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Abstract The Luzon Undercurrent (LUC) is one of the most significant western boundary undercurrents in
the northern western Pacific Ocean (WPO), essential for subsurface water transport and connecting subtropical–
equatorial circulations. Over the last three decades, abundant observational progress has been made in revealing
the basic features of the LUC. However, the dynamics and thus successful modeling of the LUC remain
unresolved. In this work, we conducted a high‐resolution (3 km, 60 levels) numerical investigation of the WPO
circulation using the China sea multi‐scale ocean modeling system. We paid particular attention to the vertical
mixing, aiming to reasonably resolve the LUC by modifying the vertical mixing parameterization. Based on
physics reasoning and experiments of physically based modeling, we designed an adaptive mixing scheme
(AMS), which used a Munk‐like function in the thermocline for enhanced vertical mixing in the areas of small
Richardson numbers. Using the AMS, we reproduced the two‐layer WPO circulations well and captured the
inshore component of the LUC consistent with observations. Furthermore, we studied the dynamics of the LUC
by analyzing the momentum balance and found that the LUC is primarily maintained by baroclinic pressure
gradient force due to strong thermocline tilting near the western boundary. Enhanced vertical mixing in this
highly sheared region crucially provides sufficient geostrophic support to sustain the LUC. Also, nonlinearity
and submesoscale motions contribute positively to the LUC. This work advances physical understanding of the
current‐undercurrent system and improves numerical capability in capturing the LUC and WPO circulations.

Plain Language Summary In the northern western Pacific Ocean (WPO), there exists complex
undercurrents below the upper layer (depth ∼500–1,500 m), which flow in the opposite direction from the
strong circulation in the upper ocean (depth <∼500 m). The undercurrents are significant for subsurface
transport and connecting subtropical‐equatorial circulations; together with the upper circulation, they form the
WPO circulation system. The undercurrents are less understood and their underlying physics remains unclear. In
this study, we investigate the Luzon Undercurrent (LUC), which flows southward beneath the northward
Kuroshio to the east coast off Luzon Island. Abundant observational works have unveiled the characteristics of
the LUC, but little attention was paid to its dynamics. So far, the LUC is poorly resolved in prevailing global/
regional ocean models. In this work, we developed an adaptive mixing scheme based on physics reasoning and
modeling experiments, such that the LUC physics can be resolved and well reproduced in our regional model.
Furthermore, we revealed the dynamics of the LUC and summarized key factors to its formation and
maintenance. This work advances our physical understanding toward the undercurrents and improves numerical
capability in simulating the LUC and WPO circulations.

1. Introduction
In the northern western Pacific Ocean (WPO), there are complex upper‐layer current and middle‐layer under-
current circulations as illustrated in Figure 1. In the upper layer, the westward North Equatorial Current (NEC)
bifurcates into the northward Kuroshio Current (KC) and the southward Mindanao Current (MC), forming the
NEC–KC–MC (NKM) circulation system near the east coast of the Philippine Islands (Hu et al., 2020; Kashino
et al., 2009; Nitani, 1972; Qiu & Lukas, 1996). In the middle layer, there is an undercurrent system NKMU,
comprised of the North Equatorial Undercurrent (NEUC), the Luzon Undercurrent (LUC), and the Mindanao
Undercurrent (MUC) (Hu et al., 2013; Li & Gan, 2020, 2022a; Qu et al., 1997; Schönau & Rudnick, 2017). The
KC andMC are strong western boundary currents (WBCs), playing an essential role in the transport of freshwater,
heat and energy, and in the dynamic interaction between WPO and neighboring marginal seas, such as the South
China Sea (SCS) (Chern et al., 1990; Gan, Liu, & Hui, 2016; Guo et al., 2006; Nan et al., 2015). The MUC and
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LUC are western boundary undercurrents (WBUCs), significant in conveying subsurface water masses and
connecting subtropical and equatorial circulations (Hu et al., 2020; Qu et al., 1997; Wang et al., 2014).

The existence of the LUC was reported by Hu and Cui (1989) through analyzing the hydrographic data from
cruises. Subsequently, Qu et al. (1997) demonstrated the basic structure of the LUC using conductivity tem-
perature depth (CTD) data. The LUC is located right beneath the KC with only ∼50 km wide, and its maximum
geostrophic velocity is evaluated to be ∼7 cm/s. Meanwhile, the LUC contains inshore and offshore cores. The
inshore core, attached to Luzon Island (LI), extends downward from the KC bottom at ∼500 m, and the offshore
core is the continuation of the surface offshore of the KC. These observations were supported by different data
sets as gathered in Figure 2a for reference. Another key feature of the LUC is its intra‐seasonal variation at a
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Figure 1. (a) Schematic showing the main currents in the two‐layer WPO circulations. The upper‐layer currents (red arrows)
are the North Equatorial Current, Kuroshio, and Mindanao Current. The middle‐layer currents (blue arrows) are the Luzon
Undercurrent, Mindanao Undercurrent, and the North Equatorial Undercurrent jets. Panel (b) illustrates the meridional
velocity profile of the KC–LUC system (Hu et al., 2020; Li & Gan, 2020, 2022a; Qu et al., 1997; Wang et al., 2014).

Figure 2. (a) Undercurrent region (negative meridional velocity) at 18°N inferred from hydrographic data. Data sources are
the global digital elevation model (GDEM, https://lpdaac.usgs.gov/products/astgtmv003/), from Qu et al. (1997) using CTD
and fromWang et al. (2015) using the World Ocean Database (WOD09), respectively. (b) The mean meridional velocity and
its standard deviation from the direct measurement of Hu et al. (2013) at 18°N, 122.7°E.
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period of ∼70 days, which is regarded to closely relate to the westward eddies east of LI (Hu et al., 2013; Wang
et al., 2014). Furthermore, using direct measurement (see Figure 2b), Hu et al. (2013) demonstrated that the
maximum velocity of the LUC could exceed 0.275 m/s, and the LUC is stronger in winter and summer (see also Z.
Chen et al., 2015; Lien et al., 2015). The notable difference in the maximum velocity between hydrographic data
and direct measurements indicates a prominent role of ageostrophic motions for the LUC. Despite lots of progress
in revealing the basic features of the LUC, knowledge of the LUC dynamics is still limited. Very recently, Li and
Gan (2022a) found, based on the World Ocean Atlas data, that the origin of the LUC is closely connected to the
southward veering Deep North Equatorial Current (DNEC) off the Ryukyu Islands and the Luzon Strait middle‐
layer outflow (LSMO). They also noted that the existence of the LUC is dynamically linked with both barotropic
and baroclinic effects.

Besides observations, numerical ocean modelings have been used to investigate the LUC. For example, Gao
et al. (2012) implemented water property tracking and suggested that approximately 41% of the LUC water was
traceable to the winter mixed layer in the Kuroshio extension, and the rest was trapped in the northern subtropical
gyre. Also, diapycnal mixing was significant in converting subtropical waters to the LUC. Nevertheless, few
modeling experiments have actually captured the structure of the LUC and explained its dynamics. In fact, we
have examined available results from several prevailing regional/global models and found that the results
regarding the LUC are somewhat inconsistent with observations. For example, we present in Figure 3 the long‐
term mean velocity contours at 18°N from three representative global/regional models. The first model is the
OFES (https://www.jamstec.go.jp/ofes/ofes.html) using a horizontal resolution of 0.1° and 54 vertical levels. The
second one is the HYCOM (https://www.hycom.org/) using a 0.08° horizontal resolution and 40 vertical levels.
The third one is the China Sea multi‐scale ocean modeling system (CMOMS) using a 10 km horizontal resolution
and 30 terrain‐following vertical levels (see Section 2.1 for details). The first two models are well known for
simulating global ocean circulations (Chassignet and Xu, 2007; Masumoto et al., 2004), and the third model is
successful in resolving regional circulation in WPO and southeast Asia marginal seas (Gan, Liu, & Hui, 2016,
Gan, Liu, & Liang, 2016). As shown in Figure 3, the KC from these three models seems extending too deep
compared to Figure 2. The water deeper than 600 m still flows northward, and the inshore core of the LUC
beneath the KC is either too weak or nonexistent. It is suggested that, although these global models have been
proven effective for most abyssal regions, they may not be accurate enough to capture the LUC likely due to
physically unresolved local complexities. The inconsistency between observations and modelings strongly mo-
tivates us to perform this research. Our objective is to reasonably capture the LUC based on physics reasoning and
experiments of physically based modeling.

Various factors could lead to the deficiencies between Figures 2 and 3. As an undercurrent, we seek reasons from
the dynamic perspective of the LUC, which is still not well understood. As shown in Figure 3c, the isopycnal
tilting in this western boundary region is relatively strong, which relates to high vertical shear through the thermal

Figure 3. Mean meridional velocity (m/s) at 18°N from (a) OFES (from 1999 to 2009), (b) HYCOM (from 1993 to 2012), and (c) CMOMS (from years 46–50). The
green lines represent the potential density (kg/m3). Note that the CMOMS results in panel (c) were computed without using the modified parameterization to be
presented in this study (see Section 2.3).
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wind balance. Therefore, baroclinicity and vertical mixing are expected to be important factors for the LUC
dynamics, which were recently explored by the present authors in idealized current‐undercurrent models (X. Chen
et al., 2023, 2024). The models in Figure 3 utilized prevailing vertical mixing schemes: the K‐profile vertical
parameterization (KPP; Large et al., 1994) for OFES and HYCOM and the M–Y scheme (Mellor &
Yamada, 1974, 1982) for CMOMS. These schemes adopt universal parameters so they can be inaccurate when
applied to specific regions due to local instability and turbulence (Thorpe, 2007). We will review these vertical
mixing parameterizations later in Section 2.3. Moreover, Köhler et al. (2014) showed that the vertical eddy
diffusivity in the thermocline can increase from∼10− 5 to∼10− 3 m2/s near a western boundary. This two orders of
magnitude variation can severely affect geostrophic flows and can be a large source of uncertainty regarding
current variability. Therefore, inaccurate vertical mixing parameterization can be responsible for the discrep-
ancies between models and observations for the WBCs and WBUCs, which call for more scrutiny on the
parameterization. In this work, we explore the LUC dynamics and improve the vertical mixing parameterization
for modeling so that we can resolve the current‐undercurrent system better and capture the LUC wholly and
accurately.

The remainder parts are organized as follows. Section 2 describes the benchmark model and the direction of
improvement learned from benchmark results. Section 3 discusses the simulation results and the dynamics of the
LUC. Finally, the work is summarized in Section 4.

2. Benchmark Model and a Munk‐Like Adaptive Mixing Scheme
2.1. Benchmark Model Results

We use the CMOMS (https://odmp.ust.hk/cmoms/) to unveil the LUC characteristics and underlying physics.
CMOMS is built upon the Regional Ocean Modeling System (ROMS; Shchepetkin & McWilliams, 2005),
solving the primitive equations to resolve three‐dimensional time‐dependent circulations. CMOMS has been
validated rigorously with available evidence from observations and theoretical justifications (Gan, Liu, &
Liang, 2016, 2022; Li & Gan, 2022b).

To resolve the northern WPO with marginal seas, we select a computational domain from 99°E to 143°E and
0.9°N to 48.5°N as illustrated in Figure 4a. We run the climatological benchmark model with two sets of reso-
lutions for inter‐case comparison. The coarser resolution is 10 km, and the finer one is 3 km, along with 30 and 60
vertical levels, respectively, in the terrain following coordinate (s coordinate; Song & Haidvogel, 1994). The
other numerical configurations are detailed in Appendix A, including the horizontal mixing scheme, water depth
data, wind forcing, atmospheric fluxes, river discharges, and boundary and initial conditions. The level‐2.5
scheme by Mellor and Yamada (1982) is used in the benchmark model.

Figure 4. (a) Illustration of the computational domain and contours of bathymetry (m) and (b) the daily‐output surface
relative vorticity (1/s) (3 km case, June 1st). The box outlined with red dashed lines in panel (a) denotes the region of interest
for the KC–LUC system.
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Figure 4b displays the daily‐output surface relative vorticity, ζ = vx − uy, to demonstrate the high‐resolution
computation we performed (3 km case). The strong vortical motions in the WPO, SCS, and Japan Sea, espe-
cially near the western boundaries, are clearly exhibited. Also, mesoscale eddies are clearly recognized. The
model resolved the upper‐layer circulations well (see Section 3.1 for more details), and the three‐layer circulation
in the SCS was revealed (Gan et al., 2022). However, as shown in Figure 3c, the LUC (within the red box in
Figure 4a) was not captured correctly at both resolutions. We provide more discussions on the incapability of the
benchmark model below in Section 2.2 and suggest possible improvements to the parameterization in Section 2.3.

2.2. Eddy Diffusivity and Richardson Number Scaling

As stated in Section 1, the vertical eddy diffusivity Akv in the thermocline can increase from ∼10− 5 m2/s to
∼10− 3 m2/s near the western boundary (Köhler et al., 2014; Samelson, 1998), so the vertical mixing parame-
terization can be a large source of uncertainty for current variability. Focusing on the KC and LUC east of LI, we
analyzed the vertical mixing in the benchmark results to provide a physical guide for modification.

Figure 5a presents the distribution of the annual mean Akv at 18°N for the benchmark case (Year 3). FollowingM–
Y, Akv is obtained from the equations of eddy fluctuation moments and length scales. In the mixed layer within
∼100 m depth, subgrid‐scale turbulent motions are highly active, so Akv has a large amplitude ∼10− 2 m2/s. Below
the mixed layer, Akv is uniformly low at a background value ∼10− 5 m2/s and remains small toward the western
boundary. However, the turbulence in the thermocline is intermittent and episodic, and there can be strong
thermocline mixing in specific regions due to, for example, locally enhanced shear instabilities and internal wave
breaking (Large et al., 1994). Consequently, the induced thermocline mixing may not be well represented by the
original M–Ymodel. In fact, inadequate mixing in the stably stratified but strongly sheared thermocline/halocline
is regarded as one of the major shortcomings of the M–Y model (Kantha & Clayson, 1994).

For further insight into the thermocline vertical mixing for the LUC, we pay special attention to the (gradient)
Richardson number

Ri =
N2

(∂u∂z)
2
+ (∂v∂z)

2 , (1)

where N2 is the buoyancy frequency, u and v are the zonal and meridional velocities, and z is the vertical co-
ordinate. By definition, Ri measures the ratio of buoyancy gradient to flow shear, so it is crucial in classifying
different types of instabilities (Stone, 1970). Also, Ri is closely related to the strength of vertical mixing, a relation
first derived by Munk and Anderson (1948) using dimensional analysis. At small Ri (≲ 1), the high vertical shear
and weak stratification can induce strong vertical motions and turbulent diffusion through for example symmetric

Figure 5. Contours of the (a) vertical eddy diffusivity (m2/s) and (b) Richardson number in the cross‐shore section at 18°N for
the benchmark case (annual mean of Year 3).
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and Kelvin‐Helmholtz instabilities (Stone, 1970). Theoretical research indeed suggests deficiencies of the M–Y
model at small Ri. Canuto et al. (2001) showed that several terms in the pressure correlation tensors were
neglected in M–Y, which relate to the contribution of buoyancy, shear, and vorticity. This simplification can lead
to an underestimation of the critical Ri (suggests the occurrence of instability), from∼1 to 0.2, for idealized flows,
which means that the vertical mixing at Ri ≲ 1 can be underestimated in the M–Y model.

Figure 5b shows the distribution of Ri for the same region as in Figure 5a. In the mixed layer, Ri in the benchmark
model is small because the thermal field is well mixed. In the offshore thermocline, Ri is of order one; close to the
western boundary, however, Ri in the thermocline decreases to ∼0.02, indicating enhanced vertical shear and
intensified vertical mixing. As seen in Figure 3c, the water beneath the KC keeps flowing northward, so it can be
conjectured that the vertical shear, though enhanced, is still smaller than required when the LUC is present. Based
on the thermal wind relation, the vertical shear needs to be balanced by horizontal buoyancy gradient or
equivalently the isopycnal tilting. To sustain this tilting, a thick thermocline is required near the western
boundary, which corresponds to large Akv. Thereby, based on Figure 5 and the deficiencies of the M–Y model at
small Ri discussed above, we speculate that the benchmark model underestimates the thermocline vertical mixing
for the highly sheared current‐undercurrent system near the western boundary. We further hypothesize that this
underestimated mixing undermines local baroclinic dynamics and, thus, geostrophic support for the LUC, leading
to unresolved inshore LUC core beneath the KC. In the following, we present a posteriori analysis to support this
hypothesis. We modify the mixing parameterization for enhanced thermocline vertical mixing near the western
boundary. We will demonstrate that the LUC can be captured reasonably after adopting the modification and
prove the self‐consistency of the hypothesis through analyzing the LUC dynamics.

2.3. Vertical Mixing and a Munk‐Like Adaptive Scheme

The mixing parameterization has been a hot topic of research in geophysical fluid dynamics for several decades
(see, e.g. the summaries of Large et al., 1994; Fox‐Kemper et al., 2022). The characteristic scales of turbulent
motions (∼cm, Thorpe, 2007) are far less than the grid sizes adopted for global/regional models, so parame-
terizing subgrid‐scale mixing is indispensable and can be a large source of uncertainty due to unresolved physics
of turbulence. Various modeling approaches have been developed to parameterize the vertical mixing within and
below the surface mixed layer, among which diffusion models are prevailing. Moreover, the diffusion models can
be classified into two types, namely the first‐ and second‐moment closure models.

The first‐moment closure model is built upon abundant theoretical and observational knowledge of fluid motions
and contains empirical or semiempirical relations (D. Chen et al., 1994). The eddy‐induced transport of heat,
salinity, and so on in the interior flow is modeled as

− w′T′ ∼ Akv,T
∂T
∂z

, − w′S′ ∼ Akv,S
∂S
∂z

, (2)

where w is the vertical velocity, and the prime stands for eddy‐induced components. The eddy diffusivities Akv,T
and Akv,S can be related to momentum diffusion through Prandtl numbers. The eddy diffusivities are usually
separately formulated within and below the mixed layer to interpret different physics. In the mixed layer, there can
be additional nonlocal terms to represent turbulent nonlocal transport (Large et al., 1994). Below the mixed layer,
vertical mixing can be dominated by shear instabilities, so its strength connects with local Ri, which expresses the
relative importance of vertical shear and stratification. Using dimensional analysis, Munk and Anderson (1948)
suggested that Akv is a function of Ri, namely Akv = Akv(Ri). This relation has been verified, for example, Peters
et al. (1988), using observational data. As a result, the form Akv(Ri) has been extensively adopted to parameterize
shear‐induced mixing and distinguished from those induced by internal wave breaking, double diffusion, and
others. Different functions have been proposed based on physics reasoning and curve fitting (Jones, 1973; Large
et al., 1994; Pacanowski & Philander, 1981). The specific expressions of these schemes will be described later. A
basic physical guideline is that Akv increases monotonically as Ri decreases (Ri > 0).

In comparison, the second‐moment closure models are primarily designed for the turbulent mixed layer. They are
derived by appealing to a closure of turbulence quantities at the second (or higher) moment. Therefore, additional
equations are required to describe eddy‐induced quantities like the eddy kinetic and potential energies (Galperin
et al., 1988; Mellor & Yamada, 1974, 1982). The second‐moment closure model is classified into different levels
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according to the number of independent variables and simplifications introduced. The level‐2.5 model addi-
tionally solves the equation of eddy kinetic energy and other simplified moment equations and is one of the most
used models within this branch owing to its balance between accuracy and cost.

Despite their wide success, it is generally recognized that neither the first‐ nor the second‐moment closure
schemes are universal and robust enough to be globally accurate over various configurations due to high sen-
sitivities of turbulence and intermittent motions to flow conditions (Thorpe, 2007). For the first‐moment closure
schemes, it is challenging to find out a single set of parameters that can be applied for various conditions over
global oceans (Durski et al., 2004; Jackson et al., 2008; Peters et al., 1988). For example, Durski et al. (2004)
commented that KPP can be problematic in coastal oceans, especially where the surface and bottom layers interact
heavily. On the other hand, the level‐2.5 model tends to provide inadequate mixing in a stably stratified but
strongly sheared thermocline/halocline with Ri ≲ 1 (Canuto et al., 2001; Ezer, 2000; Kantha & Clayson, 1994). In
short, the first‐moment model tends to perform better in the interior of open oceans and in strongly sheared areas,
but it can behave poorly in coastal regions. In comparison, the second‐moment model performs better in coastal or
low shear (high Ri) regions, but it tends to underestimate the interior mixing. Therefore, some combination of the
two models can be a good choice to make use of their respective advantages. For example, Kantha and Clay-
son (1994) used the level‐2.5 model and particularly enhanced the thermocline mixing by adding the Akv(Ri) of the
interior KPP. Similarly, D. Chen et al. (1994) designed a hybrid vertical mixing scheme based jointly on the
Kraus‐Turner‐type mixed‐layer model and Price's dynamical instability model. These novel combinations inspire
us to modify the benchmark mixing parameterization using similar strategies.

As stated in Section 2.1, our benchmark model used the M–Y scheme, which was successful in simulating the
SCS with large portion of coastal shelf (Gan et al., 2022). The Akv in the benchmark scheme is calculated as

Akv = Akv,MY + Akv,bak, (3)

where Akv,MY is obtained from stability functions and moment equations, and Akv,bak is a background value ac-
counting for internal wave breaking. A common choice is Akv,bak ≈ 10− 5 m2/s (e.g., Large et al., 1994) as shown in
Figure 5a. Meanwhile, the eddy diffusivity and eddy viscosity are related through the balance of the second‐order
moments. The ratio of eddy diffusivity to eddy viscosity can be high (≫1) in regions of small Ri.

As discussed in Section 2.2, the benchmark scheme underestimates the thermocline vertical mixing for small Ri
(≲1). To compensate for this underprediction and avoid smearing the upper‐layer circulation, we employ instead
the first‐moment closure scheme Akv,s below the mixed layer (below ∼100 m) to represent the mixing induced by
shear instabilities, as

Akv = Akv,s + Akv,bak, (4)

where Akv,s is a function of Ri. Therefore, the present scheme is a merged or hybrid one, a similar thought as
considered by Kantha and Clayson (1994) and D. Chen et al. (1994), which aims to combine the respective
advantages of the first‐ and second‐moment models.

Next, we consider the specific form of Akv,s(Ri). The KPP interior scheme is prevailing, so we have considered
directly substituting Akv,s with KPP, but the LUC is not well resolved, which is also reflected in the OFES and
HYCOM results in Figure 3. Therefore, we turn to consider the classical Munk‐like schemes as alternatives
(Munk&Anderson, 1948), which are also widely used (e.g., Jones, 1973; Monin &Yaglom, 1971; Pacanowski &
Philander, 1981; Peters et al., 1988; Yu & Schopf, 1997) and allow more flexible parameterization to reflect local
flow complexity. The Munk‐like scheme takes the form of

Akv,s =
Kmax

(1 + γRi)α
, (5)

where Kmax is the maximum eddy diffusivity (at Ri = 0), and α and γ are fitting coefficients with common ranges
between − 1 to 10 and − 2 to 1.5, respectively (Jones, 1973; Pacanowski & Philander, 1981). We have examined a
wide range of α and γ values, and the optimal values are determined to be α= − 3.5 and γ= 1.5 for our problem as
will be discussed in Section 3. Meanwhile, Kmax in Equation 5 is set to 5 × 10− 3 m2/s, following Samelson (1998)
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and Köhler et al. (2014). For demonstration, Akv,s with different Kmax are
depicted in Figure 6, along with the KPP interior scheme. The Akv of KPP
remains negligible at large Ri and rapidly increases when Ri < 0.6, reaching a
maximum 5 × 10− 3 m2/s with Ri approaching zero. Our experiments within
the benchmark model show that the KPP tends to overestimate Akv when
Ri < 0.6, which distorts the upper‐layer NKM circulation. In comparison, the
Akv from Equation 5 is lower at Ri< 0.5 and rises at an increasing rate when Ri
tends to zero (convex function), which was supported by observational
measurements (Peters et al., 1988) that the eddy diffusivities have steep
slopes as Ri approaches zero. Hence, the Munk‐like scheme emphasizes more
the vertical mixing in regions of high shear and weak stratification, such as
WBCs and WBUCs. The effect of this design will be exhibited in Section 3.

In short, by combining Equations 3–5, we have designed an adaptive mixing
scheme (AMS), so the circulation results in the upper layer are maintained,
and those in the middle layer can be improved. We emphasize that the AMS is
built upon the theoretical work of Munk and Anderson (1948) and is a hybrid
scheme combining the respective advantages of the first‐ and second‐moment
closure models. The AMS is a viable alternative supplement to KPP andM–Y
and can self‐adjust (hence “adaptive”) to compensate for the missing flow
features according to local shear and stratification (Section 2.2).

3. Results and Discussions
In this section, we focus on the results after adopting the AMS. The other configurations of the benchmark model
remain unaltered. We will demonstrate that the model well captures the WPO two‐layer circulations, especially
LUC, and will discuss its basic features and dynamics.

3.1. Results Overview

First, we present an overview of the circulation results. Figure 7 gives a three‐dimensional view of the WPO
circulation from the 3 km case. The annual mean results in Year 3 are shown, when the simulation enters a quasi‐
static state. For better illustration of the circulations, we split the domain vertically into two layers to manifest
their distinct features. The depth for the split is selected to be 600 m, suggested by previous works (as in Figure 2).
The general picture of the simulated NKM (Figure 7a) and NKMU (Figure 7b) is consistent with those described
in Section 1. In the upper layer (averaged from 0 to 600 m), the wide westward NEC is located from ∼8°N to
18°N. It bifurcates at ∼15°N, east of the Philippine Islands, into the northward KC and the southward MC. More
importantly, in the middle layer (from 600 to 1,500 m), the model captures the LUC, along with the NEUC,MUC,
DNEC, DKC and LSMO. The LUC andMUC are shown to flow along the coastlines and at relatively large speeds
>0.1 m/s. They converge at about 13°N to feed the eastward NEUC jets, which are consistent with the obser-
vations by Qiu et al. (2013) andWang et al. (2015). In addition, the LSMO and DNEC have important connection
to the LUC that they two directly fed the latter (Li & Gan, 2022a). This connection is also observed in Figure 7b,
where the LUC starts at around 19°N near LI. In this sense, the LUC is significant to the subsurface water ex-
change between the WPO and SCS. More quantitative analyses on the transport and variability of these currents
for the CMOMS results can be found by Li and Gan (2022b).

For a clearer view of the LUC structure, Figure 8 depicts the cross‐shore sections of meridional velocity at
different latitudes (from 19°N to 16°N) along the east coast of LI. The southward LUC appears beneath the KC
and attached inshore from 19°N to 17°N, consistent with the observations in Figure 2. At 16°N, the KC has deep
intrusions to separate the LUC from the coast due to the hump of LI at 17°N to 16°N. A major part of the KC
becomes trapped ∼200 km off the coast and above the isopycnal of potential density σθ = 27 kg/m3. Below this
isopycnal, the inshore LUC extends from the bottom of the KC (∼500 m) to deeper than 1,500 m. The velocity
peak of the LUC is located between 650 and 850 m at different latitudes as marked in Figure 8. The maximum
speed of the LUC exceeds 0.15 m/s, which is also in line with recent direct measurements (Hu et al., 2013; Lien
et al., 2015). For more quantitative examination, the mean velocity profile at 18°N is compared with Hu
et al. (2013) in Figure 8b2. Their measurement lasted from November 2010 to July 2011 at 122.7°E, and our

Figure 6. Distribution of the vertical eddy diffusivity coefficient (m2/s) with
the Richardson number from the KPP interior scheme and Equation 5 with
different Kmax.
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climatological data uses the same span of 7.5 months. The present LUC matches the measurement in terms of
strength though at a bit deeper location.

Seasonal variability is another important feature of the LUC, so we plot in Figure 9 the meridional velocity
sections at 18°N in different seasons. Here, note that the four seasons are defined as spring (March to May),
summer (June to August), autumn (September to November), and winter (December, January, and February). The
LUC appears stronger in winter and summer and weaker in spring and autumn, whose phase is well consistent
with the trend reported by Hu et al. (2013).

3.2. Dynamics of the LUC

The momentum balance analysis is conducted to further explore the underlying dynamics of the LUC. The
momentum equations are written as

Figure 7. 3D view of the annual‐mean velocity (3 km case) in WPO with the AMS in the (a) upper and (b) middle layers. In the upper layer, the horizontal section is at
300 m, showing the velocity arrows averaged from 0 to 600 m. In the middle layer, the section is at 1,000 m with the velocity averaged from 600 to 1,500 m.
Abbreviations repeated here as NEC/NEUC, North Equatorial Current/Undercurrent; KC: Kuroshio Current; MC/MUC: Mindanao Current/Undercurrent; DNEC,
Deep NEC; DKC, Deep KC; LSMO, Luzon Strait Middle‐layer Outflow.
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∂u
∂t

⏞⏟⏟⏞
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∂v
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)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
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+ f u
⏟⏞⏞⏟

y− COR

= −
1
ρ

∂p
∂y

⏟⏞⏞⏟
y− PGF

+ νhΔhv + νv
∂2v
∂z2

⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
y− VIS

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(6)

where f is the Coriolis frequency, νh and νv are the total horizonal and vertical viscosity, and Δh is the horizontal
Laplace operator. The terms in Equation 6 are classified, as labeled, into the acceleration (ACC), advection
(ADV), Coriolis force (COR), pressure gradient force (PGF), and viscous (VIS) terms, respectively. Notably, the
derivation and integration of the variables for these terms are treated carefully and implicitly in the CMOMS to
ensure that the sum of all terms cancels out (Cai & Gan, 2021). COR and PGF determine the geostrophic flow, so
we define the collection of others, that is the sum of ACC, ADV, and VIS, as AGE to represent the contribution of
ageostrophic motions. Moreover, PGF comprises barotropic (BT) and baroclinic (BC) parts. The former part,
denoted as BT‐PGF, is contributed by the horizontal gradient of sea surface height, whereas the latter part (BC‐
PGF) is due to nonparallel isobaric and isopycnal surfaces. These two parts are computed separately because
Section 2.2 suggests that the BC components are crucial for undercurrents.

Figure 8. Cross‐shore sections of the annual‐mean meridional velocity (m/s) using the AMS at (a) 19°N, (b) 18°N, (c) 17°N, and (d) 16°N. The green lines denote the
isopycnals as labeled on the right. The orange circles denote the peak location of the LUC velocity amplitudes. Panel (b2) is the mean velocity profile averaged within
122.4°E–123.0°E, where the shades are the envelope of the means at 122.7°E and within 122.6°E–122.8°E, 122.5°E–122.9°E, 122.4°E–123.0°E and 122.3°E–123.1°E;
the measurement is from Hu et al. (2013) at 18°N, 122.7°E.
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We focus on the region 120°E–128°E and 13°N–23°N. The horizontal distributions of different terms are plotted
in Figure 10 to show their horizontal connection. The two depths displayed are 10 and 700 m around the locations
of the strongest KC and LUC, respectively. The distribution of x‐PGF is nearly the same as x‐COR with an
opposite sign (thus not shown), indicative of a rough geostrophic state for large‐scale circulations. Nevertheless,
both x‐AGE and y‐AGE have large amplitudes in LS and west of Philippine Islands, and the two are dominated by
ADV (advection). From Figure 7, LS is a region where different currents fromWPO and SCS strongly interact, so
the exchange of momentum at different scales severely enhances ageostrophic motions. Similarly, the presence of
LI forces the bifurcation of the NEC, which induces mesoscale and even submesoscale eddies. When down to
700 m, x‐PGF in Figure 10d becomes positive on the west of LI, leading geostrophically to the southward LUC.
The difference between Figures 10a and 10d is mainly caused by x‐BC‐PGF, so the LUC is primarily sustained by
the significant tilting of isopycnals as shown in Figure 8. From Figures 10e and 10f, x‐ and y‐AGE are also strong
in LS and near the west coast of LI. These two terms are dominated by ADV, and the same reason as for
Figures 10b and 10c holds here. Therefore, baroclinicity and nonlinearity are crucial to the dynamic formation of
the LUC.

The vertical structures of the PGF components are displayed in Figure 11 at 18°N from which the dynamics of the
KC and LUC can be explained as follows. The westward flow (from the NEC) in the upper layer bifurcates near
the coast, forming a negative x‐PGF that keeps the northward KC (− fv) (Figure 11a). Conversely, a positive x‐
PGF keeps the southward LUC (Figure 11b). Meanwhile, the lifted isohalines and isopycnals near the coast
(Figure 8b) form positive x‐BC‐PGF and offset x‐BT‐PGF (Figures 11c and 11d) to finally sustain the LUC. A
similar formation mechanism for the MUC was reported by Qu et al. (2012). Figure 11c shows that x‐BT‐PGF
reaches − 4 × 10− 5 m/s2 at 122.5°E throughout the water column. The large x‐BT‐PGF (in amplitude) driving the

Figure 9. Cross‐shore sections of the seasonal mean meridional velocity (m/s) using the AMS at 18°N: (a) spring,
(b) summer, (c) autumn, and (d) winter. The green lines denote the isopycnals as labeled on the right.
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KC also presses the water below the KC to flow northward. In contrast, the strong isopycnal tilting generates high
x‐BC‐PGF (Figure 11d) near the coast to balance x‐BT‐PGF. x‐BC‐PGF varies more rapidly in the horizontal
direction than the vertical. Its maximum also exceeds 4 × 10− 5 m/s2 and finally drives the subsurface water
southward. This strong tilting is related to the high vertical shear in such a current‐undercurrent system. However,
to sustain this system, enhanced vertical mixing and thus a thick thermocline are required near the western
boundary, which is realized by applying the modified parameterization.

It is also worth mentioning that in a current‐undercurrent system with strong baroclinicity, various types of
geostrophic and ageostrophic instabilities are present (X. Chen et al., 2023, 2024; Molemaker et al., 2005),
leading to intensified vertical and ageostrophic motions. This is consistent with the observations in Figure 10 that
relatively high AGE exists in the KC–LUC region. Moreover, such pronounced instabilities can partly explain the
enhanced vertical mixing in the presence of undercurrents.

In addition to the locally generated dynamics that sustain the LUC, the undercurrent is also linked with upstream
remote currents. This remote influx is examined by the southward propagation of PGF. We display the time series
of x‐PGF and x‐COR in Figure 12 as a function of meridional distance. The region covered is from 20°N to 15°N,

Figure 10. Horizontal sections of different terms in the momentum equations (annual mean): (a, d) pressure gradient force, (b, e) ageostrophic term in the x‐momentum
equation, and (c, f) ageostrophic term in the y‐momentum equation. (a, b, c) is at depth 10 m and (d, e, f) is at 700 m. Positive and negative values in panels (a, d) refer to
eastward and westward x‐PGF, respectively.
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and the quantity plotted is spatially averaged from 122°E to 123°E (land excluded) and 600–1,500 m. A clear
trend is observed that both x‐PGF and x‐COR propagate southward in line with the LUC. The first peak cycle
starts in December at 20°N and ends in March at 15°N, which corresponds to the strong LUC in winter. Likewise,
the second cycle endures from June (20°N) to September (15°N) as a reflection of the relatively strong LUC in
summer. Therefore, we confirm the southward propagation of the meridionally correlated geostrophy of the LUC
as found by Li and Gan (2022a).

3.3. Effects of the Modified Mixing Scheme

The above analysis demonstrates that the LUC is locally set up and sustained by the enhanced baroclinicity near
the western boundary. The strong vertical shear and enhanced nonlinear advection both contribute to the large
eddy diffusivity there as modified by the AMS. For further evidence of the benefits of the AMS, Ri and Akv using
the AMS are demonstrated and compared with the benchmark results (without AMS).

In a similar style to Figure 5, the contours of Akv and Riwith AMS are depicted in Figure 13 at 18°N. As a result of
Equation 5, Akv in the thermocline is designed to increase in a manner negatively correlated with Ri. Compared
with Figure 5a, Akv increases by one to two orders of magnitude in this region as large as ∼10− 3 m2/s near the
western boundary. Meanwhile, Ri in the thermocline is much lower than that in Figure 5b, especially near the

Figure 11. Cross‐shore sections of the pressure gradient force in the momentum equations at 18°N (annual mean): (a) x‐PGF, (b) y‐PGF, and (c) x‐BC‐PGF. The green
lines in panel (c) denote the isopycnals as labeled on the right.

Figure 12. Time series of the (a) pressure gradient force and (b) Coriolis force in the x‐momentum equation as a function of
meridional distance. The terms are spatially averaged within the LUC region. Positive and negative values refer to eastward
and westward x‐PGF, respectively.
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western boundary where Ri is below 0.05 within 2000 m. The decrease of Ri can be explained as follows. On the
one hand, as the KC–LUC structure is formed, the vertical shear increases as the velocity varies more intensively
in the vertical direction. On the other hand, the thermocline becomes thicker due to increased Akv, soN

2 decreases.
It is suggested that the increase of Akv has a geostrophic effect, and Akv and Ri change in a coupling way that the
Akv increase and Ri decrease reinforce each other until an equilibrium is reached combining with other processes.
Meanwhile, the small Ri for the undercurrent suggests large vertical strain there, so in this sense, AMS also
compensates, at least partially, for the missing strain‐induced dynamics (e.g., J. Zhang et al., 2023; Z. Zhang
et al., 2023).

The Ri‐Akv relations are plotted in Figure 14 in a scattered style for the two cases with AMS and without (i.e., M–
Y). Only the points below 100 m are shown to exclude the surface mixed layer. Note that the Ri and Akv plotted are
both annual mean values, so Akv is lower than the theoretical value of Equation 5 in most Ri regimes. In
Figure 14a, the points between 100 and 2,000 m have Akv less than 5 × 10− 4 m2/s, though Ri can be as low as
∼0.01. As discussed in Section 2.2, the benchmark model overestimated Ri in the small Ri region, leading to
insufficient geostrophic support for the LUC. In comparison, Akv in Figure 14b is much higher, reaching 10− 3 m2/s
to 5× 10− 3 m2/s when Ri< 0.3. For reference, the KPP interior relation is also plotted in Figure 14, which predicts

Figure 13. Cross‐shore sections of the (a) vertical eddy diffusivity (m2/s) and (b) Richardson number at 18°N in the AMS
case (annual mean).

Figure 14. Scatter plot of the eddy diffusivity (m2/s) and Richardson number from the grid points at specific depth ranges
(122°E to 125°E at 18°N; annual mean): (a) no AMS and (b) with AMS. The analytical relations of KPP and Equation 5 are
shown for reference.
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higher Akv when Ri < 0.4. We note again that observational measurements (Peters et al., 1988) are indicative of
steep slopes for the eddy diffusivities as Ri tends to zero, which is reflected in AMS over KPP.

To better demonstrate the effects of the AMS, we study the difference between the two results, calculated as
Δϕ= ϕAMS − ϕno− AMS, where ϕ denotes a variable. The differences in meridional velocity, potential density, and
momentum budget terms at 18°N are shown in Figure 15. From Figure 15a, the inshore southward flow is
considerably strengthened by the AMS, leading to the suppressed KC and enhanced LUC. The maximum velocity
difference is over 0.1 m/s southward near the KC and LUC cores. The difference in the velocity is mainly caused
by x‐PGF as shown in Figure 15c. Meanwhile, x‐PGF varies mildly near the surface and much more heavily in the
interior (depth <250 m), so x‐BC‐PGF is altered considerably after using the AMS. Also, Δ(x‐PGF) experiences a
strong horizontal variation. In the very inshore region (∼50 km, from 122.5°E to 123.0°E), eastward x‐PGF and
thus southward flow are generated to support the LUC. The region further offshore (from 123.5°E to 124.5°E) is
also largely affected, where both eastward and westward x‐PGF are induced due to the strong isopycnal tilting and
thick thermocline in the AMS case as shown in Figure 15b. Moreover, the difference in x‐AGE (not shown) also
bears some resemblance to Δv (Figure 15a) near the western boundary, which indicates that nonlinearity also
contributes positively to the enhanced LUC in the AMS case and aligns with Section 3.2 that the pronounced
ageostrophicmotions are closely related to the intensified baroclinicity. In short, the usage of theAMS in ourmodel
better captures the subsurface BC‐PGF and thus the geostrophic support for the LUC. Agreement with the analysis
in Section 3.2 is obtained, demonstrating the self‐consistency in explaining how the LUC is formed and sustained.

3.4. Effects of Submesoscale Motions

Turbulent mixing and baroclinic instability can induce strong submesoscale currents (SMCs; McWilliams, 2016;
Zhang, 2024), so the effects of SMCs on the LUC are studied in this subsection. The length scales of SMCs are
generally defined as 0.1–10 km in the horizontal, so our 3 km model can partially resolve SMCs as it uses high‐
order advective schemes. Common indicators of SMCs are the (vorticity) Rossby number Ro= ζ/f (Figure 4), and
the divergence ∇ · u/f (e.g., Lin et al., 2020), so we depict their surface snapshots in Figure 16. In addition to the
mesoscale eddies east of LI, there are abundant small‐scale vortical motions in LS and along the west coast of LI
(Figure 16a) where |Ro| > 1. Correspondingly, the currents in LS are highly divergent and thus ageostrophic,
which are consistent with the distribution of AGE in Figure 10. Therefore, LS and the west coast of LI are regions
with active SMCs.

For further insight into the SMCs or fine‐scale (FS) motions, the velocity field is decomposed according to their
horizontal length scales using the coarse‐graining method by Storer et al. (2022). The mean kinetic energy of FS is
computed as a measure of their long‐term contribution, so the resulting FS velocity magnitude is:

|u|SMCs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2FS + v2FS
√

. (7)

Figure 15. Difference between the results with and without the AMS at 18°N (cross‐shore sections, annual mean): (a) meridional velocity (m/s), (b) potential density and
(c) pressure gradient force (x‐momentum). Positive/negative values refer to southward/northward v, and eastward/westward x‐PGF, respectively.
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The annual mean |u|SMCs at 18°N and 19°N is plotted in Figure 17 to show its spatial distribution. In addition to the
high amplitude in the surface mixed layer, |u|SMCs is enriched down to 500–1,500 m in the LUC region, whose
maximum is comparable to the mean meridional velocity, demonstrating the essential role of SMCs for the LUC.
This is also in line with the indication of direct measurements (see Section 1) that strong ageostrophic motions are
present in the LUC region, so hydrographic estimation can underestimate the LUC.

The influence of SMCs on the LUC can also be partly demonstrated by comparing between the two model results
with 10 and 3 km resolution. Although the difference between the two cases may be contributed by non‐SMCs
factors such as numerical discretization errors and forcing sampling frequency, we study the inter‐case differ-
ences to see the trends when SMCs are resolved. Figure 18a depicts the contours of Ri in the 10 km case, which is
in a similar distribution to the 3 km case in Figure 13b. Nevertheless, Ri in the latter case is basically lower in the
thermocline, whose difference is more clearly seen in Figure 18b. Therefore, the thermocline vertical mixing in
the 3 km case is stronger as a consequence of pronounced SMCs resolved by the finer mesh. The lower Ri is
accompanied by enhanced vertical shear and suppressed stratification, which reflects stronger KC and LUC. This
is demonstrated in Figure 18c showing the meridional velocity difference Δv (Δϕ = ϕ3km − ϕ10km). The
maximum |Δv| exceeds 0.1 m/s, suggesting the non‐negligible contribution of SMCs. In fact, the SMCs may also
more directly enhance mesoscale motions and finally the large‐scale structure through inverse energy cascade as
revealed by Zhang et al. (2023a, 2023b) for the Southern Ocean. Therefore, the enhanced KC and LUC at 3 km
resolution can be a balance between enhanced mesoscale motions due to inverse cascade and stronger vertical

Figure 16. Snapshots of surface (a) Rossby number (Ro = ζ/f ) and (b) divergence (div/f = ∇ · u/f ) (the AMS case, June 1st).

Figure 17. Cross‐shore sections of the annual‐mean fine‐scale velocity magitude (m/s; Equation 7 for the scales <15 km) at
(a) 18°N and (b) 19°N.
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mixing due to forward cascade. This point requires further clarification in future works. In short, the SMCs benefit
the formation and sustainability of the LUC.

4. Summary
The LUC is one of the most significant WBUCs in the WPO. In the NKMU system, the LUC flows southward to
converge with the MUC and then feeds the NEUC jets, hence are important for subsurface water transport and the
exchange between subtropical‐equatorial circulations. Over the last three decades, abundant observational
progress has been made in revealing the basic characteristics of the LUC. However, the LUC had not been
reasonably captured in previous numerical simulations (Figure 3). This work intends to improve the modeling
results regarding the LUC based on physics reasoning and experiments of physically based modeling, which
would also shed light on the dynamics of the LUC.

Particular attention is paid to the vertical mixing, which is sensitive to local complexities of instability and
turbulence. Hence, inaccurate vertical mixing parameterization can be responsible for the deficiency in modeling
WBCs and WBUCs in the WPO. Based on the benchmark model results and theoretical deficiency of the M–Y
model at small Ri, we speculate that the thermocline vertical mixing is underestimated for the highly sheared
current‐undercurrent system, which undermines geostrophic support for the LUC. Therefore, the vertical mixing
parameterization is modified for enhanced thermocline mixing for the undercurrent. Specifically, an AMS is
designed (Section 2.3), combining the respective advantages of the first‐ and second‐moment closure models. A
Munk‐like function Akv,s(Ri) is adopted in the thermocline, which can self‐adjust (hence “adaptive”) to
compensate for the undermined vertical mixing at small Ri regions. Three‐dimensional time‐dependent simu-
lation with the AMS scheme is conducted for the WPO and marginal seas using the CMOMS model at a high
resolution of 3 km and 60 levels. The WPO circulations for the upper‐layer currents and middle‐layer un-
dercurrents are reproduced. More importantly, the inshore core of the LUC is reasonably resolved. The location,
velocity, and seasonal variability of the LUC are basically consistent with previous measurements, demonstrating
the reliability of the present simulation.

The dynamics of the LUC are studied by analyzing the momentum balance. The strong vertical shear for the
undercurrent needs to be balanced by the horizontal buoyancy gradient or equivalently the isopycnal tilting. The
strong tilting generates large BC‐PGF, which is shown to be crucial for the KC–LUC system. To sustain this
tilting, a thick thermocline is required near the western boundary, corresponding to large Akv there. Meanwhile,
the strong vertical shear and thick thermocline lead to small Ri (<0.05) near the western boundary, so the vertical
turbulent motions are enhanced and the vertical mixing is strengthened, justifying the introduction of the AMS.
Time series of x‐PGF and x‐COR demonstrate the southward propagating meridionally correlated geostrophy of
the LUC. Furthermore, nonlinear advection terms are pronounced for the KC–LUC system due to the enhanced
ageostrophic instabilities at small Ri. The effects of nonlinearity are shown to benefit the LUC. Finally, we study
the effects of SMCs on the LUC. By computing the Rossby number and the divergence, we show that LS and the
west coast of LI are regions with active SMCs. Meanwhile, strong SMCs are observed in the LUC region,

Figure 18. Cross‐shore sections of the Richardson number (a) in the 10 km case, and (b) the comparison between the 10 and 3 km cases, and the differences of the
(c) meridional velocity (m/s) between the 3 and 10 km cases at 18°N.
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demonstrating their essential roles. Regarding the effects of horizontal resolutions, the thermocline Ri in the
model of 3 km case is lower than that of the 10 km case, indicating stronger vertical mixing in the high‐resolution
case. In this sense, SMCs also benefit the formation and sustainability of the LUC. Therefore, nonlinearity,
baroclinicity, and SMCs jointly regulate the formation of the geostrophically dominated LUC.

The present work advances the physical understanding of the current‐undercurrent system and thus improves the
numerical capability in capturing the LUC and WPO circulations. Our findings may also benefit the numerical
simulation and dynamics understanding of the current‐undercurrent system worldwide.

Appendix A

A1. Computational Configuration

We detail other configurations of the CMOMS computations to complement those already described in Sec-
tion 2.1. For horizontal mixing, we adopt a Smagorinsky‐like scheme for u and v along the s‐coordinate surface
(Mellor & Blumberg, 1985). Meanwhile, the horizontal eddy diffusivities for T and S are fixed along the isopycnal
surface. We obtain the water depths (see Figure 4a) by merging the ETOPO1 data (1/60°) from the NOAA
National Geophysical Data Center (2009) with digitized water depths from the navigation maps published by
China Maritime Safety Administration (https://www.chart.msa.gov.cn/customer/home). We derive the wind
stress that drives the model from the NOAA climatological (averaged from 1988 to 2013) monthly reanalysis of
the 10 m blended sea winds with 0.25° × 0.25° resolution (https://www.ncdc.noaa.gov/oa/rsad/air‐sea/seawinds.
html). To calculate the air‐sea interaction boundary layer, we use the atmospheric heat and salt fluxes from the
climatological monthly mean NCEP Reanalysis 1 meteorological variables with a resolution of ∼1.875° in the
bulk formulation (Fairall et al., 2003). For the lateral buoyancy influxes, we obtain the climatological monthly
discharges of the major rivers (Mekong River, Pearl River and Changjiang River) and other minor rivers in the
Gulf of Beibu, Bohai Sea, and Yellow Sea from the Information Center of Water Resources (Bureau of Hy-
drology, Ministry of Water Resources of PR China, http://www.hydroinfo.gov.cn/) and from literature (Dai &
Trenberth, 2002). The tidal and subtidal open boundary conditions (TST–OBCs) are used in the lateral eastern and
southern boundaries (Liu & Gan, 2016). The local component of the depth‐integrated velocities and depth‐
dependent variables (u, v, T, S) along the open eastern and southern boundaries are derived from the monthly
mean solution of the OFES global model (Sasaki et al., 2008) data with a horizontal resolution of 10 km × 10 km.
The tidal component of the eight harmonic constituents (M2, S2, N2, K2, K1, O1, P1, and Q1) are derived from the
TPXO9‐alas solution with 1/30° resolution as the tidal boundary forcing (Egbert & Erofeeva, 2002). The initial
potential temperature and salinity are obtained from the winter mean solution over the last five years using
CMOMS with a horizontal resolution of 10 km × 10 km (Gan, Liu, & Liang, 2016). The temperature and salinity
in the bottom layers of the deep basin (depth >200 m) are relaxed to the seasonally averaged values from the
WOA13 in 200 days to avoid the drifting of T and S in the deep ocean (Gan et al., 1998). The same relaxation is
applied to the upper layer of S in the deep basin to compensate for the uncertainty of the surface salinity flux
originating from the NCEP Reanalysis precipitation data.

The model of 10 km horizontal resolution is spun up for 50 years and the model averaged results of the last 5 years
are used for the analyses. The model of 3 km horizontal resolution is initialized with the T and S in the 50th year
and integrated forward. The steady third year results are used for the analyses.

Data Availability Statement
The data for this study are generated from the publicly distributed Regional OceanModel System (ROMS; https://
www.myroms.org/). The CMOMS data can be found in https://odmp.hkust.edu.hk/cmoms/?page_id=24.
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