional biodiversity, and the ESOM simulation above serves as supporting

evidence.

In this study, we demonstrate the mechanism for the SCC using a numerical model and physical interpretations.

Understanding the SCC is greatly beneficial for identifying its role in the regional climate, geology, and

ecosystem. The dynamical process we illustrate in Figure 11 may potentially be universal in any other western

boundary current regions with sloping bottoms because the bottom stress, which determines the bottom Ekman

transport, is large and varies significantly with depth in sloping bottoms. The convergence and divergence of

bottom Ekman transport in the sloping region may induce LVT which advect PV and drive the sense boundary

flow.

The variabilities of the SCC on various timescales are widely reported while still require in‐depth understanding.

Hence, to fill in the missing pieces of this puzzle, additional observations and studies are required to quantify the

spatial and temporal variations in the SCC, particularly on the key period band where the eddy effect might be

Figure 11. Schematic of the formation mechanism of the slope countercurrent over the East China Sea continental slope.
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dominant. Future research should also place greater emphasis on investigating the variability of the SCC and its

connection to the surface Kuroshio, which is beyond the scope of this study.

6. Conclusions

We focus on the SCCs reported by historical observations at different sites over the ECS continental slope. The

SCCs have long been regarded as parts of the cyclonic eddies in the northern OT. Our study reveals that SCC is

associated with OT‐wide cyclonic circulation, and it is potentially continuous over the ECS continental slope. The

trough‐scale circulation in the lower‐layer OT is primarily driven by upwelling divergence. In the sloping region,

the divergence of upwelling induces LVT that advects PV mainly through three transects. In annual mean

climatology, volume transport of 0.83 and 0.30 Sv enter the OT through the passage over the ETC and the Kerama

Gap respectively. A lower‐layer volume transport of 0.94 Sv leaves the OT through the Tokara Strait. These three

fluxes together result in a positive net PV transport of 0.034 m2 s−2 into the lower‐layer OT, which requires

negative frictional torque to balance it, and therefore a trough‐scale cyclonic circulation exits along the OT

boundary. This process is illustrated by a schematic in Figure 11. This circulation pattern is clearly depicted in the

well‐validated ESOM simulations. The SCC is weak but stable with a mean magnitude of O(1) cm s−1, which is

much weaker compared to the Kuroshio Current that lies over it. It is also found that not only the Kuroshio Current

but also the SCC substantially contributes to the onshore intrusion, providing a new perspective for compre-

hending the intricate circulation patterns in the northwest Pacific Ocean.

Appendix A: Derivation of PV Constraint

The following derivation is most similar to that in Yang and Price (2000), except that we keep additional terms

that might potentially contribute to the PV balance. In a deep basin filled with incompressible and stratified

seawater (Pedlosky, 1979; Rhines, 1983; Yang & Price, 2000), the vorticity equation can be written as:

D

Dt
(∇ × u→+ 2Ω

→) = ((∇ × u→+ 2Ω
→) ·∇) u→− λ∇ × u→ (A1)

where u→= (u,v,w) is the vector of velocity, Ω
→

is the vector of Earth's rotation, and λ is the Rayleigh friction

coefficient.

The vertical component of the vorticity yields:

∂ζ

∂t
+ u→·∇( f + ζ) = ( f + ζ)

∂w

∂z
− λζ (A2)

where f is the Coriolis parameter, and ζ = ∂v/∂x‐∂u/∂y is the relative vorticity. Applying the non‐divergence

condition which means ∇ · u→= 0, the Equation A2 becomes

∂ζ

∂t
+ ∇ · [u→( f + ζ)] = ( f + ζ)

∂w

∂z
− λζ (A3)

Separating the divergence term on the left‐hand side into the horizontal and vertical components, Equation A3 can

be written as

∂ζ

∂t
+ ∇h · [uh→( f + ζ)] + ∂

∂z
(w( f + ζ))⏟̅̅̅̅⏞⏞̅̅̅̅⏟

T1

= ( f + ζ)
∂w

∂z⏟̅̅⏞⏞̅̅⏟
T2

− λζ (A4)

where uh
→= (u,v) denotes the horizontal velocity vector, ∇h · = ∂/∂x+∂/∂y is the horizontal divergence operator.

The term T1 and T2 looks similar to each other but they signify distinct processes. T1means the vorticity transport

by the vertical volume transport, while T2 denotes the vorticity production from vortex stretching. These two

terms cancel because f is independent of z, and ζ is at least one order of magnitude smaller than f in SCC regions
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(SCC itself is weak, and hence its relative vorticity, ζ‐O(10−6)s−1. The fact that T1 and T2 cancel each other has

unique physical meaning. Suppose upwelling is advecting water volume out of a certain layer, it takes planetary

vorticity out of this layer, but it also stretches the water column of this layer, so that positive vorticity is produced

locally. This locally produced positive vorticity compensates for the loss of planetary vorticity advected by

upwelling.

The analysis above indicates that the vertical velocity w does not directly contribute to the vorticity budget.

However, most versions of the PV budget equation (also derived from the vorticity budget) fail to reveal this

process and thus tend to relatively overestimate the vorticity (or PV) contribution from w (Yang & Price, 2000).

This is due to the quasi‐geostrophic (QG) approximation during their derivations. In the QG framework, w

vanishes to the lowest order, which kills the role of w in vertically advecting momentum and vorticity.

Pedlosky (1996) has addressed this issue (see his page 99) and provides the QG vorticity (see his equation

3.2.11) as

∂ζ

∂t
+ ∇h · [uh→( f + ζ)] = ( f + ζ)

∂w

∂z⏟̅̅⏞⏞̅̅⏟
T2

− λζ (A5)

As a consequence, the counterpart of vorticity (or PV) contribution of w (T2, the vortex stretching from the

continuity of mass), however, is left in QG equations. In this regard, it is better to keep both T1 and T2 so that their

effects can cancel each other as is supposed to be.

Given that f is independent of z, we can express these two terms as

T1 = f∂w/∂z + ∂(wζ)/∂z (A6)

and

T2 = f∂w/∂z + ζ∂w/∂z. (A7)

Since both T1 and T2 involve term f∂w/∂z, they can be further simplified as

T1r = ∂(wζ)/∂z (A8)

and

T2r = ζ∂w/∂z, (A9)

where the subscript 1r and 2r respectively mean the relative vorticity contribution on T1 and T2. To include as

much information as possible, we still keep the distinguished terms T1r and T2r during the derivation. Following

Equation A4, we conduct a vertical integration from D1(x, y) to [D1+D(x, y)], where D(x, y) is the temporal

average thickness of a certain isopycnal layer, we have

∂

∂t
[∫D1+D

D1

(ζ
D
) dz] + ∇h ·∫

D1+D

D1

[uh→(f + ζ

D
)] dz +∫D1+D

D1

[1
D
(∂wζ
∂z

)] dz

= ∫D1+D

D1

[ζ
D
(∂w
∂z

)] dz − λ∫D1+D

D1

(ζ
D
) dz (A10)

and can be simplified as

∂ζ

∂t
+ ∇h · [Uh̅→(f + ζ

D
)] + 1

D
(wζ|D1+D

− wζ|D1
) = ∫D1+D

D1

[ζ
D
(∂w
∂z

)] dz − λζ (A11)
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where Uh
̅→

is the depth‐integrated velocity, ζ is the vertical mean ζ, and ( f + ζ)/D is PV. Upon conducting an

integration over the whole basin S,

∬
S

∂ζ

∂t
dx dy + ∬

S
∇h · [Uh̅→( f + ζ

D + h
)] dx dy + ∬

S

1

D
(wζ|D1+D

− wζ|D1
) dx dy

= ∭
V

[ζ
D
(∂w
∂z

)] dx dy dz − ∬
S
λζdx dy (A12)

Applying the divergence theorem and Stokes theorem, Equation A12 is transformed to

∂

∂t
(∮

C
(uh→ · l

→) dl) + ∮
C
(Uh̅→

· n→) (f + ζ

D
) dl + ∬

S

1

D
(wζ|D1+D

− wζ|D1
) ds

= ∭
V

[ζ
D
(∂w
∂z

)] dv − λ∮
C
(uh→ · l

→) dl (A13)

Considering a deep basin with N openings and f ≫ ζ, Equation A13 degenerates into

∂

∂t
(∮

C
(Uh̅→

· l
→)dl)⏟̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟

Accel

+ ∑N
i=1

Qi fi

Hi⏟⏞⏞⏟
LPV

+ ∬
S

1

D
(wζ|D1+D

− wζ|D1
) ds⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

VPV

= ∭
V

[ζ
D
(∂w
∂z

)]dv
⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟

VS

−λ∮
C
(uh→ · l

→)dl⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟
DISS

(A14)

where the term Accel is the accelerating term, the term LPV is the net lateral PV influx, the term VPV is the net

vertical PV transport, the term VS is the vertical stretching term, and the term DISS is the dissipation term.

Equation A14 is the detailed version of Equation 1. In a steady state, with VS and VPV canceling each other,

Equation 2 can be easily derived from equation 1 by applying the equation of continuity.

Data Availability Statement

The data used to reproduce the results of this paper are available at https://doi.org/10.6084/m9.figshare.24602691

(Cui & Yang, 2024).
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