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Introduction: Using May—November 2022 CTD observations from the central—
eastern southern coastal waters of Korea, we quantified the variability of oceanic
fronts and their coupling with water-column stability.

Methods: We used conventional |[VT|, |[VS| thresholds and a composite
Integrated Frontal Index (IFI) of |V T|, |VS|, and N?; the stability effect is AlFI =
IFlyspe = IFlys.

Results: Fronts were coherently organized along the coastal—offshore boundary
zones near the 70—-100 m isobaths. Their intensity and principal formation depths
reflected seasonal stratification and thermocline—halocline alignment (ATHD ):
fronts were sharp and continuous when the clines co-occurred in summer, but
diffuse and deeper when offset during autumnal cooling and mixing.
Quantitatively, in the upper layer (10-30 m) the IFI closely co-locates with
salinity fronts (=99-100%) and also with temperature fronts (~87-93%),
whereas agreement declines and becomes more variable below about 40-50
m. AIFI exhibited a depth-dependent pattern (mean -5.7 at 10 m, —=1.3 at 60 m,
-4.6 at 80 m), consistent with surface weakening, mid-layer mitigation, and
renewed deep weakening.

Discussion: The framework captures transitions between salinity- and
temperature-dominated regimes and quantifies the amplification—weakening
mechanism associated with ATHD , providing an observation-based diagnostic
for front—stratification coupling.

.
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1 Introduction

An oceanic front is a dynamic boundary characterized by rapid
horizontal gradients in seawater properties such as temperature,
salinity, and density. Within these frontal zones, various dynamic
features exist, including turbulent mixing, internal waves, transport
boundaries, biogeochemical boundaries, and sound-speed
discontinuities. Frontal zones function as a key spatial element
driving the structural heterogeneity of the ocean (Belkin et al,, 2010).
In particular, fronts within the coastal zone vary in location and
intensity due to factors including seasonal variations, inflows of
open-ocean water, tides, and topography, significantly altering the
water column structure and mixing conditions of the coastal zone.

Oceanic water column stability is defined by vertical and horizontal
variations in the density structure of seawater, which is determined by
temperature and salinity. Water column stability exerts a crucial
influence on oceanic dynamic processes, including mixing, energy
transfer, internal wave generation, and shear current formation (Gill,
1982; Thorpe, 2005). In general, highly stable, stratified seawater layers
exhibit resistance to external forcing and limit the exchange of material
and energy between layers. Conversely, low or negative stability induces
turbulence, resulting in enhanced mixing (Pelegri et al., 2024). Frontal
zones are often associated with strong vertical stratification, and vertical
stability plays a crucial role in physical processes such as energy
transport, vertical mixing, and upwelling within fronts. Therefore,
consideration of both the horizontal characteristics and vertical
stability of fronts is essential to elucidating frontal dynamics.

Studies on frontal identification have focused mostly on analyzing
individual phenomena, such as thermal or tidal fronts, or observational
cases of specific time periods or cross-sections. In contrast,
comprehensive, three-dimensional, spatiotemporally integrated
analyses based on multi-point grid systems and the analysis of
dynamic stability indicators have been relatively scarce. Furthermore,
conventional criteria for frontal identification have relied primarily on
fixed gradient thresholds of temperature and salinity (Table 1) or fixed
thresholds (Kawai, 1972; Lynn, 1986; Hickox et al., 2000; Kim et al.,
2023; Shin et al., 2024). However, such single-variable approaches have
limitations in the comprehensive representation of both frontal
intensity and vertical stability. In particular, fully capturing the
multidimensional characteristics of fronts formed by the complex
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interaction of multiple variables, such as density compensation
fronts, is challenging. Furthermore, the application of a fixed
threshold may lead to subjectivity and discontinuity in detection
results due to the lack of adaptation to different frontal types,
regions, and seasons.

Accordingly, the objectives of this study were to quantify the
spatiotemporal variations of fronts in the study area using observational
data; introduce and apply the Integrated Frontal Index (IFI), which
integrates horizontal gradients of temperature and salinity with water
column stability; and evaluate the validity of the IFI based on spatial
agreement with conventional (threshold-based) fronts. Furthermore,
quantification of front-stratification coupling suggests potential
applications in operational fields such as marine situational
awareness and forecasting of coastal acoustic environments.
Ultimately, we aimed to elucidate the spatiotemporal variability
characteristics of the front in the study area and its relationship with
water column stability, thereby providing an in-depth assessment of
frontal dynamics in complex coastal environments.

2 Materials and methods
2.1 Study area and data

This study was conducted in the central-eastern region of the
southern coastal waters of Korea (127°E-130°E, 32.75°N-35.5°N).
This area is connected to the Yellow Sea through Jeju Strait to the
west, to the East Sea (Sea of Japan) through Korea Strait to the east,
and to the East China Sea across the continental shelf to the south.
The study area is characterized by a dynamic marine environment
influenced simultaneously by complex topography, the inflow of the
Tsushima Warm Current, seasonal freshwater discharge, and strong
tidal forcing. In particular, during summer, the seasonal inflow of
low-salinity water from the Yellow Sea and warm surface water
leads to enhanced interactions among water masses, resulting in the
development of pronounced stratification and seasonal fronts.
These complex physical factors drive the formation of strong
stratification and diverse fronts within the region, causing
horizontal and vertical stability structures to undergo rapid

seasonal variations.

TABLE 1 Threshold values of horizontal temperature and salinity gradients for frontal identification reported in previous studies of global and

regional seas.

Variable Threshold Area
0.01-0.02°C/km California Current, Southeast Brazil Continental
o Shelf, South China Sea, Antarctic Polar Front
0.03°C/km i;s.t (Iz;pan) Sea Subpolar Front, Northern East
v ina Sea
South Sea of Korea, East China Sea, East
0.05-0.12°C/k
Cflem Greenland Polar Front
> 0.20°C/km General standards
0.002-0.01 psu/km Bay of Bengal
[V
=~0.04 psu/km East Greenland Polar Front
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Field observations were conducted four times at 2-month intervals
from May to November 2022. The marine environmental survey was
conducted using the Korea Institute of Ocean Science and Technology
(KIOST) research vessels ‘R/V Onnuri and ‘R/V Ieodo’. The
observation array consisted of 130 stations along 16 transects
(Figure 1). At each station, vertical profiles of seawater properties
were obtained using conductivity-temperature-depth (CTD; SBE
911plus, Sea-Bird Electronics, Bellevue, WA, USA) instruments.
CTD data were calibrated and outliers removed, and the data were
bin-averaged at 1-m depth intervals. Profiles were objectively mapped
using optimal interpolation (OI) onto a 215 x 195 grid (0.015 km
spacing) with an isotropic Gaussian covariance. Following Bretherton
et al. (1976), we computed OI weights and the analysis-error variance
and report its square root at each grid point as an interpolation-
uncertainty diagnostic. Horizontal gradients (|V T, |V S|) were then
computed on the km-scaled grid using centered differences. Because
the covariance correlation length exceeds the 0.015 km spacing,
neighboring cells are not independent. To ensure spatial consistency
and interpretive reliability, we restricted analyses to a common depth
range down to 80 m. This criterion was adopted because major physical
variations such as stratification, mixing, and frontal formation are
generally concentrated within the upper 80 m in the study area. Deeper
data were deemed unsuitable for horizontal-vertical comparisons and
statistical analyses due to depth differences among stations and
structural inhomogeneity.

10.3389/fmars.2025.1723724

2.2 Methodology of front and stability
index derivation

To quantitatively assess the characteristics of fronts in the study
area, stratification and stability indices were calculated. Each index
was derived from the spatial structures of temperature, salinity,
density, and the indices were used to comprehensively diagnose the
physical stability of the ocean.

2.2.1 Calculation of stability indices and vertical
stratification
The Brunt-Viisild Frequency (N Gill, 1982) is an indicator of
stratification stability calculated from the vertical gradient of the
density field derived from temperature and salinity, defined as
follows:
NZ=_ ia_p
po 0z
where g is gravitational acceleration, pj is the reference density,
and 3—’; represents the vertical density gradient. This index indicates
the degree of buoyant stability within the water column, where
positive values represent stable stratification and negative values
indicate density inversion or unstable conditions. In this study, we
calculated the N? value for each water layer and the average N* value
across all layers to analyze seasonal variations in stability.

36°N

35°N

34°N

33°N

127°E

128°E

FIGURE 1

Map of the study area and CTD observation array. In total, 130 CTD stations were arranged along 16 transects across the central-eastern part of the

southern coastal waters of Korea.
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To quantify the vertical stratification structure of the sea area,
the thermocline depth (TD) and halocline depth (HD) were defined
as the depths at which the maximum vertical gradient occurs for
temperature and salinity, respectively. These values represent the
depths where thermal and haline stratification are most strongly
developed. The difference between the two depths, expressed as
ATHD (TD — HD), was used as an index to diagnose the asymmetry
of thermal and haline stratification. TD and HD were estimated
based on the following relations:

N
321" HD = argmax,

o

TD = argmax,

Here, 3L and 3% represent the vertical gradients of temperature

and salinity, respectively, calculated using the central difference
scheme based on interpolated temperature and salinity profiles at 1-
m intervals. ATHD is defined as follows:

ATHD =TD -HD

A positive value of ATHD indicates the relative dominance of
salinity-driven stratification, whereas a negative value suggests the
predominance of thermal stratification or the potential intrusion of
high-salinity water into the upper layer. Smaller absolute values of
ATHD indicate that the two clines are collocated at similar depths, and
thus efficiently increase density stratification. Conversely, a larger
absolute value increases the likelihood of weakened density
stratification due to compensation effects from thermal and haline
gradients. This indicator was used to diagnose the presence of double
stratification and vertical asymmetry of fronts and provided a key basis
for interpreting the relationship between fronts and stability.

2.2.2 Thresholds for traditional frontal
identification

Traditional methods of oceanic front identification primarily
define fronts as regions where the horizontal gradient of
temperature or salinity exceeds a specific threshold. However,
such thresholds have been proposed with considerable variation
depending on the type of front, geographic location, season, and
research objectives. To ensure reproducibility in the definition of
fronts, thresholds reported in previous studies were compiled by
variable and category (Table 1). Guided by these literature ranges
and by the resolution and noise characteristics of our gridded fields,
we adopted conservative baseline thresholds appropriate for
continental-shelf settings and within reported ranges:

[VT|=0.04°C km™, VS| =0.01 psu km™"

These thresholds were used to define the conventional front
masks for comparisons with IFI-based fronts.

2.2.3 Integrated frontal index determination and
comparative analysis

The IFI is computed as a weighted sum of |V T|, |V S|, and N*
after applying log,o(x +€) and per-depth 0-1 normalization. The
logarithm is a monotonic variance-stabilizing transform for heavy-
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tailed horizontal gradients: it limits the dominance of a few extreme
frontal cores while preserving rank ordering, so cores remain in the
upper tail under our percentile masks.

To characterize the front-stability relationship, we define two
indices:

TSN?
U)Nz

Flige = oY loglVT| + o™ -log|V$| + -log N?

IFlg = of -log|V T| + o - log|V §|

Here, ™ denotes per-depth 0-1 normalization. All weights (!> ’

and ®) were derived from the first principal component (PC1)
loading of principal component analysis (PCA) (Thomson and Emery,
2014; Jolliffe and Cadima, 2016; Wolter and Timlin, 2011) and were
normalized such that 3, |0/*N Z’ =30 =1.

PCA loadings provide a pragmatic, data-adaptive weighting, but

they maximize variance rather than dynamical importance and can
overweight salinity in freshwater-dominated seasons. As a physics-
based alternative, the |V T| and |V S| weights are set in proportion to
their density-gradient contributions via the thermal-expansion and
haline-contraction coefficients (0. and [3). we take layer-wise weights
proportional to |[VV T| and |BV S| and then normalize. A brief
sensitivity check using these o-P layer weights is given in
Supplementary Table S3 as depth-dependent bilateral spatial
agreement with the PCA-weighted IFIys. Thresholding and
spatial-agreement definitions follow below.

We retain the conventional definition of a front via |V T| and
[V S|, and use IFI as an integrative diagnostic of front-stratification
coupling. The stratification term (N?) is not used to define a front
but to quantify its context. IFI is a composite diagnostic of the
front-stratification state. Front presence and footprint are
diagnosed by |V T|, |V S|, whereas N* does not define a front but
supplies the stratification context that modulates its intensity,
vertical extent, and preferred formation depth. After consistent
scaling, we combine |V T|, [VS|, and N* to summarize the co-
occurrence and coupling of horizontal frontal gradients with
vertical stability, preserving the conventional front definition
while explicitly accounting for stratification across depths
and seasons.

The conventional front mask is defined as follows:

>

= >

A = {|VT] 0.04 °C/km}, B = { |V 0.01 psu/km}

The IFI front mask was defined as follows based on the top-15%
threshold:

>

>

Crsne = { IFlpgye Py}, Crs = { IFIgg Pgs }

The agreement between conventional fronts (A, B) and IFI fronts
(Crsn2 or Crg) is quantified as spatial agreement (hereafter reported as
coverage), defined as the overlap percentage. To evaluate the
explanatory capacity of front-stratification coupling, we fix the IFI
fronts as the reference set C unless noted otherwise, and compute:

BN C|
IC]

_lanc|

Cov(C—A) = ic]

x 100 %, Cov(C<«—B) =

% 100 %,

frontiersin.org


https://doi.org/10.3389/fmars.2025.1723724
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kim et al.

|A N B|

Cov(A«—B) = Al x 100%, Cov(C«— (A N B))
[ANBNC|
= x 100%
|C|

Here, C denotes the IFI mask used in the comparison (Cygy2 or
Crs) and || represents the total number of valid grid points. Note
that Cov(X «Y) is asymmetric. It measures the fraction of X
explained by Y. All values are reported in percent.

We adopt a depth-wise (per-depth) percentile rule because it is
unitless and amplitude-invariant, allowing the monotonic, per-
depth-scaled fields to target the upper tail consistently across
depths and seasons. In practice, a 15% cutoff provides a
pragmatic balance between excessive patchiness at lower
percentiles and over-identification of background at higher ones;
varying the percentile between 10-20% does not alter our
qualitative conclusions (see Section 3.3.1).

3 Results

In this section, the physical background of the study area is first
presented. Then, based on the indicators defined in Section 2, the
spatiotemporal distributions of stratification and stability indicators
are analyzed, and the structural characteristics and seasonal
variability of fronts are examined.

3.1 Characteristics of the marine physical
environment

3.1.1 Distributions of temperature and salinity

The distributions of temperature and salinity in the study area,
obtained from four observations conducted between May and
November 2022, exhibited distinct spatial variations with depth
and season. During the entire period, temperature ranged from 3.4
to 26.9°C. The mean temperature at a depth of 10 m was 21.3°C,
and at 80 m it was 16.6°C. The standard deviation decreased with
depth, from 3.3°C to 2.5°C (Supplementary Table SI). The
horizontal distribution showed a seasonal increase throughout the
study area from May to September, followed by a decrease in
November (Figure 2; Supplementary Figure S1A). By region, the
northeastern parts of Jeju Island (127-128°E, north of 33.5°N)
maintained lower surface temperatures than surrounding areas
from May to September, with a thin warm layer observed in the
upper water column (0-30 m) (Supplementary Figure S1A). In the
southeastern parts of Jeju Island (127-128°E, south of 33.5°N), a
warm temperature belt was widely distributed during the same
period, with a distinct pattern of expansion to depths of 30-50 m in
July and September. The eastern part of the southern coastal waters
(128-129°E) showed a year-round trend of lower temperature on
the coastal side compared to the offshore side. When a warm layer
formed in the upper water column during summer, it was relatively
shallow and weak on the coastal side (Figure 2A).

Frontiers in Marine Science
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Salinity ranged from 31.2 to 34.7 psu, with mean salinity of 33.5
psu at 10 m and 34.3 psu at 80 m. The standard deviation decreased
with depth, from 0.7 to 0.2 psu (Supplementary Table S1). Seasonal
variation was observed, with low-salinity zones along the coast
expanding during July-September and contracting in November
(Figure 3; Supplementary Figure S1B). In the northeastern waters of
Jeju Island, low-salinity patches appeared and persisted from
summer to early autumn, with a relatively low-salinity layer
observed down to 30 m (Supplementary Figure SI1B). The
southeastern waters of Jeju Island exhibited a dominant high-
salinity distribution throughout the study period, with a stable
high-salinity zone appearing below 30 m. The eastern part of the
southern coastal waters exhibited a recurring pattern of a low-
salinity layer expanding in a band-shaped formation from July to
September before contracting in November, with vertical contrast
between low salinity in the upper layer and high salinity in the
deeper layer (Figure 3; Supplementary Figure S1B).

3.1.2 T-S structure and water mass properties

The T-S diagram of the study area (Supplementary Figure S2)
showed two dominant water mass distribution characteristics. First,
the warm saline water, with salinity of 34.0-34.7 and temperature of
12-27 °C, corresponded to the seasonal temperature and salinity
characteristics of the Tsushima Warm Current (a branch of the
Kuroshio) entering the East Sea (Sea of Japan) through the Korea
Strait from the East China Sea (Teague et al., 2002; Takikawa et al.,
2005; Isobe, 2008). Second, the low-salinity (< 32.3 psu) and high-
temperature (20-28 °C) water, which was pronounced in July and
September, corresponded to the eastward and northeastward
extension of the Changjiang Diluted Water (CDW); this was
consistent with satellite observations, in-situ measurements, and
numerical studies showing the passage of CDW through Jeju Strait
into the southern coastal waters (Lie et al., 2003; Chang and Isobe,
2003; Kim et al,, 2009; Son and Choi, 2022). Additionally, in the
eastern part of the southern coastal waters in September, the
expansion of low-salinity surface water was pronounced due to
freshwater inflow from coastal rivers (Baek et al., 2019; Yoon
et al., 2022).

3.2 Vertical stability and stratification

3.2.1 Distributions of stability

Presented in Figure 4, the stability distribution exhibited a
typical vertical gradient, with stronger stability in the upper layer
and weaker stability in the deeper layers. The mean N? over the
entire study area was 1.3 x 10 s at 10 m and 0.7 x 10™* s7% at
80 m, showing a gradual decrease with depth (Supplementary Table
S1). The spatial and seasonal patterns were characterized by
enhanced stability in the upper layer during July-September and
weakened stability in May and November. In particular, a high-
stability band at 10 m formed in the northeastern waters of Jeju
Island and extended to the eastern portion of the southern coastal
waters in July (Figure 4A; Supplementary Figure S3). At 30 m in
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FIGURE 2

Horizontal distributions of temperature at 10 m and 70 m in July and November 2022: (a) July at 10 m, (b) November at 10 m, (c) July at 70 m, and

(d) November at 70 m.

July, stability in the northeastern waters of Jeju Island was relatively
low, while it remained high in the southeastern waters
(Supplementary Figure S3). In September, compared to the
surface layer, stability gradually increased along the coastal side
below 30 m, and a gradual increase was observed across the entire
study area at 50 m (Supplementary Figure S3). Vertical cross-
section distributions also revealed seasonal variations, with an
extensive high-stability band developing in the upper layer during
July, which became fragmented and contracted by September, and
mostly disappeared by November (Supplementary Figure S4). This
high-stability band was shallower and stronger on the coastal side,
while it was deeper and weaker on the offshore side of the study area
(Supplementary Figure S4).

3.2.2 Structure of vertical stratification

Figure 5 presents the seasonal horizontal distributions of TD,
HD, and ATHD. TD had a mean depth of 60 m in May, 31 m in
July, 64 m in September, and 69 m in November, becoming
shallower in July and gradually deepening in September and
November (Figures 5A, B; Supplementary Table S2). These

Frontiers in Marine Science

seasonal variations were more pronounced in the northeastern
waters of Jeju Island and the eastern part of the southern coastal
waters, while TD gradually increased in deeper regions such as the
southeastern waters of Jeju Island, the Korea Strait, and the
southern waters of the East Sea (Sea of Japan) (Figures 5A, B).
The distribution of HD showed similar seasonal patterns to TD,
with mean values of 53 m in May, 23 m in July, 58 m in September,
and 69 m in November (Figure 5C, D; Supplementary Table S2).
However, HD exhibited greater seasonal variability and
responsiveness, more pronounced spatial gradients between
coastal and offshore waters, and greater regional variability than
TD (Figures 5C, D).

The ATHD distributions were dominated by small values within
the range of —10 to +10 m in most regions, with more frequent
occurrence of weakly positive values (Figures 5E, F). In May, the
variability was most pronounced, with strong negative values below
—-50 m and strong positive values above +50 m juxtaposed along the
western boundary of the study area (eastern coast of Jeju Island). In
July, regions with ATHD more negative than —10 m were distributed in
the northeastern waters of Jeju Island and the eastern portion of the
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FIGURE 3

Horizontal distributions of salinity at 10 m and 70 m in July and November 2022: (a) July at 10 m, (b) November at 10 m, (c) July at 70 m, and

(d) November at 70 m.

southern coastal waters (Figure 5E). In September, an east-west band
of approximately +20 m developed in the eastern waters of Jeju Island.
In November, a broad band of negative values extended from the
northeastern waters of Jeju Island to the eastern part of the southern
coastal waters (Figure 5F). At the eastern boundary of the study area
(adjacent to the Korea Strait), strong positive values exceeding +30 m
were observed throughout the year.

3.3 Spatial structure of IFI fronts and spatial
agreement with conventional criteria

3.3.1 Composition and weighting of the IFI

In the IFI calculation presented in Section 2.2.3, @; represents a
signed relative weight in which a positive value indicates that an
increase in the corresponding component strengthens the IFI,
whereas a negative value indicates weakening. The depth-
averaged loadings were @; = 0.24, @g = 0.36, and @y = 0.28,

Frontiers in Marine Science

indicating that ws was dominant. In the surface layer, positive
values were dominant across the entire study area, but some
negative values were present in the eastern waters of Jeju Island.
In the deep layer, positive values were also dominant, but broad
negative regions were present, particularly in the eastern part of the
southern coastal waters (Supplementary Figure S5).

Using o layer weights, we recomputed IFI;g with the same
per-depth top-15% threshold. Bilateral spatial agreement with the
PCA-weighted masks was high (depth-averaged 76.3% for Cov
(IFI% «— TFI;$Y), 86.8% for Cov(IFISS4 « IFI%™)); agreement
is strongest at 10-40 m and slightly weaker at 50-70 m
(Supplementary Table S3).

Threshold sensitivity confirms robustness: using 10%, 15%, and
20% per-depth cutoffs leaves spatial patterns unchanged. The
depth-averaged spatial agreement of IFI;: by the salinity-front
mask increases from ~83% (10%) to ~90% (15%) and ~91% (20%),
while overlaps with the temperature-gradient mask and with the
intersection of the temperature- and salinity-gradient front masks
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FIGURE 4

Horizontal distributions of Brunt-Vaisala frequency (N2, x 107 s72) at 10 m and 70 m in July and November 2022: (A) July at 10 m, (B) November at

10 m, (C) July at 70 m, and (d) November at 70 m.

remain ~71-76%. The spatial agreement of the intersection of the
temperature- and salinity-gradient front masks with IFI is
essentially stable at ~70% across thresholds.

3.3.2 Spatial and seasonal structures of IFI fronts
IFI fronts were defined by masking based on the top-15% threshold
of the IFI score; the thick, black contour lines in Figure 6 indicate the
frontal boundaries that exceeded this threshold. Overall, the fronts
exhibited a continuous band-shaped pattern along the 80-100-m
isobath, extending from the eastern waters of Jeju Island to the
eastern part of the southern coastal waters (Figure 6). In May, a
relatively uniform east-west-oriented front formed in the northeastern
waters of Jeju Island, while in July, fronts expanded extensively within
the upper 30-m layer. In September, fronts were broadly distributed
along the southern coast below 30 m, rather than near the surface layer,
while in the southeastern waters of Jeju Island, a front was present at
50 m. In November, the areas of fronts within the upper 50 m generally
contracted, and fronts instead formed below 70 m, particularly in the
southeastern waters of Jeju Island (Figure 7). In summary, fronts in the
study area could be classified into continuous band-shaped fronts along
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the 80-100-m isobaths and broad frontal zones oriented northeast—
southwest in the southeastern waters of Jeju Island. From May to July,
fronts expanded and intensified in the upper layer, whereas from
September to November, the upper-layer fronts gradually contracted
and the formation depth of fronts deepened, indicating marked
seasonal variability (Figure 7).

3.3.3 Spatial agreement with conventional fronts
Conventional fronts defined using a temperature gradient
threshold of 0.04°C km™" and a salinity gradient threshold of 0.01
psu km™ were compared with the top-15% IFI fronts (Table 2).
Spatial agreement between temperature- and salinity-gradient fronts
was approximately 76-78% at 10-30 m and about 48% at 80 m,
indicating that the two front types did not consistently trace the same
structures throughout the water column. Spatial agreement between
the IFI and temperature-gradient fronts was high at 10-30 m
(approximately 87-93%), decreased to about 63-55% at 40-50 m,
and reached a minimum of about 48% at 70 m, and partially
recovered at 80 m (=71%). Spatial agreement between the IFI and
salinity-gradient fronts was highest across all depths, approaching
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FIGURE 5

Horizontal distributions of thermocline depth (TD), halocline depth (HD), and their offset (ATHD = TD — HD) in July and November 2022. Positive
values indicate a deeper thermocline than halocline, and negative values indicate a shallower thermocline: (A) TD in July, (B) TD in November, (C)
HD in July, (D) HD in November, (E) ATHD in July, and (F) ATHD in November.

nearly 100% at 10-30 m and 60 m, while remaining around 74-75%

at 40-50 m and 70-80 m. Triple spatial agreement among the three

indices was high at 10-30 m (approximately 87-93%), decreased to

63-55% at 40-50 m, increased again to about

78% at 60 m, and

reached a minimum of about 48% at 70 m, with a depth-averaged

value of approximately 75%. In summary, while the two conventional
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criteria exhibited only partial agreement across the entire water

column, salinity-gradient fronts most consistently captured the

composite fronts defined by the

IFI. Through its strong overlap

with conventional information, the IFI demonstrated its potential to

serve as a substitute (or an equivalent-level complement) in the form

of a single, integrated index.
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Horizontal distributions of /Flysy2 at depths of 10, 30, 50, and 70 m. The first, second, third, and fourth columns correspond to May, July, September,
and November 2022, respectively. Thick black contours denote the IFl fronts, defined by the 85th percentile threshold (top-15% threshold; tjr =
79.2 in May, 85.1in July, 85.7 in September, and 82.1 in November). Light gray dashed lines indicate the 70 and 100 m isobaths.

3.4 Effect of stratification on fronts

Throughout the following comparisons, IFI should be read as a
composite diagnostic that preserves the conventional (|V T|, |V S|)
definition of a front while explicitly embedding its stratification
context (N?). Accordingly, AIFI isolates the net contribution of
stability to the depth-dependent expression of fronts. In a baroclinic
ocean, the horizontal density gradient and stratification determine the
vertical shear via the thermal wind relation. Increases in baroclinicity
sharpen and confine frontal structures vertically (amplification),
whereas reductions have the opposite effect (Vallis, 2017; Cushman-
Roisin and Beckers, 2011).

To evaluate the effect of including the stability term, the stability-
inclusive integrated index IFIygy2 and the stability-excluding index
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IFI7s were directly compared using the same threshold (top 15%)
(Section 2.2.3). The difference between the two indices was defined as
ATFI = IFlyg —
intensification due to the inclusion of stability and negative values

IFIr, with positive values indicating frontal

representing weakening. We interpret AIFI as the stratification’s net
imprint on frontal expression. Positive values mean that the
stratification sharpens and confines an existing T/S front. Negative
values, on the other hand, arise from either thermohaline
compensation, in which oV T and BV S oppose each other,
reducing the horizontal density contrast (Rudnick and Ferrari, 1999;
Rudnick and Martin, 2002), or from mixing/forcing (e.g., wind or tides)
that lowers N? and relaxes vertical confinement (Garrett and Kunze,
2007). In practice, the orientation of 0. V'T and BV S, i.e. whether they
are aligned or oppose each other, helps to distinguish these cases.
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3.4.1 Contrasts and agreement of stratification
effects

AIFI values compared at the same threshold were dominated by
negative values; however, the magnitude and variability
systematically differed with depth and season (Figure 8;
Supplementary Figure S6). At 10-m depth, the mean value was
—5.7, representing the strongest negative deviation. Below that, the
deviation gradually decreased with increasing depth, reaching a
minimum of —1.3 at 60 m, before increasing again to —4.6 at 80 m.

[Flpgyz (751 = 79.2) May 2022 Line 08 [Flygyz (7p = 79.2) May 2022 Line 13
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This vertical trend appeared as a band-shaped structure along the 70-
100-m isobaths extending from the northeastern waters of Jeju Island
to the eastern part of the southern coastal waters, which was
characterized by marked patterns of surface weakening, mid-layer
mitigation, and deep-water re-weakening. Seasonally, the mean ATFI
values in July and September were small at —-1.4 and -1.8,
respectively, while the strongest negative deviation occurred in
November at —6.2. In July, small positive regions were scattered at
10-30 m, whereas in November, broad negative regions expanded

TABLE 2 Depth-dependent spatial agreement (%) between different frontal definitions: temperature-gradient versus salinity-gradient fronts, 1 FI ¢y
versus temperature-gradient fronts, /F'1;¢,- versus salinity-gradient fronts, and the triple spatial agreement among /'y, temperature-gradient,

and salinity-gradient fronts. Values shown as mean + SD.

Spatial agreement (%)

Depth (m)
Cov(VT—VS) COV(IFlygpz«VT) COV(IFlyspz—VS) CoV(IFlyspz—VTNVS)

10 778 + 11.9 93.1+7.9 99.9 + 0.1 93.1+7.9
20 77.1 + 124 87.1 + 14.6 995+ 0.8 86.8 + 150
30 76.5 + 8.7 90.4 + 10.8 99.6 + 0.8 90.2 + 10.7
40 734+ 89 633 427 74.8 +49.8 63.3 +42.7
50 69.0 + 12.4 55.0 + 40.1 75.0 £ 50.0 55.0 + 40.1
60 64.7 + 214 785 +32.8 99.9 + 0.1 785 +32.8
70 70.2 257 47.7 + 552 74.8 + 49.9 47.5 + 54.9
80 47.9 + 493 713 +47.7 73.9 +49.3 70.2 + 47.1

Depth-averaged 70.3 + 156 75.5 + 326 89.5 + 30.2 75.3 + 326

Spatial dependence among grid cells; independence-based CIs are not reported. Values are reported as mean + SD (%).
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Distributions of AIFI (IFl7sy2

— IFl7s) in July and November 2022: (a) July at 10 m, (b) November at 10 m, (c) vertical section along Line B in July, and

(d) vertical section along Line B in November. Positive values indicate enhanced frontal intensity, whereas negative values indicate weakened

intensity.

linearly at 10-40 m, forming a distinctive feature. Agreement between
the two indices’ front masks averaged 72% overall, with its highest
values of around 80% in the upper layer (10-30 m), decreasing at
40 m, and lowest at 80 m. Seasonally, agreement was relatively low in
May-July (approximately 67-68%), moderate in September (about
70%), and highest in November (about 83%).

3.4.2 Linkage with thermocline—halocline
alignment

Thermocline-halocline alignment is a key background variable
that must be considered to fully characterize frontal variations, as it
is directly related to how consistently temperature and salinity
gradients lead to density stratification. Thermocline-halocline
alignment is defined as [ATHD| = |TD - HD|. The agreement
and distribution of the two IFI front masks were summarized across
these three intervals: ]ATHD| < 10 m (hereafter, A1), 10 < |JATHD| <
30 m (hereafter, A2), and |ATHD| > 30 m (hereafter, A3).

Throughout the entire study area and period, the areal fractions of
the three intervals were approximately 45.7% for A1, 32.6% for A2, and
21.7% for A3 (Supplementary Table S5). Seasonally, the fraction of Al
expanded to about 63.9% in July, while in November, Al decreased to
about 45.1% and A2 increased to about 37.1%. The Al fraction was
relatively large in the upper layer, while the fractions of A2 and A3
tended to increase with depth. Mean AIFI was slightly negative across
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all three intervals, and agreement between the two front masks was
62.2% for Al, 58.6% for A2, and 56.0% for A3, showing a gradual
decrease with increasing |[ATHD| (Table 3). The seasonal mean AIFI
exhibited its largest differences at 10 m in all three intervals (4.9, 5.6,
and —4.0, respectively). It decreased with increasing depth, reached a
minimum at 60-70 m, and then slightly increased at 80 m, showing a
consistent trend. Agreement among the three intervals ranged from a
minimum of about 68% to a maximum of about 88% at 10-30 m, with
this layer showing the largest differences, while at 40-50 m and 70-80
m, the agreement was generally lower at about 28-44%. The depth-
averaged AIFI showed the smallest differences in July (-1.7, —1.6, and
—0.3, respectively) and the largest differences in November (-6.1, =5.9,
and 5.3, respectively), while agreement also exhibited seasonal
variability, being lowest in July and highest in November (Table 3).

4 Discussion

4.1 Regional hydrographic setting and
observed patterns

The study area is a coastal-offshore transition zone linked to the

shallow waters of the northern East China Sea, where the inflow of
the Tsushima Warm Current (a branch of the Kuroshio), strong
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[THD|<10m (A1)

10 < |THD| <30m (A2)

TABLE 3 Mean and standard deviation of AlFl, along with spatial agreement (%) between I F[,¢y: and IFIrg,
(Al: |THD| < 10 m, A2: 10 < [THD| < 30 m, A3: [THD| > 30 m), for each depth layer and observation period.

10.3389/fmars.2025.1723724

classified by the three ranges of [THD|

30m < |[THD| (A3)

Depth (m)
AlFI CoVlIFlyene «— IFlys) AlIFI Cov(lFlyenz < IFlys) AlFI CoVlIFlyspe «— IFlys)

10 -49 +10.5 87.7 £16.2 -5.6 £ 10.9 81.6 +20.3 -4.0 + 8.9 68.1 +26.9

20 -2.7 £ 8.1 81.4 + 18.6 -3.2+8.6 78.7 £17.2 -1.9 £ 6.5 71.5 £25.2

30 -2.6 8.7 78.3 £33.3 -32+95 75.7 £ 35.0 -2.1 £ 8.1 71.3 +32.8

40 -1.7+£6.3 444 + 32.7 -2.0+6.8 429 +33.0 -1.6 + 6.0 34.9 + 26.0

50 -1.6 £5.6 33.8 £ 34.0 -1.6 +£59 32.1 +384 -1.1 + 4.6 36.0 + 41.6

60 -1.8+5.1 76.2 £ 17.8 -1.6 +5.3 63.5 +34.2 -09 +4.7 79.5 + 139

70 -31+74 29.6 £ 43.5 -1.2+£5.0 28.4 +40.0 -1.2+49 27.7 £ 439

80 -6.1 + 114 41.3 +40.3 -34+9.7 31.5 +38.3 -1.8 £+ 8.2 359 + 46.7
Date AIFI CoV(lFlyeyz < IFlrs) AIFI CoVlIFlgyz « IFlzs) ‘ AlIFI ‘ CoV(/Flysye «— IFlrs)

May 2022 -34+74 61.4 + 30.0 29+71 50.3 + 33.7 -23+59 409 + 244

Jul 2022 -1.7+9.1 46.6 + 40.6 -1.6 £ 89 48.7 + 414 -0.3 £ 6.6 47.5 + 40.9

Sep 2022 -21+79 67.0 £ 25.2 -1.8+73 61.9 + 26.1 -0.8 £5.6 67.1 = 18.8

Nov 2022 -6.0 £9.9 739 £ 27.7 -5.9 + 10.0 733 £27.5 -53+9.8 68.6 + 30.1

Total -33+88 62.2 £ 329 -59+ 8.6 58.6 + 34.0 -53+74 56.0 + 31.9

Values are reported as mean + SD.

tidal forcing, complex topography, and summer freshwater
influence overlap. Observations showed that horizontal water
properties exhibit distinct coastal-offshore contrast, with surface
warming and low salinity intensifying in summer but weakening
and extending downward in autumn. Vertical stability (N?)
increased in the upper layer from July to September, repeatedly
forming high-stability bands along the coastal-offshore boundary
zones. In November, these bands weakened and deepened. The
thermocline gradually shoaled from spring to autumn, whereas the
halocline deepened. The relative depth difference between the two
clines (ATHD) tended to increase toward offshore regions.

Against this background field, the frontal structure could be
summarized into two spatial modes: continuous band-shaped
frontal zones formed along the coastal-offshore boundary
(approximately 70-100-m isobaths) and a broad frontal zone in
the southeastern offshore waters of Jeju Island. As the season
progressed, the principal formation depths of the fronts gradually
deepened. While spatial agreement with conventional fronts was
generally high, it exhibited a depth-dependence, decreasing with
increasing depth. Band-shaped fronts forming in coastal-offshore
boundary zones have been repeatedly reported in continental shelf-
open ocean transition zones of the northwestern Pacific (Park and
Chu, 2006; Castelao and Wang, 2014). These observations are
consistent with the band structures identified along the coastal-
offshore boundary zones in the present study. In addition, this study
extends previous findings by considering vertical structures at the
same locations, thereby revealing depth-dependent patterns.

Frontiers in Marine Science

4.2 Stratification regime and thermocline—
halocline alignment

The spatiotemporal variability of fronts is modulated by the phase
of seasonal stratification and the alignment of the thermocline and
halocline. In summer (July-September), enhanced surface buoyancy
generally led to co-location of the thermocline and halocline,
resulting in small |[ATHD| values. At the same depth, temperature
and salinity gradients run in the same direction, forming a single and
consistent pycnocline. During this period, IFIgy: was comparable to
IFIz, or showed slight enhancement in localized coastal and
boundary zones. In contrast, in late autumn (November), surface
cooling, wind-driven mixing, and the redistribution of freshwater
enhanced thermohaline compensation, leading to an increase in
|[ATHD|, while IFI;qy yielded relatively low frontal intensities
(with AIFI shifting in the negative direction) and the effective
density gradients tended to weaken even under the same horizontal
gradients. This mechanism, in which alignment leads to
amplification, whereas compensation results in weakening, has
been proposed as a general explanatory framework in studies of the
continental shelf near the East China Sea and the Korea Strait (Lie
et al, 2003; Park and Chu, 2006). The present study refines this
framework into observation-oriented diagnostics using |[ATHD|
and AIFL

Vertically, the coupling effect on stability showed a consistent
pattern of being strongest in the upper layer (10-30 m), weakest in
the mid-layer (60-70 m), and renewed in the deeper layer (around

frontiersin.org


https://doi.org/10.3389/fmars.2025.1723724
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kim et al.

80 m). This pattern arises because stratification in the upper layer
supports baroclinic shear, leading to stronger expression of frontal
signals. At the transition zone, the balance between shear and
mixing reduced the differences between the two indices.
Meanwhile, in deeper layers, the influence of shear-driven mixing
increased, once again amplifying the differences. Such inter-layer
adjustments were pronounced along the coastal-offshore boundary.

4.3 Bathymetric dynamical controls on
frontal structure

The organization of fronts in coastal-offshore boundary zones
(approximately the 70-100-m isobaths) suggests that this region
serves as a dynamical framework in which frontogenesis primarily
occurs. In the Bohai-Yellow-East China Seas, topographic
gradients, water mass boundaries, coastal currents, vertical shear,
and mixing collectively determine the preferred regions of
frontogenesis and the seasonal variability of fronts (Chen, 2009).
In the upper boundary layer, isopycnal slopes and coastal current
shear sustain and amplify horizontal contrasts, whereas turbulent
mixing driven by internal tides, as well as shear and strain induced
by topography, reorganize the vertical structure of the fronts. This
interpretation is consistent with the spatial patterns of internal tide-
induced mixing reported in the East China Sea, the continental shelf
and slope region, and at the entrance to the Korea Strait (Niwa and
Hibiya, 2004; Lozovatsky et al., 2008; Lien et al., 2013; Wang et al.,
2022; Wijesekera et al., 2022, 2023).

Any linkage between the observed frontal modulation and
mixing driven by internal tides is treated as a testable hypothesis
rather than a conclusion. As a concrete next step, a targeted analysis
of the spatial correlation between AIFI hotspots and strong
topographic gradients along the 70-100-m isobaths within the
coastal-offshore boundary zones could provide supporting
evidence. Foundational reviews and regional studies highlight
internal-tide generation by barotropic flow over strong
topographic gradients of the continental shelf and slope and its
role in enhanced mixing (Garrett and Kunze, 2007; Nash et al,
2012). The depth-dependent pattern of |AIFI| (maximized in the
upper layer, minimized in the mid-layer, and increasing again in the
deeper layer) suggests that gradients in shear and mixing regulate
front-stratification coupling through inter-layer adjustment.
Spatially, continuous frontal bands nearly parallel to the coastal-
offshore boundary zones predominated. However, topographic
features such as bends or constrictions of isobaths locally
enhanced shear and mixing, leading to segmentation and
directional shifts of the frontal bands.

The intensity and principal formation depths of the fronts are
governed by offshore water inflow, the intermittent expansion of low-
salinity surface waters in summer, and the relative strength of seasonal
cooling and wind-driven mixing. Strong stratification in the upper layer
promotes the expansion of salinity-gradient-dominated domains,
which in turn maintains strong spatial agreement between
conventional fronts and IFI fronts. This dominance of salinity
gradients is in accordance with previous findings that salinity
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gradients are especially effective for identifying fronts in continental
shelf regions (Chen et al., 2019) and is further corroborated by the high
spatial agreement between IFI fronts and salinity-gradient-based fronts
observed in this study. During the transition to the destratification
period, surface stratification weakens and deepens, with thermohaline
compensation occurring more frequently; as a result, fronts diffuse and
weaken, and their principal formation depths shift deeper. Such
seasonality of circulation and water masses, operating on the
dynamical framework of the boundary zone, regulates the amplitude
of fronts in a manner consistent with the seasonal and depth
dependence of AIFL

Taken together, several limitations qualify these findings. The
analysis is confined to a single-year, bimonthly survey from May to
November 2022, so the winter mixing period and longer-term
variability are not covered, and the station spacing and cadence
leave temporal and spatial gaps that may smooth or alias short-lived
features. In addition, our OI mapping assumes an isotropic Gaussian
with a fixed length scale, which can smooth small-scale anisotropy
and raise Oy in sparse or boundary regions; consequently, horizontal
gradients near gaps and edges may be biased low whereas the large-
scale patterns remain robust. Finally, the scope of sensitivity checks is
limited to the percentile thresholds used (10-20%) and to the o3
layer weighting alternative; a broader season- and depth-specific
analysis is deferred to future studies.

5 Conclusion

This study used CTD observations from May to November 2022 to
quantify the spatiotemporal variability of coastal fronts in the central-
eastern sector of the southern Korean coastal waters and to characterize
their coupling with water-column stability. A multivariate Integrated
Frontal Index (IFI) that integrates temperature, salinity, and stability
with conventional horizontal-gradient criteria, enabling comparative
evaluation of frontal intensity, position, and principal formation depth.
Fronts were most coherently organized along coastal-offshore
boundary zones that follow the 70-100 m isobaths. Their intensity
and formation depths were systematically regulated by the seasonal
stratification regime and by thermocline-halocline alignment (ATHD),
producing sharp and shallow fronts when clines co-located in summer,
and diftuse and deeper fronts when cooling and mixing offset the clines
in late autumn. The framework captured depth-dependent transitions
between salinity- and temperature-dominated regimes and provided an
observation-based diagnostic (AIFI) for front-stratification coupling.
For operations, monitoring vertical stability and the relative positions
of the clines along the boundary zone, together with spatial agreement
between IFI and conventional fronts, offers a practical basis for front
tracking and observing-system design.
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SUPPLEMENTARY FIGURE 1

Horizontal distributions of (a) temperature and (b) salinity at depths of 10, 30,
50, and 70 m. The first column corresponds to May 2022, the second to July
2022, the third to September 2022, and the fourth to November 2022.

SUPPLEMENTARY FIGURE 2

Temperature—salinity (T—S) diagram constructed from all CTD observations
during the study period. Green, red, yellow, and blue dots represent May, July,
September, and November 2022, respectively.

SUPPLEMENTARY FIGURE 3

Horizontal distributions of Brunt—Vaisala frequency (N2, x 10-% s-2) at depths
of 10, 30, 50, and 70 m. The first, second, third, and fourth columns
correspond to May, July, September, and November 2022, respectively.

SUPPLEMENTARY FIGURE 4

Vertical sections of Brunt-Vaisala frequency (N2, x 10-* s=2) along
observational lines. The first, second, third, and fourth columns correspond
to Lines B, F, 08, and 13, respectively, and rows represent May, July,
September, and November 2022.

SUPPLEMENTARY FIGURE 5

(A) Horizontal distributions of PC1 loadings derived from PCA for temperature
gradient (o), salinity gradient (), and Brunt-Vaisala frequency (wn?). The first
row shows w, at 10 and 70 m, the second row s, and the third row myz. (B)
Vertical profiles of mean PC1 loadings for o (black), s (blue), and wyz (red).

SUPPLEMENTARY FIGURE 6

Horizontal distributions of AIFI (IFl;gn2 = IFlys) at depths of 10, 30, 50, and
70 m. The first, second, third, and fourth columns correspond to May, July,
September, and November 2022, respectively.

SUPPLEMENTARY TABLE 1
Basic statistical results for temperature (°C), salinity (psu), and Brunt—Vaisala
frequency (N2, x 10-* s-?) by depth.

SUPPLEMENTARY TABLE 2
Basic statistical results of thermocline depth (m), halocline depth (m), and T—
H depth offset (ATHD, m) by observation period.

SUPPLEMENTARY TABLE 3

Depth-dependent bilateral spatial agreement (%) between the a—p layer-
weighted IFI$¢™ and the PCA-weighted IFIF$A, using the same top-15%
threshold at each depth. Values are reported as mean + SD (%).

SUPPLEMENTARY TABLE 4

Depth-dependent spatial agreement (%) between different frontal definitions: IFl+
versus temperature-gradient fronts; IFl g2 versus salinity-gradient fronts, and the
triple spatial agreement among IFl+s2, temperature-gradient, and salinity-
gradient fronts; and IFlys,2 versus IFlys. Values are reported as mean + SD (%).

SUPPLEMENTARY TABLE 5

Contribution (%) of [THD| classified into three ranges (Al: [THD| < 10 m, A2: 10
< |THD| < 30 m, and A3: |THD| > 30 m) by observation period and over the
entire study period.
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