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Among various vertical coordinate systems, the sigma coordinate—a terrain-

following approach fitted to seabed topography—has been most widely used in

coastal and continental shelf seas. However, it can induce notable simulation

errors in the baroclinic pressure gradient (BPG) and baroclinic currents over

steep-sloped terrain. In this study, a continuous layer index function, l, was

adopted as a generalized vertical coordinate to replace the sigma coordinate in

the FVCOM model. By adapting seawater motion equations suitable for the l
coordinate system, multiple forms of vertical coordinates could be flexibly

configured in the FVCOM model. We designed three types of generalized

terrain-following coordinates that combine conventional sigma and z

coordinates for the FVCOM model (named FVCOM-gtsz) and proposed a BPG

calculation scheme by subtracting the local average density stratification. Two

sets of idealized seamount numerical simulation experiments demonstrated that

the new coordinate systems significantly reduced simulation errors in the BPG

and baroclinic currents around steep seamounts. Compared to the conventional

method of subtracting area-averaged density stratification, the proposed BPG

scheme more effectively eliminated errors caused by density stratification. The

FVCOM-gtsz was implemented in the South China Sea, demonstrating strong

performance in simulating circulation patterns, mesoscale eddy activity, and

vertical thermal stratification. We further investigated the feasibility of designing

density-feature-informed hybrid coordinates based on the l coordinate system,

along with other vertical coordinate formulations, which can substantially

improve the FVCOM model’s adaptive operational capacity in coastal and shelf

marine environments.
KEYWORDS

FVCOM, l coordinate, generalized terrain-following coordinate, baroclinic pressure
gradient, ocean circulation model
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1 Introduction

Ocean numerical models employ diverse vertical coordinate

systems (Pacanowski et al., 1991; Haidvogel and Beckmann, 1999;

Pietrzak et al., 2002; Moll and Radach, 2003; Li et al., 2013; Carton

et al., 2018). Currently, three types of vertical coordinates are widely

used. For example, the Modular Ocean Model (MOM) (Bryan,

1969) and MIT General Circulation Model (MITgcm) (Marshall et

al., 1997) implement z coordinate; the Princeton Ocean Model

(POM) (Mellor et al., 2002; Xia et al., 2006; Wang et al., 2021) and

Regional Ocean Modeling System (ROMS) (Shchepetkin and

McWilliams, 2005; Haidvogel et al., 2008; Yang et al., 2011) rely

on sigma (s) coordinate; Miami Isopycnic Coordinate Ocean

Model (MICOM) (Bleck et al., 1992), uses isopycnic coordinate.

The choice of vertical coordinates has a significant impact on the

performance of ocean model (Gangopadhyay and Robinson, 2002).

The movement of seawater is generally quasi-horizontal, with

horizontal velocity much greater than vertical velocity. Vertical

variations and gradients of temperature and salinity are also greater

than their horizontal counterparts. In general, the z coordinate aligns

more closely with the motion of seawater and the distribution of

temperature and salinity. However, the use of z coordinate in spatial

discretization can produce unnatural stepped bottom topography,

which leads to computational errors in the near-bottom physical

processes (Gary, 1973; Ezer andMellor, 2004; Ivanov et al., 2004). Ezer

(2016) found that the artificial seafloor topography generated by z-

coordinate models negatively impacts simulations of western

boundary currents and large-scale circulations. Additionally, z-

coordinate model contains only a few vertical layers in shallow

waters, making it is not convenient to simulate the vertical structure

of ocean hydrology. In contrast, isopycnic-coordinate models have

many vertical layers in highly stratified areas, aiding the simulation of

vertical temperature and salinity structures (Bleck and Boudra, 1981).

However, the isopycnic coordinate also produce step-like seafloor

topography, which is not convenient for describing physical processes

near the sea bottom (Hirose, 2011).

The sigma coordinate, also known as a terrain-following

coordinate, ensures that both the sea surface and seafloor coincide

with vertical layers. Regardless of water depth, sigma-coordinate

models contain the same number of vertical layers, which facilitates

shallow-water simulations. This approach accurately reflects the

influence of seafloor topography and boundary layers on seawater

movement, as the sea bottom aligns with a sigma layer. However, the

use of sigma coordinate in strongly stratified water on steep terrain

may cause large baroclinic pressure gradient (BPG) errors (Mellor

et al., 2002). Various methods have been proposed to reduce BPG

errors, such as subtracting the average density stratification (Mellor

et al., 1998), reverting to z layers to calculate BPG (Shi and Zhu, 2000),

and designing high-order difference schemes (McCalpin, 1994).

However, none has been able to fully resolve the problem. To

overcome the shortcomings of z and sigma coordinates, some ocean

models use mixed sigma–z coordinates. For example, the NCOM

(Mask and Preller, 2007) and SELFE (Zhang and Baptista, 2008)

models use sigma coordinates in the upper layers and z coordinates in

the lower layers. The use of mixed sigma and z coordinates is believed
Frontiers in Marine Science 02
to help in reducing BPG errors (Zhuang et al., 2018; Bruciaferri et

al., 2018).

The Finite Volume Coastal Ocean Model (FVCOM), originally

developed by Chen et al. (2003), is a prognostic, unstructured-

grid, finite-volume, free-surface, three-dimensional primitive

equation community ocean model. Its finite-volume approach

combines the geometric flexibility of finite-element methods

with the computational efficiency and structural simplicity of finite-

difference methods. This study develops a generalized terrain-

following coordinate system for FVCOM to enhance its numerical

simulation capabilities over steep submarine topography.

The structure of this paper is as follows: Section 1 introduces the

main vertical coordinates used in ocean models, along with their

respective merits and limitations; Section 2 implements a l-
coordinate-based generalized terrain-following system in

FVCOM, designing three hybrid sigma–z generalized coordinates

and proposing a modified BPG calculation method by removing

local average density stratification; Section 3 presents numerical

experiments on idealized steep seamount topography,

systematically evaluating the effects of vertical coordinates

on BPG and baroclinic current simulations; Section 4

applies the enhanced FVCOM model to the South China

Sea (SCS); and Section 5 assesses the feasibility of designing

multiple vertical coordinate configurations under the l-
coordinate framework.
2 Enhancing FVCOM through a l −

based generalized terrain-following
coordinate system

As detailed in the Appendix, the sigma-coordinate system,

defined as s = z−h
D where D = H + h, with h representing the

surface elevation, H the static water depth, and D the total water

depth, enables precise terrain-following discretization in the

FVCOM (Chen et al., 2003). To enhance the model’s adaptability

under generalized terrain-following coordinates, we introduced a

vertical layer index l as the independent variable. The relationship

between the   l   and z coordinates is defined as:

z = h(x, y, t) + y(x, y, l, t) (1)

Here, y(x, y, l, t) is a variable whose mathematical expression

can be arbitrarily defined. Vertical layers are conventionally

discretized as discontinuous integers, whereas this framework

establishes a continuous layer index function of l applicable to

the arbitrary position between layers. The vertical velocity in the

  l  coordinate system is defined as:

w 0 =
∂y
∂ l

·
dl
dt

= yl
dl
dt

(2)

The relationship between w 0 and the vertical velocity w in the z

coordinate system is given by:

w = w 0 +(yx + hx)u + (yy + hy)v + yt + ht (3)
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where the subscript notation denotes partial derivatives:

yl =
∂y
∂ l

, yx =
∂y
∂ x

, yy =
∂y
∂ y

, hx =
∂h
∂ x

, hy

=
∂h
∂ y

, yt =
∂y
∂ t

, ht =
∂h
∂ t :

Using Equations 1–3 and Equations A.1–A.5 in the z coordinate

system given in the Appendix, derive the following equations:

∂yl

∂ t
+
∂ uyl

∂ x
+
∂ vyl

∂ y
+
∂w 0

∂ l
= 0 (4)

∂ uyl

∂ t
+
∂ u2yl

∂ x
+
∂ uvyl

∂ y
+
∂ uw0
∂ l

− fvyl

= −gyl
∂h
∂ x

+ ylBx +
∂

∂ l
Km

yl

∂ u
∂ l

� �
+ ylFu (5)

∂ vyl

∂ t
+
∂ uvyl

∂ x
+
∂ v2yl

∂ y
+
∂ vw0
∂ l

+ fuyl

= −gyl
∂h
∂ y

+ ylBy +
∂

∂ l
Km

yl

∂ v
∂ l

� �
+ ylFv (6)

∂Tyl

∂ t
+
∂Tuyl

∂ x
+
∂Tvyl

∂ y
+
∂Tw0
∂ l

=
∂

∂ l
Kh

yl

∂T
∂ l

� �
+ ylĤ + ylFT (7)

∂ Syl

∂ t
+
∂ Suyl

∂ x
+
∂ Svyl

∂ y
+
∂ Sw0
∂ l

=
∂

∂ l
Kh

yl

∂ S
∂ l

� �
+ ylFS (8)

Using Equation 1, we can obtain the following transformations

of the BPG:

Bx = − g
r0

Z h

z

∂ r
∂ x

jzdz0 = −
g
r0

Z 0

l

∂ r
∂ x l +

∂ r
∂ l

∂ l
∂ x

����
�
zldl

0
�

 

= −
g
r0

Z 0

l

∂ r
∂ x

jl −
hx + yx

yl

∂ r
∂ l

� �
yldl

0
(9)

By = − g
r0

Z h

z

∂ r
∂ y

jzdz0 = −
g
r0

Z 0

l

∂ r
∂ y

jl +
∂ r
∂ l

∂ l
∂ y

� �
zldl

0

       = − g
r0

Z 0

l

∂ r
∂ y l −

hy + yy

yl

∂ r
∂ l

����
�
yldl

0
� (10)

The l-coordinate system represents a generalized vertical

coordinate framework. Various vertical coordinate configurations

can be derived by specifying distinct mathematical formulations of

y(x, y, l, t) in Equation 1. This study proposed a generalized

terrain-following formulation ofy(x, y, l, t):

y(x, y, l, t) = s (x, y, l)D(x, y, t) (11)

where s (x, y, l) ranges from −1 at the seabed to 0 at the sea

surface, thereby satisfying the terrain-following criteria.

We presented six expressions for s (x, y, l). The first three

expressions adopt the traditional sigma coordinate form, which
Frontiers in Marine Science 03
neglects spatial variation of s (x, y, l) in x and y directions. These

are respectively referred to as A1, A2, and A3 coordinates. The A1

coordinate features uniform s layers and is expressed as follows:

s (x, y, l) = s1 =
1 − l
kb − 1

(12)

Here, kb denotes the total number of vertical layers. The A2

coordinate employs an exponential formulation for layer

distribution:

s (x, y, lÞ = s2 =
− 1

2
2l−2
kb−1

� �P1  
            1 ≤ l ≤ kb+1

2

2kb−2l
kb−1

� �P1
−1           kb+12 < l ≤ kb

8><
>: (13)

where the exponent P1 controls the layer concentration near the

surface and seafloor. A3 is a s coordinate based on a hyperbolic

function, which is expressed as follows:

s (x, y, l) = s3 =
tanh (1−l)l1+(kb−l)l2

kb−1
  −  tanhl2

tanhl1 + tanhl2
(14)

where l1 and l2 are used to adjust the layer concentration near

the surface and seafloor, respectively. Figure 1 provides a schematic

of the vertical coordinates under steep terrain, Figure 1A shows a

schematic of a tall seamount, and Figures 1B–D present the vertical

stratification of the A1–A3 coordinates, respectively.

The remaining three vertical coordinate formulations have

spatial variations of s(x, y, l) in x and y directions. These

generalized terrain-following coordinates are constructed by

hybridizing traditional sigma coordinates with selective z-plane

layers. The vertical position of the z layer is denoted as z0(k)   (k =

1,…, kz), whose sigma value is determined by:

s4 =
z0(k) − h0(x, y)
H(x, y) + h0(x, y)

=
z0(l − k1) − h0(x, y)
H(x, y) + h0(x, y)

(15)

where h0(x, y) is the initial sea surface elevation, kz is the total

number of z layers :   k1   (k1 < kb) serves as a coupling parameter

linking z-layers with conventional sigma layers. The B1 coordinate

fully couples z-layers to uniform s-layers of the A1 coordinate. The
expression of uniform s layer is shown in Equation 12. The hybrid

scheme operates as:

For l ≤ k1 or l ≥ k2,  s (x, y, l) = s1;

For k1 < l < k2,   s (x, y, l) =
s1   s1 ≥ s4          

s4       otherwise  

(

where  k2   (k2 < kb) is another coupling parameter. The B2

coordinate hybridizes z-layers with the exponential s-layers of

A2 coordinate:

For l ≤ k1 or l ≥ k2,   s (x, y, l) = s2;

For k1 < l < k2,   s (x, y, l) =
s2   s2 ≥ s4              

s4       otherwise  

(
.
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The B3 coordinate fully mixes z-layers with hyperbolic s -layers

of the A3 coordinate:

For l ≤ k1 or l ≥ k2,   s (x, y, l) = s3;

  For k1 < l < k2,   s (x, y, l) =
s3   s3 ≥ s4              

s4       otherwise  

(

Frontiers in Marine Science 04
Figures 1E, F illustrate the B1–B3 coordinate configurations. We

designate this enhanced model as FVCOM with generalized terrain-

following sigma-z coordinates (FVCOM-gtsz). Notably, the

conventional sigma coordinates constitute special cases of this

generalized formulation and remain fully compatible with FVCOM-gtsz.

As stated in the Appendix, the scheme of subtracting average

density stratification is used in the FVCOM model to reduce BPG
frontiersin.or
FIGURE 1

Schematic showing the topography (A) A1 coordinate (B) A2 coordinate (C) A3 coordinates (D) B1 coordinate (E) B2 coordinate (F) and B3
coordinate near a tall seamount. In the B1-B3 coordinate panels (E–G), red lines indicate conventional sigma layers, and the blue lines are z layers.
g
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calculation error. In this study, we propose an alternative scheme

that subtracts the local average density stratification. An illustration

of the unstructured triangular grid is shown in Figure 2. The

variables of u and v are placed at the centroid of triangular, and

H,  h,  w
0
, D, S, T, km, and kh are located at the node. The Bx and

By of BPG have the same location as u and v. The integral of Bx on

the triangular grid is calculated using the finite-volume method:

ðð
Bxdxdy = −

g
r0

ðð Z 0

l

∂ r
∂ x

−
hx + yx

yl

∂ r
∂ l

� �
yldldxdy

     = − g
r0

Z 0

l
yl

ðð
∂ r
∂ x

dxdy −
∂ r
∂ l

ðð
(hx + yx)dxdy

� �
dl

     = − g
r0

Z 0

l
yl∮ rdy −

∂ r
∂ l

∮ (h + y )dy

� �
dl

(16)

where yl and ∂ r
∂ l are the averages of yl and ∂ r

∂ l on the

triangular grid, respectively. In Equation 16, the integral of ∂ r
∂ x on

the triangular grid (namely
ðð

∂ r
∂ x

dxdy )is transformed to the

integral of r along its closed edges (namely ∮ rdy) through

Green’s theorem. The integral of hx + yx is treated similarly as

that of ∂ r
∂ x . The calculation of By is similarly written as:

ðð
Bydxdy = −

g
r0

Z 0

l
yl∮ rdx −

∂ r
∂ l

∮ (h + y )dx

� �
dl (17)

Using the scheme of subtracting average density stratification, r
in Equations 17, 18 is replaced by the residual density. r 0. r 0 is
given by:

r 00 (x, y, l, t) = r } (x, y, l, t) − �r(z) (18)
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where �r(z) is the area average density stratification in the whole

calculation domain. In the calculations of Bx and By at one centroid,

only the densities at the triangular grid surrounding the centroid are

used. Therefore, the triangular grid is taken as a local area for the

BPG calculation, r in Equations 17, 18 can be replaced by the

residual density r
0
L, which is obtained by removing the local average

density stratification from   r. r
0
L is given as:

(19)

where �rL(z) is the local average density stratification. It should
be noted that the centroid and the three nodes of each triangle form

a local domain, and the local average density is defined as the

average density within that triangle. When multiple triangles share

a common node, the residual density at that node varies across

triangles due to differences in local averages.
3 Performance assessments of the
FVCOM-gtsz on an ideal seamount

3.1 Numerical experiments to examine the
vertical coordinates

3.1.1 Experimental setup
The FVCOM-gtsz model was applied to calculate BPGs and

baroclinic currents in an idealized seamount setting originally

proposed by Beckmann and Haidvogel (1999). The computational

domain is a circular area with a diameter of 400 km and a maximum

water depth Hmax   of 4500 m. The domain has closed boundaries.

As shown in Figure 3, there is a steep seamount in the area. The

water depth near the seamount is defined by:

H = Hmax   − 4050e−(r
2=L2) (20)
FIGURE 2

Illustration of the unstructured triangular grid. Variable locations:

Node • for F and centroid ⨂ for u and v. F represents H,  h,  w
0
, D,

S, T, r, km, kh and other tracer variables.
FIGURE 3

The seamount and temperature in the experiments of CASEi01 to
CASEi06.
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where L equals 36,000 m, and r is the radial distance from the

seamount center. The maximum slope of the seamount is 13.8:100.

The unit of depth in Equation 20 is m. The water temperature is

given by:

T(x, y, z) = 5 + 20ez=1000 (21)

The unit of temperature in Equation 21 is °C. The variable z

denotes the vertical position, defined as positive upwards, with z = 0

at the still water level and negative values below this level. This

purely vertical thermal gradient is visualized in Figure 3. A constant

salinity field (S = 35 psu) is prescribed. The water is stationary at the

initial moment, with no external forcing. Theoretically, the system

is expected to remain stationary throughout the simulation.

We constructed an unstructured triangular mesh comprising

14,763 vertices and 28,922 elements. The grid resolution varies from

10 km to 20 km, with finer grids near the seamount. All numerical

experiments use 41 vertical layers, but each one has different vertical

settings. The temperature and salinity are fixed in the calculations.

The internal time step of the model is 60.0 s, which is ten times the

external time step. The horizontal diffusion is parameterized using

the Smagorinsky eddy parameterization method (Smagorinsky,

1963), and the vertical diffusion is given by the Mellor–Yamada

level 2.5 turbulent closure model (Mellor & Yamada, 1982).

Six numerical experiments with different vertical coordinates

were conducted to calculate the BPGs and baroclinic currents. Their

configurations are detailed in Table 1. Experiments CASEi01,

CASEi02, and CASEi03 used the conventional sigma coordinates

of A1, A2, and A3, respectively. In CASEi02, the parameter P1 of A2

coordinate was given a value of 2 after evaluating its impact on the
Frontiers in Marine Science 06
calculation of BPG, which can increase the vertical layers in the

upper and lower parts of the water column. In CASEi03, we

adjusted the values of l1 and l2 in the A3 coordinate, and found

the best selection of l1 = 1 and l2 = 1 to encrypt the vertical layers in

the upper part alone. The novel hybrid coordinate systems (B1, B2

and B3) proposed in this study were applied in the experiments of

CASEi04–06, respectively. These hybrid systems integrate 40 z-

layers, whose vertical positions are -2, -4, -6, -8, -10, -15, -22, -30,

-39, -50, -64, -81, -100, -120, -140, -160, -180, -200, -222, -248, -278,

-312, -352, -400, -456, -522, -600, -692, -802, -934, -1092, -1278,

-1498, -1762, -2078, -2450,-2890, -3418, and -4000 m.

3.1.2 Results
Figure 4 shows the temporal evolution of the maximum velocity

errors (Vmax) in the calculated baroclinic currents from the six

experiments. In CASEi01, CASEi02 and CASEi03, the values of

Vmax increase from zero to 33.40, 34.83 and 34.06 cm/s, respectively,

within a one-day run, after which the values stabilize. In contrast,

the growth time of Vmaxin CASEi04, CASEi05, and CASEi06 is

approximately 2 days before stabilizing at 14.97, 9.70, and 16.71 cm/

s, respectively. The errors of Vmax made by Vmax the B1, B2 and B3

coordinates are only 44.8%, 27.8%, and 49.1% of those generated

using the A1, A2, and A3 coordinates. Figure 5 presents the

calculated BPGs along the east–west transect at y = 0. The BPGs

should be 0 because the temperature has no horizontal variation.

However, as shown in Figures 5A–C, the calculated BPGs are not

zero on the seamount in the experiments of CASEi01, CASEi02, and

CASEi03, which are the components of Bx . Their absolute

maximum values are 1.73×10-4, 1.81×10-4, and 1.87×10-4N/kg,

respectively. Panels D–F in Figure 5 demonstrate that the hybrid

coordinate systems (CASEi04–06) produce significantly smaller

BPG artifacts compared to conventional sigma coordinates

(CASEi01–03). The absolute maximum errors of BPG in the

subsequent three experiments are only 0.23×10-4, 0.12×10-4, and
TABLE 1 Model configuration in the ideal seamount experiments.

Experiment Temperature
Vertical

coordinate
BPG Schism

CASEi01

Vertically varied A1 Subtracting area
average
density
stratification

CASEi02 Same as CASEi01 A2 Same as CASEi01

CASEi03 Same as CASEi01 A3 Same as CASEi01

CASEi04 Same as CASEi01 B1 Same as CASEi01

CASEi05 Same as CASEi01 B2 Same as CASEi01

CASEi06 Same as CASEi01 B3 Same as CASEi01

CASEi07

Horizontally and
vertically varied

B1

Without
subtracting average
density
stratification

CASEi08 Same as CASEi07 B1 Subtracting area
average
density
stratification

CASEi09 Same as CASEi07 B1 Subtracting local
average
density
stratification
FIGURE 4

The maximum velocity in numerical experiments using different
vertical coordinates. The A1, A2, A3, B1, B2, and B3 coordinates were
applied in the experiments of CASEi01 to CASEi06.
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0.19×10–4 N/kg, respectively. The maximum BPG errors generated

by the B1, B2, and B3 coordinate systems are 13.29%, 6.63%, and

10.16%, respectively, of those induced by the A1, A2, and A3

systems. Figure 6 shows the calculated surface currents after a 32-

day run in the six experiments. Although the theoretical result is a

stationary state with zero surface currents, non-zero values are

observed. The maximum values of the surface current in CASEi01,

CASEi02, and CASEi03 are 24.89, 29.46, and 22.36 cm/s, with mean

values of 0.58, 0.66, and 0.52 cm/s, respectively. In contrast,

CASEi04, CASEi05, and CASEi06 yield maximum surface current

velocities of 2.60, 2.24, and 2.61 cm/s, and mean values of 0.12, 0.11,

and 0.12 cm/s, respectively. Collectively, Figures 4-6– demonstrate

that the hybrid coordinate systems (B1–B3) significantly reduce

BPG errors and suppress spurious baroclinic currents when

compared to conventional sigma coordinates (A1–A3).
3.2 Numerical experiments to examine the
BPG schemes of subtracting density
stratification

3.2.1 Experimental setup
Unlike the previous numerical experiments, here we use a

temperature field with horizontal variation to examine the BPG

schemes that subtract density stratification. The computational
Frontiers in Marine Science 07
domain is a circular area with a diameter of 500 km, with a

seamount located at its center. To ensure model stability during

the simulation, the seamount’s terrain was adjusted. As shown in

Figure 7, the static water depth is defined by:

H =
H0(1 − e−(r−r0)

2=L2 ) r > r0

hmin r ≤ r0

(
(22)

where H0=1000m, hmin = 30m, L = 15km and r0 = 10km. r is

the distance to the center of the circular area. The maximum slope

of the seamount is 5.6:100. Figure 7 also shows the temperature

profile through the center. The temperature remains horizontally

uniform near the seamount but varies with distance farther away.

The temperature across the entire domain is defined by:

T =

29 z  ≥   − 45

4 + 25e(z+45Þ=180 z  <   − 45m and r  ≤  200km

4 + 25e
z+45
180

� �
 ( L1−r

L2
)  + (4 + 25e(z+45Þ=955)  1 − ( L1−rL2

)
� �

z < � 45m and r >200km

8>><
>>:

(23)

where L1 = 500km and L2 = 300km. The vertical position z in

Equation 23 follows the same definition as in Equation 21,

increasing upward with z = 0 at the still water level. The salinity

is taken as a constant of 35 psu.

Three numerical experiments—CASEi07, CASEi08, and

CASEi09—were conducted, with their configurations detailed in

Table 1. The B1 coordinate system was applied in all three
FIGURE 5

Calculated BPGs along the east–west transect through the seamount in the experiments of (A) CASEi01, (B) CASEi02, (C) CASEi03, (D) CASEi04,
(E) CASEi05 and (F) CASEi06.
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experiments. Analogous to CASEi04, a set of discrete z-layers was

hybridized with a uniform sigma coordinate system. In CASEi07,

the BPG scheme was applied without subtracting the average

density stratification. Notably, the BPG schemes for subtracting

area average density stratification and subtracting local average

density stratification were used in CASEi08 and CASEi09,

respectively. The average densities were first calculated on the z-
Frontiers in Marine Science 08
layers and then interpolated to the B1 coordinate system for

subtraction. All other model settings were consistent with those

used in CASEi01.

3.2.2 Results
The BPG near the seamount should theoretically vanish due to

the absence of horizontal temperature gradients. However, as
FIGURE 6

The surface currents on a 32-day run in the experiments of (A) CASEi01, (B) CASEi02, (C) CASEi03, (D) CASEi04, (E) CASEi05, and (F) CASEi06.
FIGURE 7

The seamount and temperature in the experiments of CASEi07 to CASEi09.
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demonstrated in Figure 8, all three numerical experiments

(CASEi07–09) generated spurious BPG signals. The maximum

BPG errors observed were of 3.17×10–4, 1.08 ×10-4, and

0.09×10–5 N/kg, respectively. The BPG errors originate from two

components. The first component arises from the average density

stratification, while the second component stems from the residual

density removing the average density stratification. Comparing

Figures 8A, B shows that the domain-average density subtraction

scheme (CASEi08) yields smaller BPG errors than the non-

subtraction scheme (CASEi07). However, discrepancies between

domain-average and local stratification introduce residual BPG

errors in CASEi08. By applying local-average density subtraction,

CASEi09 reduces BPG errors to near zero (Figure 8C), highlighting

the effectiveness of spatial-scale matching in mitigating numerical

artifacts. Figure 9 presents the simulated surface currents of

CASEi07, CASEi08, and CASEi09 after a 32-day integration. As

shown in Figures 9A–C, all experiments exhibit consistent far-field

cyclonic circulation (~2 m/s, counterclockwise rotation). In

contrast, near-seamount currents display marked sensitivity to

BPG correction schemes: CASEi07 generates strong residual flows

with maximum velocity 1.06 m/s and mean velocity 0.40 m/s, while

CASEi08 (domain-average correction) reduces these values to 0.27

m/s and 0.03 m/s respectively. Most notably, CASEi09 (local

correction) achieves near-complete suppression of residual flows,

limiting the maximum and mean velocities to 0.03 m/s and 0.002

m/s respectively a two-order-of-magnitude improvement over

CASEi07. Due to the spatial separation between near-seamount

and far-field currents, the former are predominantly attributed to

BPG errors. It is evident that the BPG scheme incorporating local-

average density stratification subtraction achieves minimal errors in

both pressure gradient and velocity errors.
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4 Summary application of the
FVCOM-gtsz in the South China Sea

4.1 Experimental setup

The South China Sea (SCS) is an important marginal sea of

China. Its water movements have great influences on ocean

engineering, local weather, and climate variations. Ocean models

are an important way to study currents in the SCS. As shown in

Figure 10, the topography of the South China Sea exhibits

significant variations, with shallow waters near the continental

shelf being only a few meters deep, while the central basin

reaches depths of several thousand meters. We applied the

FVCOM-gtsz model in SCS. The model domain extends from 0°

N to 25°N in the north–south direction and from 99°E to 123°E in

the east–west direction. There are 133,147 triangular elements with

resolutions ranging from 3 km to 20 km. Seven numerical

experiments were configured; their setups are shown in Table 2.

The first six experiments (CASEs01-06) utilized the A1–A3 and B1–

B3 vertical coordinate systems respectively, with a total of 51

vertical layers distributed across the water column. The B1–B3

coordinate systems incorporate a hybrid sigma-z configuration,

where z-layers are vertically aligned with the HYCOM reanalysis

data stratification (https://www.hycom.org). Bathymetric data were

obtained from the GEBCO database at 0.5’ × 0.5’ resolution. The

model simulation spanned from 1 April to 30 June 2010, with initial

and open boundary conditions for oceanic currents, temperature,

and salinity derived from HYCOM datasets. Meteorological forcing

terms including wind stress, shortwave radiation, longwave

radiation, latent heat flux, and sensible heat flux were obtained

from the NCEP Climate Forecast System Reanalysis (CFSR; https://
FIGURE 8

The results of BPG along the east–west transect through the seamount in the experiments of CASEi07 (A), CASEi08 (B) and CASEi09 (C).
frontiersin.org

https://www.hycom.org
https://www.ncei.noaa.gov/products/weather-climate-models/climate-forecast-system
https://doi.org/10.3389/fmars.2025.1441840
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Bu et al. 10.3389/fmars.2025.1441840
FIGURE 10

The topography (A) and unstructured grids (B) of the South China Sea.
FIGURE 9

The calculated surface current on a 32-day run in the whole area of CASEi07 (A), CASEi08 (B) and CASE09 (C), and near the seamount of CASEi07
(D), CASEi08 (E) and CASEi09 (F).
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www.ncei.noaa.gov/products/weather-climate-models/climate-

forecast-system). The seventh experiment (CASEs07) utilized the

B1 coordinate system and additionally assimilated AVISO satellite

altimetry data (https://www.aviso.altimetry.fr/en/data.html) and

GHRSST remote sensing sea surface temperature (SST) products

(https://www.ncei.noaa.gov).
Frontiers in Marine Science 11
4.2 Results

Figure 11A shows the surface geostrophic currents on June 9

derived from AVISO altimeter data, revealing a prominent

anticyclonic eddy offshore Vietnam centered near (112°E, 14°N)

with a radius exceeding 200 km, alongside smaller vortices in other

regions. Figure 11B presents the HYCOM-simulated surface

currents, revealing a northward coastal flow along Vietnam and a

counterflow to the south near (112°E, 14°N), where a weak cyclonic

circulation appears to be nearly established. Figure 12 presents

FVCOM-gtsz simulated surface currents from CASEs01–06. Panels

12A–C correspond to simulations using the A1–A3 coordinate

systems: A1 and A2 coordinates show incipient eddy formation

trends offshore Vietnam with underdeveloped vortical structures,

while A3 fails to reproduce any eddy features. Panels 12D–F depict

results from B1–B3 coordinates, all successfully simulating

anticyclonic eddies offshore Vietnam. The B1-simulated eddy

center aligns closely with the AVISO-observed position (112°E,

14°N), whereas B2 and B3 displace the eddy southward to

approximately 11°N. Overall, the B1–B3 configurations

outperform A1–A3 in eddy simulations. While B1 achieves

optimal accuracy, it still underrepresents smaller vortices evident

in the AVISO data (Figure 11A). Figure 13 gives simulated cross-

sectional velocity (i.e., v-component) perpendicular to the 14°N

transect in the SCS using A1–A3 and B1–B3 coordinate systems.

The B1 coordinate system effectively simulates the mesoscale eddy
FIGURE 11

The geostrophic flow deduced by satellite altimeter data (A), the simulated currents by HYCOM (B).
TABLE 2 Model configuration in the SCS experiments.

Experiment
Model
version

Vertical
coordinate

Data
Assimilation

CASEs01 FVCOM-gtsz A1 —

CASEs02 FVCOM-gtsz A2 —

CASEs03 FVCOM-gtsz A3 —

CASEs04 FVCOM-gtsz B1 —

CASEs05 FVCOM-gtsz B2 —

CASEs06 FVCOM-gtsz B3 —

CASEs07 FVCOM-gtsz
B1 Assimilating altimeter

and SST data

CASEs08 Original
FVCOM

B1 —

CASEs09 Original
FVCOM

B1 —
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near (112°E, 14°N); thus, the flow west of 112°E in Figure 13D is

predominantly northward (positive v-component), while the flow

east of 112°E is mainly southward (negative v-component). The

flow velocities across the section simulated by the other five

coordinate configurations exhibit marked discrepancies compared

to those in Figure 13D. Figure 12G presents the simulated surface
Frontiers in Marine Science 12
currents from CASEs07, which reproduce most of the eddy features

observed in Figure 11A. In addition to the strong mesoscale eddy

offshore Vietnam, coherent vortices are simulated near (110°E, 5°

N), (114°E, 7°N), (109°E, 9°N), (116°E, 12°N), (115°E, 14°N), (119°

E, 15°N), (116°E, 18°N), and (119°E, 21°N). However, significant

discrepancies in both eddy positions and rotational directions exist
FIGURE 12

Simulated surface currents in the SCS on June 9, 2010, under different configurations: (A–F) FVCOM-gtsz model with coordinates A1, A2, A3, B1, B2,
and B3; (G) FVCOM-gtsz model (B1 coordinate) assimilating altimeter and SST data; (H) FVCOM model (B1 coordinate).
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between Figure 12G and Figure 11A in China’s coastal waters. The

geostrophic currents in Figure 11A, derived from satellite altimetry,

may not adequately represent eddy structures in shallow coastal

regions where wind-driven currents dominate and actual flow fields

deviate substantially from geostrophic balance. In contrast,

Figure 12G depicts flow fields incorporating combined effects of

surface winds, sea surface height, and thermohaline processes,

resulting in fundamentally different dynamics.
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Figure 14 compares monthly mean sea surface height anomalies

between satellite observations and numerical simulations in June,

showing broadly consistent spatial patterns with a mean difference

of 4.2 cm. Figure 15 validates simulated sea temperature profiles

against Argo float observations on June 8 at two locations: (119.30°

E, 17.35°N) and (115.58°E, 15.02°N). The model successfully

replicates vertical thermal structures, yielding mean temperature

errors of 0.42°C and 1.05°C, respectively.
FIGURE 13

Simulated cross-sectional velocity (i.e., v-component) perpendicular to the 14°N transect in the SCS by the FVCOM-gtsz model with the A1 (A), A2
(B), A3 (C), B1 (D), B2 (E) and B3 (F) coordinates on June 9, 2010.
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5 Discussions

5.1 The relationship of dynamical equations
in conventional sigma coordinates and
generalized terrain-following coordinates

This study employed Equation 11 to define a terrain-following

l-coordinate system, based on which six vertical coordinates (A1–

A3, B1–B3) were given. The A1–A3 coordinates represent

traditional sigma coordinates with constant s values across each

vertical layer, whereas the B1–B3 coordinates are generalized

terrain-following coordinates where s values vary spatially with

(x, y). The governing equations for seawater motion under

traditional sigma coordinates are provided in Equations A.11–

A.17 of the Appendix, while those for the l-coordinate system

are derived in Equations 4–10 of Section 2. By jointly analyzing

Equations A.11–A.17 and 4–10, we systematically elucidate the

hydrodynamic relationships between traditional sigma coordinates

and generalized terrain-following coordinates.

Equation 11 leads to the following partial derivatives:

yl =
∂y
∂ l

= D
∂s
∂ l

= Dsl ,  yt =
∂y
∂ t

= s
∂D
∂ t

= sDt :  

For a generic variable F (where F denotes variables such as u,

v, S,T ,   r), the chain rule gives:

Fl =
∂ F
∂ l

=
∂ F
∂s

∂s
∂ l

= Fssl

For the traditional sigma coordinates, since s (x, y, l) is

independent of (x, y), Equation 11 can be rewritten as:
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y (x, y, l, t) = s (l)D(x, y, t) (24)

The horizontal gradients yx and yy are derived as:

yx =
∂y
∂ x

jl =
∂s
∂ x

jlD + s
∂D
∂ x

= s
∂D
∂ x

= sDx

yy =
∂y
∂ y

jl =
∂s
∂ y

jlD + s
∂D
∂ y

= s
∂D
∂ y

= sDy

Using these relations, it can be demonstrated that the governing

equations of the generalized coordinate system (Equations 4–10)

are mathematically consistent with those of the traditional sigma

coordinate system Equations A.11–A.17.

For the generalized terrain-following coordinates defined in

Equation 11, where s (x, y, l) varies with (x, y), i.e.,

y (x, y, l, t) = s (x, y, l)D(x, y, t)In the generalized coordinates,

since ∂s
∂ x l ≠ 0j and ∂s

∂ y l ≠ 0j , the horizontal gradients become:

yx =
∂y
∂ x

jl =
∂s
∂ x

jlD + s
∂D
∂ x

≠ sDx

yy =
∂y
∂ y

jl =
∂s
∂ y

jlD + s
∂D
∂ y

≠ sDy

Using the relationships derived above, it can be demonstrated

that Equations 4–10 are inconsistent with Equations A.11–A.17 in

the Appendix.

From the analysis above, it is evident that the traditional sigma

coordinate can be regarded as a special case of the generalized

terrain-following coordinate and is compatible with the generalized

system’s governing equations and ocean models. Conversely, while

the generalized terrain-following coordinate can be expressed in a
FIGURE 14

Monthly mean sea surface height anomalies between satellite observations (A) and numerical simulations (B) in June 2010.
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form similar to the traditional sigma coordinate, it is incompatible

with the governing equations and ocean models formulated for the

traditional sigma coordinate.

This study conducted two additional numerical experiments in

the SCS using the original FVCOM model. The first experiment

(CASEs08) employed the A1 coordinate system, while the second

(CASEs09) utilized the B1 coordinate system, with all simulation

configurations consistent with those in Section 4. The results of

CASEs08 demonstrated that the simulation outputs from the

original FVCOM model were identical to those of the FVCOM-

gtsz model (figures omitted). In contrast, CASEs09 revealed

significant discrepancies between the results of the original

FVCOM model and those of the FVCOM-gtsz model. Figure 12H

presents the simulated surface current field from CASEs09 based on

the FVCOMmodel with the B1 coordinate setup, which is markedly
Frontiers in Marine Science 15
distinct from Figure 12A. The flow field exhibits a highly

disorganized structure, lacking discernible circulation patterns or

vortical features.
5.2 Feasibility of designing multiple vertical
coordinates based on the l coordinate
system

Within the l-coordinate framework, we developed a novel

generalized terrain-following system through the hybridization of

sigma and z coordinates. This approach preserves the terrain-

following advantages of the sigma coordinate while reducing

vertical layer slopes in steep topographic regions via z-coordinate

integration, thereby mitigating BPG calculation errors. Both z-
FIGURE 15

Simulated and observed sea temperature profiles on June 8, 2010, at Argo float locations: (A) 119.30°E, 17.35°N and (B) 115.58°E, 15.02°N.
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coordinate and traditional sigma coordinate systems exhibit

spurious cross-isopycnal mixing and lack flexibility for vertical

layer refinement near pycnoclines. In contrast, density

coordinates minimize cross-isopycnal mixing and enable high-

resolution layering around pycnoclines. The HYbrid Coordinate

Ocean Model (HYCOM) employs a hybrid coordinate system that

combines terrain-following coordinates in shallow seas, quasi-z

coordinates in the upper mixed layer of deep oceans, and density

coordinates in deeper strata, demonstrating advantages for both

shallow and deep marine environments (Chassignet et al., 2006).

However, HYCOM still encounters challenges in designing vertical

coordinates for shelf-slope transition zones, where the system must

simultaneously adhere to bottom topography through terrain-

following coordinate, refine vertical layers near pycnoclines using

density coordinate, configure mixed-layer vertical layers with z-

coordinate, and mitigate steep topographic slopes via z-coordinate

adjustments at abrupt bathymetric features. To address this, we

propose a terrain-following l-coordinate framework that hybridizes

sigma, z-, and density coordinates. In Section 2, we derived a hybrid

sigma-z coordinate by comparing s-value distributions between

traditional sigma and z-coordinate layers. Future work will extend

this methodology by comparing s-value distributions across sigma,

z-, and density coordinate layers to develop a unified sigma-z-

density hybrid system for seamless vertical discretization across

diverse ocean regimes.

Terrain-following coordinates typically require the same

number of vertical layers in both shallow and deep-water regions.

While this enhances vertical resolution and simulation accuracy in

shallow seas, it leads to unnecessary computational costs. To

address this, He et al. (2022) developed a generalized piecewise

terrain-following coordinate system that employs traditional sigma

coordinates in shallow seas, z-coordinates in deep regions, and

hybrid sigma-z coordinates in shelf-slope transition zones. By

leveraging the generalized formulation of the l-coordinate in

Equation 1, this framework can be extended to incorporate

density coordinates, enabling a unified generalized piecewise

terrain-following system that synergistically combines sigma, z-,

and density coordinates for optimized vertical discretization across

varied marine environments.
6 Conclusions

Current ocean models primarily utilize sigma, z, and density

coordinates, each exhibiting distinct strengths and limitations. The

sigma coordinate, known for its terrain-following capability, is the

most widely used vertical system in coastal and continental shelf

seas. However, it faces a well-recognized limitation: steeply sloped

terrains can induce significant errors in the simulation of BPGs and

baroclinic currents due to exaggerated vertical layer slopes.

In this study, we adopted the vertical layer index l as the vertical
coordinate. Traditionally, l is treated as a discrete integer. In this

study, we redefined it as a continuously varying parameter by
Frontiers in Marine Science 16
assigning distinct l values to any position between vertical layers.

This redefinition transforms the l-coordinate system into a

generalized vertical coordinate framework. Seawater motion

equations were formulated for the l system through a generalized

coordinate transformation. The traditional sigma coordinate

emerges as a special case of this l-coordinate system. The

governing equations in the l system are compatible with those in

the traditional sigma coordinate system. The l coordinate enables

the design of multiple types of vertical coordinates. We proposed

three types of generalized terrain-following coordinates that

integrate traditional sigma and z coordinates. Additionally, we

explored the feasibility of designing generalized terrain-following

coordinates incorporating density, sigma, and z coordinates, and

examined the viability of developing a generalized piecewise terrain-

fo l lowing sys tem through combinat ions of mult ip le

coordinate approaches.

This study introduced the seawater motion equations in the l-
coordinate system into the FVCOM model, and implemented the

generalized terrain-following coordinates that integrate traditional

sigma and z coordinates, resulting in an enhanced model version:

FVCOM-gtsz. This model offers improved adaptability to regional

hydrodynamic variations. We designed two sets of idealized

seamount numerical experiments. The first set compared BPG

and baroclinic flow errors between traditional sigma coordinates

and sigma-z hybrid terrain-following coordinates. The results

demonstrated that all three sigma-z hybrid terrain-following

coordinate schemes significantly reduced BPG and baroclinic flow

simulation errors in steep seamount regions. The second set

evaluated BPG and baroclinic flow errors under different mean

density stratification subtraction schemes. The local-average density

stratification subtraction method was most effective in eliminating

density-induced errors. The l-coordinate system and the local-

average subtraction scheme can be applied independently or jointly,

with combined implementation yielding the best results. The

FVCOM-gtsz model was also applied to the SCS, where it

successfully simulated circulation structures, mesoscale eddy

activity, and vertical thermal stratification—demonstrating robust

application capabilities.
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Appendix

Chen et al. (2003) gave the governing equations of momentum,

continuity, temperature and salinity for the ocean waters in z

coordinate as following:

∂ u
∂ t

+
∂ u2

∂ x
+
∂ uv
∂ y

+
∂ uw
∂ z

+ fv + g
∂h
∂ x

= Bx +
∂

∂ z
(Km

∂ u
∂ z

) + Fu (A:1)

∂ v
∂ t

+
∂ uv
∂ x

+
∂ v2

∂ y
+
∂ vw
∂ z

+ fu + g
∂h
∂ y

= By +
∂

∂ z
(Km

∂ v
∂ z

) + Fv (A:2)

∂ u
∂ x

+
∂ v
∂ y

+
∂w
∂ z

= 0 (A:3)

∂T
∂ t

+
∂ uT
∂ x

+
∂ vT
∂ y

+
∂wT
∂ z

=
∂

∂ z
(Kh

∂T
∂ z

) + Ĥ + FT (A:4)

∂ S
∂ t

+
∂ uS
∂ x

+
∂ vT
∂ y

+
∂wS
∂ z

=
∂

∂ z
(Kh

∂ S
∂ z

) + FS (A:5)

where h is the elevation; f is the Coriolis parameter; km is the

vertical turbulent diffusion coefficient; kh is the vertical turbulent

mixing coefficient; Bx and By   are the items of baroclinic pressure

gradient (BPG); Ĥ is the solar radiation; Fu, Fv , FT and FS are the

horizontal diffusion terms of turbulence. km and   kh are

parameterized by the Mellor and Yamada (1982) level-2.5 (MY-

2.5) turbulent closure scheme. The expressions of BPG in Equations

A.1, A.2 of z coordinate system are:

Bx = −
g
r0

Z h

z

∂ r
∂ x

dz } (A:6)

By = −
g
r0

Z h

z

∂ r
∂ y

dz } (A:7)

where g is gravitational acceleration,   r is the ocean water

density, and r0 is the standard density.

In the FVCOM model, the sigma coordinate transformation

was used in the vertical in order to obtain a smooth representation

of irregular bottom topography (Chen et al., 2003). The sigma

coordinate transformation is defined as:

s =
z − h
H + h

=
z − h
D

(A:8)

where His the static water depth. The vertical velocity is defined

as

w = D
ds
dt

(A:9)
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The relation between w and w is:

w = w + u(sDx + hx) + v(sDy + hy) + sDt + ht (A:10)

Then Equations A.1-A.7 are given as:

∂ uD
∂ t

+
∂ u2D
∂ x

+
∂ uvD
∂ y

+
∂ uw
∂ l

− fvD + gD
∂h
∂ x

= DBx +
∂

∂s
(
Km

D
∂ u
∂s

) + DFu (A:11)

∂ vD
∂ t
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∂ uvD
∂ x

+
∂ v2D
∂ y
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∂ uw
∂ l
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∂ x
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(
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∂ v
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) + DFu (A:12)

∂h
∂ t

+
∂ uD
∂ x

+
∂ vD
∂ y

+
∂w
∂s

= 0 (A:13)

∂TD
∂ t + ∂ uTD

∂ x + ∂ vTD
∂ y + ∂wT

∂s = 1
D
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∂s (Kh
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∂ x
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∂ vSD
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Regarding the sigma coordinate of Equation A.8, the following

applies:

Bx = −
g
r0

Z h

z

∂ r
∂ x

jzdz0 = −
g
r0

Z 0

s
(
∂ r
∂ x
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                    = −
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����
(A:17)

Equations (A.16)-(A.17) require that every vertical layer has

constant s value, which is named as conventional sigma coordinate

in this paper. The translations of (A.16)-(A.17) are used in

Equations (A.11)-(A.12) of sigma coordinate system to calculate

the BPG.

In maritime areas with steep terrains and notable density

stratifications, ∂r
∂ x sj and s

D
∂D
∂ x

∂ r
∂s are two major counter terms, but

the algebraic sum of ∂ r
∂ x zj is a minor term. General temperature and

salinity errors lead to errors in the calculations of ∂ r
∂ x sj and s

D
∂D
∂ x

∂ r
∂s

, which may result in serious errors in the algebraic sum of ∂ r
∂ x zj . To

reduce the BPG calculation errors, r in Equations A.16-A.17 can be

replaced by residual density r 0 by removing the average

density stratification.
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