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1. Introduction

The exchange of momentum and heat between ocean dynamic processes at meso-
and small scales is an interesting issue for the oceanography community [1]. Against the
background of climate change, air—sea interaction plays an important role in economic
activities [2]. Moreover, with the development of artificial intelligence (Al), the promotion
of Al-based oceanography could deepen the understanding of multiscale air-sea inter-
actions [3,4]. With this background, the newly launched Special Issue “The Interaction
between Atmospheric and Oceanic Dynamics at Mesoscale and Small Scale” is founded.
This Special Issue present relevant research on the interaction between atmospheric and
oceanic dynamics at meso- and small scales utilizing traditional techniques, i.e., remote
sensing [5] and numerical models [6-8]. Moreover, it is worthwhile to research these
dynamics using Al

2. An Overview of Published Articles

This Special Issue focuses on the interaction between atmospheric and oceanic dynam-
ics in complex conditions, containing 11 published articles. The main contributions are
delineated below.

Contribution 1 investigated how the semi-enclosed Sea of Japan (S]) influenced Ty-
phoon Songda’s (TY-0418, 4-8 September 2004) intensity changes using high-resolution
three-dimensional Weather Research and Forecasting (3D-WRF)/UM-KMA models and
Geostationary Operational Environmental Satellite (GOES)-IR imagery. The approach
identified key mechanisms, i.e., terrain-induced friction, enhanced latent heat release over
warm currents, moisture convergence, and orographically modulated vorticity, explaining
the typhoon’s structural evolution, and rapid intensification within the confined SJ basin.

To understand the seasonal variability and long-term trends of Sea Surface Tempera-
ture (SST) fronts in Zhoushan and adjacent seas (1982-2021) and their driving mechanisms,
Contribution 2 employed frontal intensity (SST horizontal gradient) and frequency analysis
using a defined threshold (0.03 °C/km). This quantified frontal activity and linked it to
river discharge, wind, upwelling, and currents. The method effectively revealed distinct
seasonal patterns (strong winter bands, summer hotspots), key drivers (e.g., Changjiang
Diluted Water), and significant winter intensification trends over decades.

To understand the mesoscale eddy regulation of Subsurface Chlorophyll Maximum
Depth (SCMD) seasonality in the Kuroshio—Oyashio confluence, composite averaging and
normalization of satellite altimetry and reanalysis data isolated SCMD responses to cyclonic
and anticyclonic eddies. Contribution 3’s superiority lies in effectively quantifying distinct
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eddy-induced SCMD monopole patterns (shallow /deep centers), revealing asymmetric
seasonal correlations and demonstrating eddy-driven westward Chl-a transport over
differing distances.

Addressing severe local scour at monopile foundations in the central Bohai Sea, an
integrated numerical-experimental approach was proposed by Contribution 4, analyzing
two decades of tidal currents, sediment transport, and scour. Results quantified minimal
background erosion (<0.02 m/year), revealed 80% of scour occurs initially, and demon-
strated that collar protection reduces scour depth by 50%, providing a crucial basis for
design and mitigation in similar regions.

Spatiotemporal variations in NW Pacific tropical cyclones (frequency, genesis, Accu-
mulated Cyclone Energy (ACE)) and links to warm pool/monsoon trough were resolved
using wavelet analysis, correlation, and Mann—-Kendall tests on typhoon, SST, and wind
data. This method proposed by Contribution 5 specifically detects trends, mutation points
(e.g., 1996 frequency shift), and periodicities in cyclone behavior. Its superiority lies in
revealing divergent trends (rising frequency vs. declining ACE), quantifying how warm
pool thermal states inversely modulate monsoon trough intensity and genesis locations,
and identifying synchronized multiscale climate oscillations driving cyclone activity.

The characterization of complex wind-wave dependence for deep-sea floating struc-
ture design employed elliptical, Archimedean, and vine copula models with 20-year hind-
cast data. Modeling trivariate distributions quantified tail dependencies, demonstrating C-
vine copula’s optimal performance for asymmetry. The approach in Contribution 6 reduced
engineering costs by 20-30% via contour-based extreme value identification and provided
robust environmental criteria aligned with actual sea conditions.

In Contribution 7, siltation challenges at Binhai Port’s entrance were addressed by
integrating field data with a 2D tidal sediment model. Quantifying hydro-sedimentary
dynamics and typhoon impacts (e.g., Lekima/Muifa) revealed critical mechanisms: tidal
asymmetry-driven transport and lagged sedimentary responses. Predicting extreme-event
siltation (e.g., 1.0 m during Muifa) provides actionable insights for port management and
sustainable mitigation strategies.

Accurate wind stress parameterization in air-sea coupled models, critical under
typhoons, was addressed by systematically evaluating five momentum flux partition-
ing schemes in Contribution 8. Analyzing how drag coefficient formulations alter feed-
back and surge predictions showed that wave-state-aware schemes outperform wind-
speed-dependent approaches in surge accuracy. Higher drag coefficients weaken winds
while amplifying currents/surges, providing guidelines to improve forecasting fidelity
and reliability.

Regulatory mechanisms of Wyrtki Jets (W]s) under Indo-Pacific climate (ENSO/IOD)
interactions were analyzed by partitioning events into distinct phases. Contribution 9 isolated
phase-locked responses (e.g., spring-positive anomalies during El Nifio decay; fall-negative
anomalies during dipole events), revealing opposing seasonal patterns governed by ENSO
stages and amplified fall anomalies under IOD, providing insights for predicting Indian
Ocean heat/matter redistribution.

In Contribution 10, accurate extreme wind-wave estimates for Bohai Sea engineering
were generated using a chained 30-year (1993-2022) WRF-SWAN simulation. Applying the
Gumbel distribution to 100-year return periods revealed a ring-shaped spatial pattern (off-
shore peaks: 37 m/s winds, 6 m waves) and steep nearshore gradients (20-25 m/s winds,
2-3 m waves), providing robust design criteria unattainable via observations.

Drivers of anomalous sea-level rise in the Bohai Sea were quantified using a coupled
WRE-FVCOM-SWAVE model, validated against satellite/tide-gauge data. In Contribution
11, sensitivity experiments identified tides as the primary driver, with wind/elevation
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forcing and Stokes transport amplifying extremes (e.g., 1.1 m surges). This prioritizes
essential processes (marginalizing boundary currents) for coastal hazard prediction.

3. Conclusions

The 11 contributions in this Special Issue systematically quantified the complex mech-
anism of air-sea interaction through multiscale coupling models, long-term data mining,
and innovative statistical methods, providing scientific basis for typhoon prediction, coastal
engineering protection, port management, and climate response strategies. These signif-
icantly improve the risk prevention and control capabilities of extreme environmental
events. Major conclusions reveal how semi-enclosed basins like the Sea of Japan modulate
typhoon intensification via terrain friction, warm-core eddies, and moisture convergence
(Contribution 1). Research quantifies the long-term intensification of winter SST fronts in
East China Sea (linked to river discharge/upwelling) and demonstrates mesoscale eddies’
asymmetric seasonal control on chlorophyll distribution in the Kuroshio-Oyashio conflu-
ence (Contributions 2 and 3). For engineering applications, studies establish that collar
protection reduces monopile scour by 50% in the Bohai Sea, while vine copula models
optimize extreme wind-wave design criteria, cutting costs by 20-30% (Contributions 4 and
6). Climate analyses identify divergent NW Pacific tropical cyclone trends (rising frequency
vs. declining intensity) governed by warm pool-monsoon trough interactions and reveal
the phase-locked ENSO/IOD regulation of Wyrtki Jet anomalies. Methodologically, wave-
state-dependent wind stress schemes improve storm surge forecasts, and chained model
simulations enable robust extreme event estimation (e.g., 100-year Bohai Sea winds: 37 m/s)
(Contributions 5, 8, 9, and 10). Port siltation dynamics are attributed to tidal asymmetry
and typhoon lag effects, while Bohai sea-level rise is primarily tide-driven, amplified by
wind and Stokes transport (Contributions 7 and 11). Collectively, these studies provide
critical insights for predicting marine hazards and optimizing coastal resilience.

Acknowledgments: We thank the contributors and anonymous reviewers of the Special Issue “Inter-
action between Atmospheric and Oceanic Dynamics at Mesoscale and Small Scale”.

Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions:

1. Choi, S.-M.; Choi, H. Typhoon Intensity Change in the Vicinity of the Semi-Enclosed Sea of
Japan. J. Mar. Sci. Eng. 2024, 12, 1638. https:/ /doi.org/10.3390/jmse12091638.

2. Chen, H; Ji, Q.; Wu, Q.; Peng, T.; Wang, Y.; Meng, Z. Seasonal Variability and Underlying
Dynamical Processes of Sea Surface Temperature Fronts in Zhoushan and Its Adjacent Seas. |.
Mar. Sci. Eng. 2024, 12, 2335. https://doi.org/10.3390 /jmse12122335.

3. Chuang, Z.; Zhang, C.; Fan, ].; Yang, H. Response of Subsurface Chlorophyll Maximum Depth
to Evolution of Mesoscale Eddies in Kuroshio—Oyashio Confluence Region. J. Mar. Sci. Eng.
2025, 13, 24. https://doi.org/10.3390/jmse13010024.

4. Hu, X; Wang, Z.; Ma, X. Tidal Current with Sediment Transport Analysis and Wind Turbine
Foundation Pile Scour Trend Studies on the Central Bohai Sea. J. Mar. Sci. Eng. 2025, 13, 180.
https://doi.org/10.3390/jmse13010180.

5. Guo, J.; Wang, S.; He, X,; Song, J.; Fu, Y.; Cai, Y. Interannual Characteristics of Tropical Cyclones
in Northwestern Pacific Region in Context of Warm Pool and Monsoon Troughs. J. Mar. Sci.
Eng. 2025, 13, 334. https:/ /doi.org/10.3390/jmse13020334.

6. Wu, Y,; Feng, Y.; Zhao, Y.; Yu, S. Joint Probability Distribution of Wind-Wave Actions Based on
Vine Copula Function. J. Mar. Sci. Eng. 2025, 13, 396. https://doi.org/10.3390/jmse13030396.

7. Deng, X.; Wang, Z.; Ma, X. Impact of Silted Coastal Port Engineering Construction on Marine
Dynamic Environment: A Case Study of Binhai Port. J. Mar. Sci. Eng. 2025, 13, 494. https:/ /doi.org/
10.3390/jmse13030494.



J. Mar. Sci. Eng. 2025, 13, 1480

8. Cai, L.; Wang, B.; Wang, W.; Feng, X. The Impact of Air-Sea Flux Parameterization Methods
on Simulating Storm Surges and Ocean Surface Currents. J. Mar. Sci. Eng. 2025, 13, 541.
https:/ /doi.org/10.3390/jmse13030541.

9. Feng, Q.; Zhou, ].; Han, G.; Xie, J. Variation of Wyrtki Jets Influenced by Indo-Pacific Ocean—
Atmosphere Interactions. J. Mar. Sci. Eng. 2025, 13, 691. https://doi.org/10.3390/jmse13040691.

10. Zhang, H.; Wang, Z.; Ma, X. Wind and Wave Climatic Characteristics and Extreme Parameters
in the Bohai Sea. J. Mar. Sci. Eng. 2025, 13, 826. https:/ /doi.org/10.3390/jmse13050826.

11. Pan, S; Liu, L;; Hu, Y;; Zhang, J.; Jia, Y.; Shao, W. Analysis of Abnormal Sea Level Rise in
Offshore Waters of Bohai Sea in 2024. ]. Mar. Sci. Eng. 2025, 13, 1134. https://doi.org/10.3390/
jmse13061134.

References

1.

Galperin, B.; Sukoriansky, S.; Qiu, B. Seasonal oceanic variability on meso- and submesoscales: A turbulence perspective. Ocean
Dyn. 2021, 71, 475-479. [CrossRef]

Cronin, ML.E,; Swart, S.; Marandino, C.A.; Anderson, C.; Browne, P.; Chen, S.; Joubert, W.R.; Schuster, U.; Venkatesan, R.;
Addey, C.I; et al. Developing an observing air-sea interactions strategy (OASIS) for the global ocean. ICES ]. Mar. Sci. 2023, 80,
367-373. [CrossRef]

Cao, X.H,; Liu, C.; Zhang, S.Q.; Gao, F. A Method for Predicting High-Resolution 3D Variations in Temperature and Salinity
Fields Using Multi-Source Ocean Data. J. Mar. Sci. Eng. 2024, 12, 1396. [CrossRef]

Chen, G.; Huang, B.X.; Chen, X.Y.; Ge, L.Y.; Radenkovic, M.; Ma, Y. Deep blue Al: A new bridge from data to knowledge for the
ocean science. Deep-Sea Res. Part I-Oceanogr. Res. Pap. 2022, 190, 103886. [CrossRef]

Shao, W.Z.; Zhou, YH.; Hu, Y.Y.; Li, Y.;; Zhou, Y.S.; Zhang, Q.]. Range current retrieval fromsentinel-1 SAR ocean product based
on deep learning. Remote Sens. Lett. 2024, 15, 145-156. [CrossRef]

Marrow, R.; Le Traon, P.Y. Recent advances in observing mesoscale ocean dynamics with satellite altimetry. Adv. Space Res. 2012,
50, 1062-1076. [CrossRef]

Pan, S; Liu, L.; Hu, Y,; Zhang, J.; Jia, Y.; Shao, W. Analysis of Abnormal Sea Level Rise in Offshore Waters of Bohai Sea in 2024. J.
Mar. Sci. Eng. 2025, 13, 1134. [CrossRef]

Hu, Y.Y,; Shao, W.Z; Jiang, X.W.,; Lin, G.X. Performance of the different parameterization of depth-induced breaking during a
typhoon. J. Sea Res. 2025, 206, 102602. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



Journal of
Marine Science
and Engineering

Article

Analysis of Abnormal Sea Level Rise in Offshore Waters of
Bohai Sea in 2024

Song Pan 12, Lu Liu !, Yuyi Hu !, Jie Zhang 3-*, Yongjun Jia  and Weizeng Shao 1'*

College of Oceanography and Ecological Science, Shanghai Ocean University, Shanghai 201306, China;

ps2006201@163.com (S.P.); m240300908@st.shou.edu.cn (L.L.); yy-hu@shou.edu.cn (Y.H.)

National Marine Data and Information Service, Ministry of Natural Resources, Tianjin 300171, China

East China Sea Forecasting and Disaster Reduction Center, Ministry of Natural Resources of the

People’s Republic of China, Shanghai 201306, China

4 National Satellite Ocean Application Service, Ministry of Natural Resources of the People’s Republic of China,
Beijing 100081, China; jiayongjun@mail.nsoas.gov.cn

*  Correspondence: zhangjie0198@163.com (J.Z.); wzshao@shou.edu.cn (W.S.); Tel.: +86-21-61900326 (W.S.)

Abstract: The primary contribution of this study lies in analyzing the dynamic drivers
during two anomalous sea level rise events in the Bohai Sea through coupled numeric
modeling using the Weather Research and Forecasting (WRF) model and the Finite-Volume
Community Ocean Model (FVCOM) integrated with the Simulating Waves Nearshore
(SWAN) module (hereafter referred to as FVCOM-SWAVE). WRF-derived wind speeds
(0.05° grid resolution) were validated against Haiyang-2 (HY-2) scatterometer observations,
yielding a root mean square error (RMSE) of 1.88 m/s and a correlation coefficient (Cor)
of 0.85. Similarly, comparisons of significant wave height (SWH) simulated by FVCOM-
SWAVE (0.05° triangular mesh) with HY-2 altimeter data showed an RMSE of 0.67 m and
a Cor of 0.84. Four FVCOM sensitivity experiments were conducted to assess drivers of
sea level rise, validated against tide gauge observations. The results identified tides as
the primary driver of sea level rise, with wind stress and elevation forcing (e.g., storm
surge) amplifying variability, while currents exhibited negligible influence. During the
two events, i.e., 20-21 October and 25-26 August 2024, elevation forcing contributed to
localized sea level rises of 0.6 m in the northern and southern Bohai Sea and 1.1 m in the
southern Bohai Sea. A 1 m surge in the northern region correlated with intense Yellow
Sea winds (20 m/s) and waves (5 m SWH), which drove water masses into the Bohai Sea.
Stokes transport (wave-driven circulation) significantly amplified water levels during the
21 October and 26 August peak, underscoring critical wave-tide interactions. This study
highlights the necessity of incorporating tides, wind, elevation forcing, and wave effects
into coastal hydrodynamic models to improve predictions of extreme sea level rise events.
In contrast, the role of imposed boundary current can be marginalized in such scenarios.

Keywords: sea level rise; Bohai Sea; couple numeric model

1. Introduction

Since the early 20th century, global sea level has exhibited a gradual rise under the
influence of climate change [1-3]. This accelerated rise poses a significant threat to coastal
regions, amplifying risks of storm surge [4], flooding [5], and large-scale socio-economic
damage [6]. Sea level monitoring primarily relies on two approaches: remote sensing
and in situ observations. Satellite-based technologies, such as radar altimeters [7] and
GPS-derived measurements [8], enable rapid, large-scale assessments of sea surface height.
Meanwhile, traditional methods—including shipborne surveys, moored buoys, and tide

J. Mar. Sci. Eng. 2025, 13,1134
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gauge stations—remain critical for providing high-resolution, localized data. Advances in
oceanographic modeling and computational power have further enhanced our capacity to
study sea level dynamics. Numerical models are now widely employed for hindcasting
historical trends and predicting future scenarios, with sensitivity experiments proving
particularly effective for isolating drivers of extreme sea states [9,10].

During the Seasat mission in 1978 [11], the capabilities of various sensors—including a
microwave scatterometer [12], radar altimeter [13], infrared radiometer [14], and synthetic
aperture radar (SAR) [15]—were tested. Today, satellites such as MetOp, ERS, Haiyang-2
(HY-2), and Sentinel carry these sensors, providing continuous global ocean observations for
atmospheric and oceanographic research. Scatterometers and microwave radiometers [16]
are primarily used for sea surface wind monitoring and operate at radar incidence angles
greater than 20°. In contrast, radar altimeters have a near-nadir beam angle (<2°) [17],
directly measuring sea surface height from reflected signals. Additionally, significant wave
height (SWH) and sea level anomaly (SLA) are derived from altimeter data [18]. These
remotely sensed products are widely applied in mesoscale and large-scale oceanography,
including studies of oceanic eddies [19,20], tropical cyclones [21], and long-term climate
analysis [22]. However, the spatial resolution of these products remains relatively coarse—
typically 12.5 km for scatterometers, 10 km along altimeter footprints, and 18 km for the
Surface Wave Investigation and Monitoring (SWIM) instrument aboard the Chinese-French
Oceanography SATellite (CFOSAT) [23]. As a result, they are insufficient for coastal water
monitoring. While SAR (e.g., Gaofen-3 (GF-3) [24,25] and Sentinel-1 (5-1) [26]) offers finer
resolution and wide swath coverage, its long-term data acquisition over specific regions
remains challenging.

Numerical models are powerful tools for hindcasting and predicting atmospheric and
oceanic dynamics by solving theoretical equations. Several well-known numerical models
are used for atmospheric simulations, including the Weather Research and Forecasting
(WRF) model [27], the PSU/NCAR MM5 model [28], the Rapid Refresh (RAP) model [29],
and the Global and Regional Assimilation and Prediction System (GRAPES) [30]. Lever-
aging these models, agencies such as the European Centre for Medium-Range Weather
Forecasts (ECMWF) and the National Centers for Environmental Prediction (NCEP) Global
Forecast System (GFS) operationally produce global atmospheric reanalysis data [31].
For ocean wave modeling, the predominant numerical models are WAVEWATCH-III
(WW3) [32] and Simulating Waves Nearshore (SWAN) [33]. In ocean circulation simula-
tions, commonly used models include the Hybrid Coordinate Ocean Model (HYCOM) [34],
the Finite-Volume Community Ocean Model (FVCOM) [35], and the Regional Ocean Mod-
eling System (ROMS) [36]. Notably, FVCOM and SWAN utilize unstructured triangular
meshes, which provide better conformity to coastlines. Despite their advantages, numerical
forecasting models encounter several technical challenges, such as limited spatial and
temporal resolution, uncertainties in initial conditions, and computational constraints—
particularly under extreme weather conditions [37].

Numerical models serve as indispensable tools for analyzing ocean dynamics, pro-
viding critical insights into underlying mechanisms. Through parameter adjustments and
boundary condition modifications, these models enable the simulation of various ocean
dynamic processes and their environmental impacts. In this study, the WRF model is
employed to hindcast wind fields, which serve as forcing fields for FVCOM and FVCOM-
SWAVE. We specifically analyze two seawater backflow events in the offshore waters of the
Bohai Sea caused by abnormal sea level rise, i.e., 20-21 October and 25-26 August 2024.
The paper is organized as follows: Section 2 describes the datasets, including forcing fields
and open boundary conditions for the coupled numerical models, along with validation
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sources. This section also details the model configurations. Sections 3 and 4 present the
results and discussion, respectively. Section 5 provides concluding remarks.

2. Materials and Methods

In this section, we briefly describe the basic principles of the numerical models WRF
and FVCOM-SWAVE. We then present the forcing fields and boundary conditions used
in the coupled numerical model (FVCOM-SWAVE). Additionally, we outline the sources
for validating the hindcasting results, including HY-2 operational products and tide gauge
station data. Finally, we introduce the setup of sensitivity experiments in FEVCOM-SWAVE.

2.1. Setups of the WRF

The WRF model, a collaborative atmospheric modeling framework jointly developed
by the National Center for Atmospheric Research (NCAR) and the National Oceanic and
Atmospheric Administration (NOAA), integrates NCAR climate science expertise with
NOAA operational forecasting infrastructure. In this study, WRF version 4.2 was config-
ured to simulate wind fields at a horizontal spatial resolution of 5 km with 34 vertical layers.
Simulations were conducted for two distinct periods: (1) 1 August 2024 (00:00 UTC) to
31 August 2024 (00:00 UTC) (30 days) and (2) 1 October 2024 (00:00 UTC) to 30 November
2024 (00:00 UTC) (61 days). Key physical parameterizations included the WSM6 micro-
physics scheme, the RRTMG radiation scheme [38], the Yonsei PBL scheme [39], the MM5
Monin-Obukhov surface layer scheme [40], and the Noah LSM for land—-atmosphere inter-
actions [41]. Initial and lateral boundary conditions for the WRF simulations were derived
from the NCEP GFS analysis dataset, which provides data at a 0.25° spatial resolution
and 3-hourly temporal intervals. These inputs included vertical profiles of wind speed,
air temperature, humidity, and pressure, as well as land surface variables such as terrain
height and land-use classification.

2.2. Setups of FVCOM-SWAVE

FVCOM utilizes an unstructured triangular grid system [42] that provides en-
hanced geometric flexibility for resolving complex coastal geometries and shallow-water
bathymetry. The model’s finite-volume computational framework ensures the accurate
representation of hydrodynamic processes across highly irregular topographies while sup-
porting both Cartesian and spherical coordinate systems. For horizontal discretization,
FVCOM employs triangular grid elements integrated with the Mellor-Yamada 2.5 (MY-2.5)
turbulence closure scheme [43] for subgrid-scale parametrization. Vertical resolution is
achieved through generalized terrain-following coordinates (e.g., sigma layers) in conjunc-
tion with the Smagorinsky turbulent mixing scheme. FVCOM incorporates a dynamic
wet—dry grid cell treatment that accurately simulates tidal flat inundation dynamics. The
model solves the fully coupled three-dimensional primitive equations, including momen-
tum balance, mass continuity, and thermodynamic conservation for temperature, salinity,
and density fields. This comprehensive approach enables the robust simulation of coastal
and oceanographic processes across multiple spatiotemporal scales.

The FVCOM-SWAVE model is a spectral wave modeling system developed by inte-
grating the widely used SWAN framework [44] with the unstructured-grid, finite-volume
computational architecture of FVCOM. This synthesis enables fully coupled simulations
of hydrodynamic and spectral wave processes in complex coastal and oceanic domains.
By retaining the robust spectral wave-solving algorithms of SWAN while incorporating
the adaptive spatial discretization of FVCOM, the model achieves enhanced accuracy
in resolving irregular geometries, bathymetric gradients, and dynamic wave—current in-
teractions critical for applications such as storm surge propagation and nearshore wave
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dynamics. The governing equations, adapted from the spectral formulation of SWAN,
resolve wave energy evolution, nonlinear wave-wave interactions, and bidirectional wave—
current feedback within a three-dimensional hydrodynamic framework. Central to the
FVCOM-SWAVE system is the wave action density conservation equation:

oN - = oC,N aC(.)N . Stor
at—i—V-[(Cg—i-V)N] + o T )

where N denotes the wave energy density spectrum; t represents the computational time;
C, is the wave group velocity; V is the ambient water velocity; o denotes the relative wave
frequency; 6 is the wave direction; C, and Cy represent the wave speed in relative frequency
and wave direction, respectively; and Sy, represents the source-sink terms in SWAN. The
FVCOM-SWAVE model differentiates itself from SWAN through its numerical schemes.
Specifically, it employs the Flux-Corrected Transport (FCT) algorithm in frequency space
to minimize numerical diffusion, adopts the implicit Crank—Nicolson method in direc-
tional space to enhance stability, and provides explicit and implicit second-order upwind
finite-volume schemes in geographic space to handle advection on unstructured grids. In
this study, the coupled FVCOM-SWAVE model operates with a temporal resolution of 1 h
outputs and an unstructured triangular grid at 0.05° (~5 km) resolution (Figure 1). Lever-
aging its capability to adapt to complex coastal geometries, the model effectively captures
small-scale nearshore phenomena, including waves and currents, while maintaining high
computational accuracy in wave dynamics simulations. The simulation period aligns with
that of the WRF model, as previously described.
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Figure 1. The unstructured triangular grid covers the study area, with the contours representing
water depth from the General Bathymetry Chart of the Oceans (GEBCO).

2.3. Forcing Fields and Boundary Conditions in FVCOM-SWAVE

Wind forcing plays a critical role in hindcasting ocean dynamics. However, the spatial
resolution of global meteorological datasets such as ECMWEF and GFS (0.25° grid) is inade-
quate for resolving fine-scale processes in coastal waters. The WRF model, designed for
meteorological applications across spatial scales ranging from tens of meters to thousands
of kilometers, can generate simulations driven by either observational /analysis data or
idealized atmospheric conditions. In this study, WRF was configured to simulate wind
fields at an enhanced horizontal resolution of 0.05°. To ensure consistency in forcing field
data and avoid interpolation errors, the spatial resolution (5 km) of the WRF model was
matched to that of FVCOM-SWAVE. These outputs were coupled with the FVCOM-SWAVE
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system, which employs an unstructured grid architecture to simulate sea surface dynam-
ics. As demonstrated in previous studies [45], wave simulations are sensitive to sea level
variability and current interactions. Consequently, the FVCOM-SWAVE simulations were
forced using WRF-derived wind fields, along with CMEMS datasets providing sea surface
current velocity, salinity, temperature, and sea level at 0.08° spatial resolution and 3-hourly
temporal intervals. These inputs were applied as boundary conditions and dynamic forcing
fields. Figure 2 illustrates the spatially distributed CMEMS-derived sea surface current
speed, sea level, salinity, and temperature fields at 12:00 UTC on 20 October 2024.
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Figure 2. The CMEMS wind current vector maps on 20 October 2024 at 12:00 UTC: (a) sea surface
current, (b) sea level, (c) salinity, and (d) sea surface temperature.

2.4. Validation Sources

The HY-2B satellite, China’s first civilian mission equipped with a scatterometer
and altimeter, was launched in 2018. In our prior study [7], the performance of HY-2B
data products—categorized into four processing levels: Operational Geophysical Data
Records (OGDRs), Interim Geophysical Data Records (IGDRs), Sensor Geophysical Data
Records (SGDRs), and Geophysical Data Records (GDRs)—was systematically evaluated.
Results demonstrated that the GDR products exhibited superior accuracy. Since 2021,
HY-2B'’s successor satellites, HY-2C and HY-2D, have been successively launched and
operationalized, forming a constellation to enhance oceanographic monitoring. To validate
hindcasted wind and wave parameters, non-interpolated operational scatterometer and
altimeter data from the HY-2(2B/2C/2D) satellites were obtained from the National Satellite
Ocean Application Center (accessible via https://osdds.nsoas.org.cn, accessed on 3 June

Sea Level from CMEMS [m]

Temperature from CMEMS [°C]
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2025). HY-2 altimeter and scatterometer products achieve high precision through rigorous
processing, including precise orbit determination, instrument calibration, geophysical
model integration, and ground validation. Additionally, hourly sea level observations from
tide gauge stations along the Chinese coast, provided by the National Marine Information
Center and subjected to quality control and analytical processing, were utilized to validate
hindcasted sea levels. Figure 3a depicts the HY-2B scatterometer-derived wind speed
field at 09:00 UTC on 19 October 2024, while Figure 3b illustrates the concurrent SWH
distribution from the HY-2 altimeter. Red five-pointed stars denote the geographical
locations of the tide gauge stations used in this study.
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Figure 3. Satellite-derived oceanographic observations from 19 October 2024: (a) HY-2B scatterometer
wind speed at 09:00 UTC and (b) HY-2 altimeter SWH, with red five-pointed stars indicating tide
gauge station locations.

2.5. Stokes Transport Calculation

The Stokes drift speed, usi(z), describes how waves push water particles at different
depths. Using a 1D wave spectrum model, it can be expressed as [46]:

ust(z) = ;/OOO w3Sw(w)e2kzdw )

where ¢ denotes gravitational acceleration, w represents angular frequency, k is the
wavenumber, z is the vertical depth coordinate, and S, is the 1D wave spectrum. Earlier
work [31] simplified this using SWH (H;) and mean wave period (T},), through the linear
dispersion relation:

2
N . 8mfz

ust(z) = upe 8T 3)

The Stokes drift induces a net Lagrangian transport, commonly referred to as Stokes
transport. Integrating Stokes drift velocity over depth gives the Stokes transport vector (T5)
and water depth D in the vertical direction:

H2 —
Ts=mn=>-D 4
= @
2.6. Statistic Parameter Formula
The model-observation agreement was quantified using three statistical metrics:
®)

— [\S) w EN W ()} ~
Significant Wave Height (SWH) from HY-2 [m]
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where p; denotes the observed values (e.g., satellite measurements), g; represents the
simulated values (e.g., model outputs), N is the total number of collocated data points, and
p and g are the arithmetic means of the observed and simulated values, respectively.

3. Results

This section presents validation results for the hindcasted variables. Subsequently,
a sensitivity experiment is conducted to examine sea level variations during seawater
backflow events. Finally, the relationships between wind speed, SWH, current velocity, and
sea level are analyzed.

3.1. Validation

Figure 4a presents the WRF-simulated wind field on 19 October 2024 at 09:00 UTC,
while Figure 4b displays the corresponding validation using HY-2B/2C/2D scatterometer
wind speed measurements. Over 10,000 collocated data points were obtained within the
study domain. The temporal mismatch between model outputs and satellite observations
was maintained below 10 min to ensure comparability. Quantitative analysis reveals
excellent model performance, with a root mean square error (RMSE) of 1.88 m/s and a
correlation coefficient (Cor) of 0.85. These results demonstrate strong agreement between
WREF simulations and HY-2 scatterometer wind speed observations. Similarly, Figure 5a
shows that FVCOM-SWAVE simulated the SWH field on 26 October 2024 at 00:00 UTC, with
colored triangles indicating concurrent HY-2 altimeter measurements. The validation yields
an RMSE of 0.67 m and Cor of 0.84, indicating good consistency between model results and
satellite observations (model outputs and satellite observations were maintained below
30 min). This confirms the model’s capability to accurately reproduce wave conditions as
observed by the HY-2 altimeter.
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Figure 4. Wind field analysis for 19 October 2024 at 09:00 UTC: (a) WRF-simulated wind field and
(b) validation against HY-2B/C/D scatterometer measurements.
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Figure 5. SWH validation on 26 October 2024 at 00:00 UTC: (a) modeled SWH field from FVCOM-
SWAVE with triangular markers indicating coincident HY-2 altimeter measurements and (b) compar-
ison between FVCOM-SWAVE simulations and HY-2 altimeter observations.

3.2. Sensitive Experiment

To examine the influence of different forcing conditions on model performance, we
conducted four sensitivity experiments. All four forcing modes utilize temperature and
salinity data from CMEMS as the initial conditions, with distinct configurations applied
incrementally: Mode A employs tide forcing exclusively; Mode B integrates both wind
and tide forcing; Mode C enhances this framework by combining wind and tide forcing
while prescribing water level constraints at the open boundary; finally, Mode D extends the
complexity of Mode C by incorporating additional velocity boundary conditions alongside
water level specifications at the open boundary.

Figure 6 presents the time series validation between FVCOM-SWAVE-simulated sea
levels and tide gauge observations. The results demonstrate that simulations incorporating
wind, tide, and elevation forcing fields effectively reproduce observed high sea level
conditions. Conversely, simulations with tidal forcing alone accurately capture low sea
level variations, particularly at the tide station located at (117.79° E, 38.97° N) (Figure 6a).
The comparison of different forcing configurations reveals that elevation and wind are
key drivers of water level variability in the study area, while tidal forcing represents the
fundamental mechanism governing sea level changes. Notably, currents appear to have
negligible influence on sea level variations. Quantitative validation against tide gauge data
(Figure 7) shows optimal model performance when considering only tidal effects, yielding
an RMSE of 0.43 m and a Cor of 0.70. All four sensitivity experiments maintained RMSE
values below 0.70 m, demonstrating consistent model performance across different forcing
configurations. These results confirm the reliability of the model for future applications in
the study region.

To investigate the influence of seawater backflow events in the offshore waters
of the Bohai Sea, sea level simulations from FVCOM-SWAVE on 20 October 2024 and
26 August 2024 were analyzed under distinct forcing configurations. Figure 8 illustrates
the spatial differences in sea level between three experimental cases and the baseline tide-
only simulation on 20 October 2024: (a) wind and tide, (b) wind, tide, and elevation, and
(c) wind, tide, elevation, and current. The results demonstrate a pronounced sea level
rise in the northern and southern regions of the Bohai Sea. Notably, the imposed forcing
field (elevation and current) exerted a significantly stronger influence than wind forcing,
inducing sea level deviations of up to 0.6 m. Similarly, the sea level simulations from

12
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FVCOM-SWAVE on 26 August 2024 are presented in Figure 9. The comparison result in
Figure 9 shows the similar trend of sea level difference in Figure 8, with sea level deviations
of up to 1.1 m. In contrast, the inclusion of the current forcing field exhibited negligible
impact on sea level variability, consistent with the statistical findings presented earlier.
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3.3. The Relationship Between the Wind Speed, SWH, Imposed Boundary Current, and Sea Level

To investigate the influence of sea surface parameters—wind speed, SWH, and current
(mainly imposed boundary current) velocity—on sea level dynamics, we analyzed differ-
ences in simulated sea level (calculated by subtracting 20 October results from 21 October
outputs), alongside concurrent wind speed simulated by WRF, SWH, and imposed bound-
ary current velocity simulated by FVCOM-SWAVE fields for 20 October 2024. The sea
level anomaly map (Figure 10a) reveals a pronounced rise of up to 1 m in the northern
Bohai Sea, consistent with observed seawater backflow events in offshore regions. This
anomaly correlates with elevated wind speeds (>20 m/s) and SWH (>5 m) in the adjacent
Yellow Sea (Figure 10b,c), suggesting that wind- and wave-driven Stokes transport may
have displaced water masses toward the Bohai Sea. In contrast, imposed boundary cur-
rent velocities exhibited no significant correlation with sea level fluctuations (Figure 10d),
underscoring the limited role of advective processes in this event. Time series analysis
(Figure 11) further demonstrates that the pre-event period (20 October) was characterized
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by extreme wind and wave conditions, which subsided prior to the peak sea level rise on
21 October. Additionally, Figure 12 shows the time series analysis of the FVCOM-SWAVE
simulation during the August 2024 results. The wind speed, imposed boundary current,
sea level, and SWH in the Bohai area exhibit climatological periodic variations [47,48],
and there is a certain correlation between sea level height and wind speed, SWH, and
imposed boundary current. During periods of sea level rise (18-22 October and 26-27
August), these parameters simultaneously peak, and the consistent direction of wind speed
and flow velocity drives water masses toward the Bohai Sea. These findings suggest that
the combined effects of wind, waves, and currents contribute to anomalous sea level rise.
This highlights a complex ocean—atmosphere interaction, where wind speed variations
influence wave generation and sea level changes, subsequently altering current velocity
and direction.
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Figure 10. Comparison of marine conditions preceding sea level changes (20 October 2024): (a) sea
level anomaly (21 October minus 20 October simulation results), (b) WRF-modeled wind speed,
(c) FVCOM-SWAVE-simulated SWH, and (d) current (mainly imposed boundary current) velocity.

16

B

126.00°E

1.2,

0.9

(=)
=N
Current Speed from FVCOM [m/s]

o
w

0.
126.00°E

13

Wind Speed from WRF [m/s]



J. Mar. Sci. Eng. 2025, 13,1134

S}
[}
£
o

T T T T T
—Sea Level —Sea Level

1 1 ’
= | | —Wind Speed = : —SWH
= 1 1 = 1
o8 1 1 20@ 2 o8t 1 14
= ﬂ n n 1 1 £ < 1
Ed I |l b “M..‘ ] ﬂ' nlﬁ ﬂnl.‘u. = :
% 1 162 2]
= 04 VU 2 3 04r 3
o g [}
s 12&  §
9 o 9 1
£ 0.0 /\ S £ 00 ] 12
S =Y S 1
& 18 @»n & i
E We - Infl : o3 |
34).4 ! ! z S04 11
« [ 1 {4 =i
> 1 1 3 1 1
| 1 1 1
L 0 0.8 s L L L s 1 1 L 1 )
1001 1004 1007 lO 10 1013 1016 1019 10.22 1025 1028 1031 10.01 10.04 10.07 10.10 10.13 10.16 10.19 10.22 10.25 10.28 10.31
Time Time
(a) (b)
1.2 T T T T T T T T T ™ 0.7
1 1 —Sea Level Y
’E 1 l 1 An —Current Speed E
E i : 106
§ 0.8} 1 1 U >
Z 1 1 <
E ' | Joss %
7 1 f
: =
Z o4f )‘ ‘J ) N’ ' 040
O o
> \ ' =
= ‘ ‘ ' ‘ . 03’5
£ 00 " £
2 i &
b ! 0273
2 ' <38
3—0.4- ! 1 &
s | Lo 01 g
] ; ; £
=
s I s ' L 1 1 L 1 1 OOU

-0.8 i
10.01 10.04 10.07 10.10 10.13 10.16 10.19 1022 10.25 10.28 10.31
Time

()

Figure 11. Time series of sea surface parameters in the Bohai Sea on 1-31 October 2024: (a) wind
speed, (b) SWH, and (c) imposed boundary current speed. The dash lines represent the occurrence of
sea level rapid rise.
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4. Discussion

Stokes transport along the transect marked in Figure 11a (black line) was computed
using wave parameters simulated by the FVCOM-SWAVE model. Figure 13a provides
a schematic representation of cross-regional transport dynamics between the Bohai and
Yellow Seas, where net inflow into the Bohai Sea is defined as positive. Figure 13b com-
pares the time series of net transport under three distinct forcing configurations during
October 2024: (1) tide-only, (2) combined wind, tide, current, and elevation boundary
conditions, and (3) wave-induced Stokes transport. Similarly, Figure 13c shows the time
series of net transport under three distinct forcing configurations in August 2024. The
analysis demonstrates that tidal forcing dominates the net water flux into the Bohai Sea.
However, Stokes transport contributions on 21 October 2024 and 26 August 2024 exhibit
a pronounced secondary influence, amplifying sea level rise during this period. These
results underscore the primacy of tidal dynamics in governing Bohai Sea hydrodynamics,
with wave-induced Stokes transport providing secondary but non-negligible contributions
to water level variability. The temporal decoupling between hydrodynamic forcing and
sea level response highlights the cumulative contribution of wave-induced Stokes drift to
coastal water accumulation.
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Figure 13. (a) Schematic diagram illustrating transport dynamics between the Bohai Sea and Yellow
Sea regions, in which the arrows represent the movement of water mass and black line is the selected
horizontal profile. (b) Time series of transport from 18 to 22 October under three forcing conditions:
tide alone; combined effects of wind, tide, current, and elevation; and Stokes transport. (c) Time
series of transport from 26 to 28 August under the same three forcing conditions.
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5. Conclusions

In 2024, a pronounced sea level anomaly precipitated a seawater backflow event (on
20-21 October and 25-26 August) in the offshore region of the Bohai Sea, significantly
impacting coastal hydrodynamics. The purpose of this study is to investigate the ocean
dynamic during two anomalous sea level rise events in the Bohai Sea through the coupled
application of two high-resolution numerical models: the WRF atmospheric model and
FVCOM, integrated with its spectral wave component, FVCOM-SWAVE. Focusing on two
events in 2024, on 20-21 October and on 25-26 August, the framework synergistically
integrates atmospheric forcing, ocean circulation, and spectral wave dynamics to elucidate
the mechanisms driving coastal hydrodynamic anomalies in the Bohai Sea, China.

The wind fields simulated by the WRF model were validated against near-real-time
measurements from the HY-2 scatterometers, yielding an RMSE of 1.88 m/s and a Cor of
0.85. Similarly, HY-2 altimeter data validated the SWH simulations from FVCOM-SWAVE,
with an RMSE of 0.67 m and a Cor of 0.84. Both models demonstrated robust performance
when evaluated against HY-2 satellite observations. To assess the influence of dynamic
drivers on sea level variability, four sensitivity experiments were conducted using the
FVCOM-SWAVE model, validated against tide gauge station data. The results indicate
that elevation and wind are critical parameters affecting water level rise, while current
(mainly imposed boundary current) exhibited negligible impact on sea level dynamics.
Tides were confirmed as the fundamental driver of sea level rise in the Bohai Sea, with
experiments underscoring their dominant role in variability, supplemented by wind and
elevation effects. Notably, simulations of the 20-21 October 2024 and the 25-26 August 2024
events identified elevation forcing as critical, driving localized sea level rises of up to 0.6 m
in the northern and southern Bohai Sea and 1.1 m in the southern Bohai Sea. Relationship
analysis demonstrated that a 1 m sea level rise in northern Bohai correlated with strong
Yellow Sea winds (20 m/s) and SWH of 5 m, which facilitated water influx into the region.
Time series analysis revealed these extreme conditions preceded the surge, while currents
showed no correlation. Transport analysis confirmed tides as the dominant driver of sea
level rise in the Bohai Sea. On 21 October and 26 August, Stokes transport significantly
amplified water level increases, highlighting its critical role during extreme events. This
study underscores the interplay between tidal forces and wave-driven Stokes transport in
shaping coastal hydrodynamics.

A limitation of this study is the lack of climatic statistics on storm surges in the
Bohai Sea. In future work, this coupled modeling system will be used to investigate the
mechanisms underlying climate change.
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Abstract: The Weather Research and Forecasting (WRF) model is employed to conduct
numerical simulations and simulated acquisition of a 30-year (1993-2022) wind field dataset
for the Bohai Sea. The simulated WRF wind field is subsequently used to drive the
Simulating Waves Nearshore (SWAN) model, producing a corresponding wave field dataset
for the same period in the Bohai Sea. Using these datasets, we analyzed the extreme value
distributions of wind speed and significant wave height in the study area. The results
reveal that both the annual mean wind speed and significant wave height exhibit a ring-like
spatial pattern. The highest values are concentrated in the southern Liaodong Bay to the
central Bohai Sea region, with a gradual radial decrease toward the periphery. Specifically,
values decline from the center outward, from southeast to northwest, and from offshore to
nearshore regions. The Gumbel extreme value distribution is applied to estimate 100-year
return period extremes, yielding maximum wind speeds of 37 m/s and significant wave
heights of 6 m in offshore areas. In nearshore regions, the 100-year return period wind
speeds range between 20-25 m/s, while significant wave heights vary from 2 to 3 m. This
study provides important scientific basis and decision-making reference for the design of
offshore extreme conditions.

Keywords: Bohai Sea; wind velocity; significant wave height; climatic characteristics

1. Introduction

Extensive research has been conducted on the extreme environment of wind and
waves, particularly in the context of the global economy and the ocean as a strategic
space. The significance of the ocean for international economic development has become
increasingly evident [1]. However, with the continuous deepening and expansion of marine
development in fisheries, energy, and other fields, the frequency and intensity of marine
disasters are also increasing significantly [2-4], which poses a grave threat to the economic
stability and ecological security of coastal regions. The statistical analysis of the “China
Marine Disaster Bulletin” found that the number of deaths or disappearances caused by
marine disasters in China from 2000 to 2015 was as high as 2599, of which the loss caused by
wave disasters accounted for 73.7% [5]. Statistical data indicated that the direct economic
loss incurred due to marine disasters in China in 2022 amounts to approximately CNY
24 billion [6]. Consequently, there is an imperative need to undertake rigorous research on
the extreme environment of wind and waves.
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In marine science, a comprehensive understanding of wind-wave characteristics,
accurate prediction of extreme events, and assessment of climate change impacts on marine
environments are crucial. For wind-wave studies in the Bohai Sea, the Weather Research
and Forecasting (WRF) model has been widely employed to simulate wind waves driven
by high-resolution wind fields. For example, Luo [7] combined WRF-generated high-
resolution wind fields with the Simulating Waves Nearshore (SWAN) model to investigate
seasonal spatial distributions of wind and wave characteristics in the Bohai Sea. Similarly,
Liu [8] utilized the WRF model for long-term simulations to examine spatiotemporal char-
acteristics of low-level atmospheric ducts in the South China Sea. Furthermore, significant
progress has been achieved in optimizing the coupling between WRF and wind-wave
models. Wu et al. [9] developed a comprehensive typhoon modeling system by construct-
ing and implementing a coupled WRF-SWAN model, demonstrating its effectiveness in
supporting typhoon forecasting. Du et al. [10] systematically examined the impacts of
physical parameterization schemes in the WRF model on wind speed prediction accuracy
and wind energy resource assessment, subsequently optimizing the model’s performance
for wind-wave prediction in the Bohai Sea. Chen [11] conducted a numerical hindcast
of the most intense tropical cyclone recorded in the eastern South China Sea, quantify-
ing extreme values of wind speed, wave height, current velocity, and water level while
analyzing their characteristic patterns. Wang et al. [12] utilized the SWAN wave model
to perform a numerical simulation of the wind field and waves in the Bay of Bengal and
conducted an analysis of the temporal and spatial distribution characteristics and extreme
parameters of wind and waves. Islek et al. [13] utilized the SWAN model to evaluate the
long-term changes of wave characteristics in the Black Sea and analyzed the differences
of wave characteristics in different regions. The study provided fundamental data for
understanding the characteristics of wind waves in specific sea areas and demonstrated
the effectiveness of the model in wind wave simulation.

Extreme wind speeds and wave conditions are critical parameters for coastal engineer-
ing design. In China’s coastal regions, statistical models utilizing meteorological station
data have been conventionally employed to determine design wind speed criteria [14].
The Gumbel distribution has proven particularly effective for characterizing extreme wind
and wave conditions during severe weather events [15-17]. Through Gumbel distribution
fitting, reliable estimates of extreme wind speeds and significant wave heights can be ob-
tained, providing essential data for structural assessment and disaster prevention strategies.
However, these methods face limitations in data-scarce regions or areas with poor observa-
tional infrastructure, as they fundamentally depend on long-term, high-quality wind speed
measurements. Wei [18] demonstrated successful applications in storm wave prediction by
forecasting significant wave height, mean wave period, and related parameters, highlight-
ing the practical value of extreme value analysis. Furthermore, the investigation of climate
change impacts on marine environments has emerged as a significant research focus in this
domain. Lobeto et al. [19] systematically investigated future trends of extreme waves under
various climate change scenarios, employing a wave climate simulation ensemble to project
changes in extreme significant wave heights across global ocean surfaces. Yuksel [20]
conducted comprehensive wind-wave simulations in the Marmara Sea by integrating
wind field data with the SWAN model, specifically analyzing extreme wave modifications
and associated topographic effects. These studies collectively underscore the critical role
of extreme value analysis in assessing climate change impacts on marine environments,
while particularly highlighting the methodological significance of Gumbel extreme value
theory applications.

The research on wind and wave modeling under specific conditions in the Bohai Sea
is limited. This study is not only limited to the application of a single model, but also
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uses the WRF model and wind and wave models (such as SWAN), which provides a more
comprehensive perspective for the simulation of the marine environment and meteoro-
logical conditions in the Bohai Sea. The traditional extreme value distribution method
was optimized, which improved the accuracy and reliability of wind speed prediction.
Through the simulation and prediction of extreme ocean wave and wind speed events,
the prediction ability of extreme events in a complex marine environment is improved,
which provides strong support for offshore areas to cope with climate change and marine
disasters.

2. Data Sources and Research Methods
2.1. Numerical Simulation of Wind Field

WREF is used to simulate the wind field in the study area as shown in Figure 1a. The
water depth is white, and the water depth is blue. Tropical cyclone tracks are identified
through systematic screening of tropical cyclone data obtained from the China Typhoon
Network (http://typhoon.weather.com.cn/, accessed on 27 March 2025), as shown in
Figure 1b. To ensure simulation accuracy while maintaining computational efficiency, a
two-layer nested grid configuration is implemented in the model set-up [21]. This ap-
proach optimally balances numerical precision with computational resource requirements,
ensuring both reliable results and practical feasibility. The numerical simulation employs a
two-domain nested grid system with horizontal resolutions of 30 km (outer domain) and
10 km (inner domain), maintaining a 3:1 refinement ratio. To ensure numerical stability, the
time integration step is set to 50 s for the inner domain and correspondingly 150 s for the
outer domain, consistent with the spatial resolution ratio. The computational grids consist
of 63 x 75 (outer domain) and 112 x 130 (inner domain) grid points, respectively. Output
frequency is configured at 3 h intervals for the outer domain (d01) and 1 h intervals for the
inner domain (d02). The model utilizes a Lambert conformal projection with 37 vertical
layers extending to a top pressure of 5000 Pa. As shown in Figure 1, the simulation covers
geographical ranges of 25° N—46° N, 112° E-134° E (d01) and 30° N—42° N, 116° E-128° E
(d02). The physical parameterization schemes, validated through previous simulation
analyses and literature review, are summarized in Table 1.

50°N : : : : 41°N
401 ‘

40°Nf
40°N 1

39°N|
30°N 1
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37°NT
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Figure 1. (a) WRF simulation area map; (b) typhoon track map within a radius of 400 km at the site.

24



J. Mar. Sci. Eng. 2025, 13, 826

Table 1. WRF model parameter settings.

Name Setting
Microphysical scheme Lin et al. scheme [22]
Cumulus convection scheme Kain—Fritsch (new eta) scheme
Longwave radiation scheme rrtmg scheme
Shortwave radiation scheme rrtmg scheme
Planetary boundary layer scheme YSU scheme
Near-ground layer scheme Revised MM5 Monin-Obukhov scheme
Land-surface process scheme Unified Noah land-surface model scheme

2.2. Numerical Simulation of Wave Field

SWAN (Simulated Waves Nearshore) is the third generation of the nearshore shallow
water wave numerical model [23-27]. It was first developed by the Delft University of
Technology in the Netherlands and has grown after years of development and improvement.
Due to the influence of the flow field, the density of the spectral energy is not conserved,
but the action density, the variance density divided by the relative frequency conserved, is
only changed with time and space. The equilibrium equation of wave action in a Cartesian
rectangular coordinate system is expressed as follows [28]:

ON JoCyN JCyN oC,N dCyN S
+ + + + =

ot | ox oy o0 0 o @)

where ¢ is the phase frequency, and 0 is the phase frequency. Cy and C; are propagation
velocities in the x and y directions; C, and Cy are the propagation velocities in the ¢ and 6
directions. The source term S represents the impacts of the wind generation, dissipation,
and non-linear wave-wave interactions. The source term S consists of the following
parts [29]:

S=Sin+Sus+ Sua + Sds,w + Sds,h + Sds,br ()

where S;,, represents wind energy input; S,;;3 and S,;;4 represent the energy projections of
the non-linear interactive waves of three components and four components, respectively;
Sgsw represents the white capping dissipation; Sy, ), represents the bottom friction; and
Sgs pr represents the wave breaking due to shallow water.

The wind input term is expressed as follows [30]:

Sin(0,0) = A+ BE(0,0) (3)
where A represents linear growth and BE represents exponential growth [31].

Sn/3(U, 9) = S;;/?,(U/ 9) + S:{/3(0—’ 6) (4)

Sn/a(0,0) = S;,/4(0,0) +65,74(0,0) ©)

The white cap dissipation term represents the energy loss of waves in deep water, and
the degree of energy dissipation is represented by wave steepness. The expression is as
follows [31]:

Sasw(0,0) = —FE%E(U,G) (6)

where k and @ represent the average wave number and the average frequency of
waves, respectively.
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The formula for bottom friction is expressed as follows [31]:

2

(%
Sds,b(o'/ 9) = —Cpottom .
25i

mE(mG) ()

where Cpyt1o,, Tepresents bottom friction coefficients.

Battjes and Janssen’s formula is mainly used to describe the crushing effect of shallow
water in the SWAN model [31]:

D agyQpo
Sds,br(a,@) = ﬁE(o’,G) = ﬁlzﬂf ((710) (8)

where Dy, represents energy dissipation rate per unit horizontal area. Q) represents wave
breaking factor. 7 represents average speed.

In this study, a total of 30 years of wind field data from 1993 to 2022 were simulated
by WREF, and the SWAN model is driven by the hindcast to calculate the waves in the Bohai
Sea. In all cases, the SWAN model is used for non-stationary two-dimensional models to
simulate wave propagation during 1993~2022. The calculation area is consistent with the
WREF area, the resolution is 0.25° x 0.25°, the calculation time step is 1 h, and the output
time step is 3 min. The physical process in SWAN mode is shown in Table 2. The water
depth required for the calculation of the SWAN model uses the water depth data of the
ETOPOL1 global terrain database. ETOPOL1 includes land terrain data and ocean water
depth data (https://ngdc.noaa.gov/mgg/global/relief/ETOPO1/tiled/, accessed on 27
March 2025).

Table 2. Physical processes in the SWAN mode.

Physical Processes SWAN Mode
Wind speed index growth part Komen et al. [32]
White cap Komen et al. [32]
Coefficient of friction Hasselmann et al. [33]

The ratio of maximum significant wave
height to depth gamma = 0.73
Nonlinear wave-wave interactions Eldeberky

Fragmentation caused by water depth

2.3. Verification of Wind and Wave Fields

The Bohai Sea experienced an extreme wave event from 10 to 12, November 2012,
triggered by the interaction between a cold air mass and a cyclonic system. This rare
meteorological-oceanic phenomenon is designated as the “11-10” wave event. In the
historical data, the “11-10” wave is not common, and the event is successfully simulated.
We can infer that the simulation results of the model under other similar complex conditions
are also reliable, so this event is selected for research. The location of the observation
station is depicted in Figure 2. The observation station information is shown in Table 3.
Utilizing the hourly wind and wave data from 1993 to 2022, derived from WRF simulations
and SWAN numerical modeling, the simulated results are validated against available
observational data. A comparative analysis between the simulated and measured data is
conducted [34], with the results shown in Figure 3 and Table 4. The findings indicate that
the simulation demonstrates a high degree of accuracy, with the modeled data exhibiting
strong agreement with the observational records. This validation confirms the reliability of
the simulated dataset, ensuring its suitability for subsequent extreme value analysis.
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Figure 2. Position of Bohai Sea observation station.
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Figure 3. Comparison of wind speed and direction of “11-10” wave in 2012 (red is WRF simulation
data, blue points are measured data).
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Table 3. Calculation points description.

Station Longitude Latitude Data Available
P1 121°22'48" 36°12/00” 2012.11.01.00-2012.11.15.23
P2 120°09'36" 38°19'48" 2012.11.01.00-2012.11.15.23
P3 119°00'00” 38°52/48" 2012.11.01.00-2012.11.15.23
P4 120°36'00” 39°30'00” 2012.11.01.00-2012.11.15.23
P5 120°04'48" 39°02/24"” 2012.11.01.00-2012.11.15.23
P6 119°51'00” 37°58'12" 2012.11.01.00-2012.11.15.23

Table 4. Correlation coefficient between measured data and simulated data.

r P2 P4 P5 P6
Wind speed 0.972 0.881 0.937 0.958
Wind direction 0.942 0.934 0.887 0.963

3. Analysis of Long-Term Characteristics of Wind Field in Bohai Sea
3.1. Temporal and Spatial Distribution Characteristics

Studying the long-term changes of wind speed and direction is conducive to the
development of offshore wind energy and the orientation of wind field location. Using the
WRF wind field data from 1993 to 2022, the average wind speed of the Bohai Sea in the past
30 years was analyzed, and the spatial distribution of the annual average wind speed in
the past 30 years was obtained, as shown in Figure 4. On the whole, the annual average
wind speed shows a decreasing trend from the middle to the surrounding areas and from
the far sea to the land. The wind speed peak is above 7 m/s from the south of Liaodong
Bay to the center of Bohai Sea. The sea area is greatly affected by the winter monsoon, and
the annual average wind field wind direction in most sea areas is northwestward.
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T

—— ~=T

—- e ——e e~
N T
VNSRS N N N N N syt

40°NF v v~

T
N A

9

1 2 - _s\)\\\\
U R R

b -~ = =~ =~ ~

¥
38°Nf ' : : A w
’ ’ L} -
. 2
117°E 119°E 121°E

Figure 4. Spatial distribution of average wind speed and wind direction in Bohai Sea. (The arrow is
the wind direction).

The wind farm data from the study area over the past 30 years are seasonally averaged
to generate the seasonal mean wind field characteristics, as illustrated in Figure 5a. The
results indicate a general trend of increasing wind speed from northwest to southeast,
from nearshore to offshore, and from the periphery toward the central Bohai Sea. Notable
seasonal variations in wind speed distribution are observed, with the highest seasonal
mean wind speeds occurring in autumn and winter. In particular, winter exhibits the most
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pronounced peak wind speeds, exceeding 8 m/s, whereas summer records the lowest
peak values, approximately 5 m/s. The wind speed distribution in spring and summer is
relatively uniform, with prevailing wind directions predominantly ranging from southeast
to southwest. In contrast, autumn and winter exhibit greater spatial variability in wind
speed, with prevailing winds predominantly from the northwest.
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Figure 5. (a) The spatial distribution of seasonal average wind speed and wind direction in Bohai Sea
in recent 30 years; (b) The spatial distribution of annual average wind speed and wind direction in
Bohai Sea in recent 30 years. (The arrow is the wind direction).

In order to analyze the wind field characteristics of the Bohai Sea in greater detail,
the monthly average processing was carried out in this sea area. Figure 6b is the monthly
mean wind field map of the Bohai Sea. The analysis reveals that during the months of
March, April, and May, the wind speed in a substantial portion of the Bohai Sea attained
speeds of 4 m/s. In the months of November, December, and January, the wind speed in
the southeastern region of the Bohai Sea exceeded 7 m/s, particularly in December. The
predominant wind direction is from the northwest. Conversely, the monthly average wind
speed in June, July, and August is minimal, with the predominant wind direction being
southeast. These summer wind field characteristics have the potential to exert a significant
influence on the marine ecosystem and the organization of marine fishery production
activities. The maximum wind speeds recorded during different months are primarily
concentrated in the south of Liaodong Bay and the central region of the Bohai Sea. This
phenomenon holds significant value in the selection of offshore wind power project sites
and facilitates effective risk assessment and response measures.

In order to further analyze the distribution of wind speed and wind direction in
the Bohai Sea, nine representative points were selected, covering Bohai Bay, Liaodong
Bay, Laizhou Bay, Bohai Strait, and central Bohai Sea. The specific location is shown in
Figure 6a, which can reflect the spatial distribution characteristics of the wind field more
comprehensively. Based on the wind speed and wind direction data of 30 years from 1993
to 2022, the wind rose diagram of each feature point is drawn, as shown in Figure 6b.
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Figure 6. (a) The distribution of stations in Bohai Sea; (b) the wind rose diagram (m/s) of 9 character-
istic points.

As for Figure 6b, it can be concluded that the wind speed of T5 and T6 is low, and
the dominant wind speed range is concentrated in 0-6 m/s. The strong wind direction is
ENE. The wind speed in Laizhou Bay is mainly 3-9 m/s, the high wind speed of 6-9 m/s
appears locally, and the frequency is slightly lower than that of Bohai Bay. The wind speed
of T2 is higher, followed by T8, and the strong wind direction is NE and NNE. The wind
speed of T9 is the highest in all regions, and the wind speed frequency and wind direction
are highly consistent.

3.2. Long-Term Variation Features

Wind is one of the main driving forces of atmospheric motion. Analyzing the long-
term trend of a wind field is helpful to understand the evolution law of the wind field
in the Bohai Sea. Taking the Bohai Sea as the research object, four characteristic points
T1, T2, T3, and T4 (Figure 7a) are selected to represent the wind field characteristics of
Bohai Bay, central Bohai Sea, Liaodong Bay, and Laizhou Bay. This kind of point layout can
comprehensively reflect the spatial distribution difference and long-term change trend of
the wind field in the Bohai Sea.

As for Figure 7a, a general upward trend in wind speed over the 30-year period
obtains, with T3 exhibiting higher speeds compared to T1, T2, and T4. The wind speed
fluctuated within 0.5 m/s from 1993 to 1997, reached a 30-year high in 1998, and reached a
30-year low in 2019. Figure 7b illustrates the seasonal average trend in wind speed. The
wind speed at the four characteristic points in spring fluctuated from 1993 to 1999, peaked
in 2001, fluctuated from 2003 to 2013, and peaked in 2021. A notable peak in wind speed is
observed in summer in 2018, marking a 30-year high. The wind speed at the characteristic
points in autumn has been subject to fluctuation, reaching a peak in 1998. The winter
characteristic points, conversely, reached their peak in 2010 and 2012.
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Figure 7. (a) Long-term trend in annual wind speed from 1993 to 2022. (b) Long-term trend in
quarterly wind speed from 1993 to 2022.
The regression coefficients of each feature point are extracted as shown in Table 5. The
enhancement of the winter monsoon may lead to the increase in winter wind speed, so the
regression coefficient of winter wind speed is generally high, the change in wind speed is
relatively stable and slightly increases, and the coefficient of Liaodong Bay is the largest
in spring, which may be due to the significant warming enhancement of sea-land breeze
circulation. The wind speed regression coefficient T3 in autumn decreased slightly.
Table 5. Linear regression coefficient of annual and seasonal average wind speed change trend.
The
Representative Bohai Bay In the (;entral Liaodong Bay Laizhou Bay
Bohai Sea
Sea Area
Feature Point T1 T1 (P) T2 T2 (P) T3 T3 (P) T4 T4 (P)
Annual average 0.0003 0.035 0.0004 0.0246 0.0059 0.0450 0.0025 0.0112
Winter 0.0133 0.0447 0.0074 0.0253 0.0121 0.0410 0.0038 0.0171
Spring 0.0002 0.0290 0.0098 0.0006 0.0265 0.0497 0.0053 0.0007
Summer 0.0044 0.0211 0.0048 0.0034 0.0215 0.0415 0.0129 0.0012
Autumn 0.0111 0.0006 0.0019 0.4031 —0.0104 0.0316 0.0021 0.0001

In order to conduct a more detailed study of the possible wind speed changes between
different months and provide key information for the wind speed trend of a specific month,
the linear trend in monthly average wind speed is shown in Figure 8 below.

It can be concluded from the Table 6 that in the 12 months, the wind speed is low at
most points in spring and summer, while the wind speed is higher in autumn and winter,
especially at the T3 and T4 points.

The regression coefficient of each feature point is extracted as shown in Table 2. From
the perspective of monthly average, the wind speed change at T1 is relatively stable,
and some months (May, June and December) show a downward trend, with regression
coefficients of —0.0169 m/s-year—!, —0.0154 m/s-year—!, and —0.0105 m/s-year!. Other
months show an upward trend, with the most obvious upward trend in November. The
wind speed at T2 decreased in some months (May, June, and December). On the whole,
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the variation in wind speed in the central Bohai Sea is relatively mild, but there are

obvious seasonal fluctuations. The wind speed variation at T3 attains the maximal degree,

presenting remarkable seasonal characteristics throughout the year. The wind speed

variation at T4 is relatively stable. However, during the summer and autumn phases,

especially in June and December, it shows a significant downward trend.
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Figure 8. Long-term trend in monthly mean wind speed from 1993 to 2022.
Table 6. Linear regression coefficient of monthly mean wind speed change trend.
The
Representative Bohai Bay In the (;entral Liaodong Bay Laizhou Bay
Bohai Sea
Sea Area
Feature Point T1 T1 (P) T2 T2 (P) T3 T3 (P) T4 T4 (P)
Jan. 0.0114 0.0366 0.0182 0.0422 0.0218 0.0484 0.0161 0.0091
Feb. 0.018 0.0244 0.0084 0.0374 0.004 0.0428 0.0037 0.0123
March 0.024 0.0103 0.0349 0.0713 0.0352 0.0294 0.0382 0.0441
April 0.0258 0.0446 0.0267 0.015 0.0425 0.063 0.0308 0.0002
May —0.0169 0.0475 —0.0098 0.0105 0.018 0.0506 —0.0044 0.0019
June —0.0154 0.0123 —0.012 0.0388 0.0075 0.0439 —0.0158 0.002
July 0.0095 0.0043 0.0105 0.0046 —0.0005 0.0167 0.0211 0.0412
Aug. 0.0297 0.0417 0.0234 0.019 0.018 0.0087 0.0168 0.0174
Sept. 0.0136 0.0002 0.0072 0.0126 —0.0083 0.0414 0.0105 0.0003
Oct. 0.0061 0.0156 0.0047 0.0419 0.0054 0.0157 —0.0041 0.0457
Novw. 0.0333 0.0272 0.0221 0.0332 0.0007 0.04497 0.0237 0.0016
Dec. —0.0105 0.0395 —0.0294 0.0498 —0.0162 0.0251 —0.0337 0.0434
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4. Analysis of Wave Characteristics in Bohai Sea
4.1. Temporal and Spatial Distribution Characteristics of Waves

Based on the wave data of 30 years from 1993 to 2022 calculated by the SWAN model,
the spatial distribution of annual average significant wave height in the Bohai Sea has
obvious regional characteristics after annual average processing, as shown in Figure 9.
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Figure 9. Spatial distribution of annual mean significant wave height and wave direction in Bohai
Sea. (The arrow is the wave direction).

Regarding spatial distribution, the regions with high significant wave height are
chiefly concentrated in the central sea area of the Bohai Sea, and the significant wave height
is about 0.8-0.9 m. This area is far away from the land, the wind speed and wind field are
relatively stable, and the wave energy accumulation is strong. Especially in winter and
autumn, wind and waves are strong. The regional significant wave height is annularly
distributed and decreases from the center to the periphery. In places far away from the
coast, the significant wave height gradually decays to 0.2-0.4 m.

In the study area, seasonal averages of wave data spanning 30 years are calculated,
yielding average wave field maps for spring, summer, autumn, and winter, as depicted in
Figure 10a. The spatial distribution of monthly average significant wave height and wave
direction is also shown in Figure 10b.

On the whole, the seasonal average wave distribution is similar to the annual average
wave distribution, which is consistent with the trend of decreasing significant wave height
from the middle to the surrounding and from the open sea to the near shore, and the
maximum significant wave height appears in the central and southeastern open sea areas.
Because the winter monsoon is large and lasts for a long time, it provides more energy
for seawater and promotes seawater to form higher waves, so the average significant
wave height in autumn and winter is higher than that in spring and autumn. In spring,
the significant wave height is high, and the maximum value is about 0.8 m. It is mainly
concentrated in the center of the Bohai Sea and mainly propagates to the southeast. In
summer, the significant wave height decreases due to the decrease in wind force, and the
wave direction propagates from southeast to southwest.

The monthly mean significant wave height and wave direction distribution in the
Bohai Sea show obvious seasonal changes, which are basically consistent with the seasonal
mean wind field distribution characteristics. The maximum significant wave height is
concentrated in the central and southeastern offshore areas, which persists throughout the
year. The monthly mean wave direction is dominated by the monsoon, and the dominant
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wave propagation direction in different months is periodically adjusted with the change in
the seasonal wind field.
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Figure 10. (a) Spatial distribution of seasonal mean significant wave height and wave direction in
Bohai Sea. (b) Spatial distribution of monthly mean significant wave height and wave direction in

Bohai Sea. (The arrow is the wave direction).

In this section, the nine aforementioned feature points are selected for analysis of wave
distribution characteristics. In addition, the 30-year wave observation data are extracted
for detailed analysis of the spatial distribution law and long-term change trend of waves in
the sea area. The data extracted are then utilized to create a wave rose diagram (illustrated
in Figure 11) at each feature point. This diagram offers a visual representation of the
distribution characteristics of significant wave height and wave direction in the Bohai Sea
over a 30-year period.

The wave directions of the Bohai Sea are mainly concentrated in the NE~ESE and
SSW~W, and the wave directions of T1 and T5 are mainly concentrated in the SSW and
ESE. The dominant wave directions of T4 and T7 are NE and ENE; the dominant wind
waves of T3 and T6 are NE and ENE; the dominant wind waves of T2 and T8 are ENE; the
dominant wind wave of T9 is W. Except for T1 and T9, which are characteristic points near
the coast, the frequency of NE~NSE and SW~W in the remaining points during the 30-year
statistical period is approximately the same. The strong and sub-strong wave directions of
the feature points are concentrated in the SSW~W and NE~ENE.
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Figure 11. Wave rose diagram of 9 feature points.

4.2. Long-Term Variation Characteristics of Waves

The study of four characteristic points (T1, T2, T3, T4) in the Bohai Sea (Figure 6a)
reveals an upward trend in significant wave height from 1993 to 2022 (Figure 12a). The
overall trend is characterized by an upward trend in volatility. The T1 significant wave
height exhibited notable fluctuations, particularly in 2007 and 2011. In contrast, the T2 sig-
nificant wave height exhibited a relatively stable trend, with an approximate measurement
of 1 m and a marginal upward trajectory. A notable increase in significant wave height
was observed in 2017 and 2011. The variation trend in T3 wave height is analogous to that
of T2, but its significant wave height is marginally higher. T4 also exhibited a significant
peak, particularly in 2007 and 2011, and demonstrated a discernible upward trend over the
long term.

As for Figure 12b, the long-term trend in the mean value of significant wave height
varies significantly between different seasons. The four feature points demonstrate a
gradual upward trend. The winter period is characterized by significant fluctuations. In
contrast, the significant wave height in spring maintains relative stability, though T2 and
T4 demonstrate notable fluctuations during spring 2013, with an upward trend observed.
The T1 significant wave height fluctuates significantly during summer, particularly in
1996, when the peak value approaches 1.5 m. The T2 significant wave height also exhibits
substantial fluctuations, with a marked upward trend, especially during the peak period of
2011. T3 displays a substantial peak in summer 2012, with a significant wave height nearing
2.5 m, and exhibits significant overall fluctuations. T4, meanwhile, exhibits significant
variability, ranging from 0.5 to 2.5 m. In contrast, the fluctuation in significant wave height
in autumn is minimal, and the overall trend is stable.

The regression coefficient of significant wave height change at each feature point
(representing the annual significant wave height change) is extracted as shown in Table 7.
In terms of the annual average, the inter-annual variability in significant wave height across
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the four sea areas is not consistent. T1 demonstrates a minor downward trend in significant
wave height, while T2, T3, and T4 exhibit a slight upward trend.
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Figure 12. (a) Long-term trend in annual mean significant wave height from 1993 to 2022. (b) Long-
term trend in seasonal mean significant wave height from 1993 to 2022.

Table 7. Linear regression coefficients of variation trend in annual and seasonal mean significant
wave height.

The In the Central
Representative Bohai Bay Bohai S Liaodong Bay Laizhou Bay
ohai Sea
Sea Area

Feature Point T1 T1 (P) T2 T2 (P) T3 T3 (P) T4 T4 (P)
Annual average 0.0012 0.0326 0.0026 0.0412 0.0023 0.0333 0.0013 0.0267
Winter 0.0006 0.0465 0.0041 0.0148 0.0051 0.0335 —0.0552 0.0389
Spring 0.0002 0.0212 0.006 0.0453 0.007 0.0335 0.2012 0.0395
Summer —0.0006 0.0028 0.0076 0.0427 0.0062 0.0008 0.0455 0.0063
Autumn —0.001 0.0427 0.0084 0.0453 0.0053 0.0454 0.1145 0.0039

From the perspective of seasonal changes, in summer, T1 showed a downward trend,
which may be related to the weakening of the summer monsoon. Other sea areas still
maintained growth, with the largest increase in the central Bohai Sea. The significant wave
height of T3 increases fastest in winter, which may be related to the frequent occurrence of
cold waves and strong wind in winter. The increase in the middle side of the Bohai Sea in
autumn reached the peak of the whole year, which may be related to the enhancement of
typhoon activity in autumn.

As for Figure 13, the months of January and February are characterized by a predomi-
nance of northwesterly winds, accompanied by relatively stable significant wave heights.
The spring and autumn months (April-May and September-December) correspond to the
seasonal transition period. The months of September and December undergo significant
fluctuations, with a notable rise in significant wave height. From June to August, the
significant wave height increases slightly due to the influence of typhoon tracks. The
reclamation area along the coast of Laizhou Bay has increased from 2000 to 2025, leading to
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an anomalous decrease in significant wave height in September. The study reveals that the
change in the wave field in the Bohai Sea is regulated by air—sea interaction, topographic
forcing, and human activities, which has important guiding value for ship navigation safety
and coastal engineering design.
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Figure 13. Monthly mean long-term trend in significant wave height from 1993 to 2022.

In order to conduct a more detailed study of the possible changes in significant wave
height between different months and provide key information for the wind speed trend
in a specific month, the linear change trend in monthly average significant wave height is
shown in Figure 13.

As for Table 8, except that T1 showed a downward trend in February, March, April,
and May, the significant wave height in other months showed an upward trend. The
overall performance of T2 shows an increasing trend, and the regression coefficients in
most months are positive, indicating that the significant wave height in the sea area is
on the rise for a long time, especially in February-May and June-August. The change
trend of T3 is more complex, with an upward trend in some months (January~July), but
a downward trend in August~October, and a rebound in winter (November~December).
The trend of the T4 significant wave height is stable.

Table 8. Average wind speed change trend linear regression coefficient.

The In the Central
Representative Bohai Bay . Liaodong Bay Laizhou Bay
Bohai Sea
Sea Area

Feature Point T1 T1 (P) T2 T2 (P) T3 T3 (P) T4 T4 (P)
Jan. 0.0006 0.0372 0.0013 0.0085 0.0027 0.0409 0.0444 0.0211
Feb. —0.0018 0.0108 0.0042 0.0417 0.0048 0.0465 0.0261 0.0447
March —0.0021 0.0407 0.0046 0.0423 0.0038 0.0391 0.0788 0.0338
April —0.0017 0.0193 0.0051 0.0192 0.0029 0.0402 0.0352 0.0344
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Table 8. Cont.

The In the Central

Representative Bohai Bay Bohai S Liaodong Bay Laizhou Bay

ohai Sea
Sea Area

Feature Point T1 T1 (P) T2 T2 (P) T3 T3 (P) T4 T4 (P)
May —0.0014 0.0414 0.0059 0.0417 0.0022 0.0323 —0.079 0.0454
June 0.0009 0.0333 0.0058 0.0494 0.0017 0.0417 0.0006 0.0353
July 0.0001 0.0465 0.0044 0.0485 0.0009 0.034 —0.0276 0.0251
Aug. 0.0016 0.0369 0.0027 0.0074 —0.0006 0.0476 0.0136 0.0209
Sept. 0.0031 0.0304 0.0014 0.0367 —0.0023 0.0296 —0.0006 0.0255
Oct. 0.0045 0.0348 0.0004 0.0471 —0.0031 0.0492 0.0296 0.0365
Nov. 0.0064 0.0222 —0.0011 0.0161 —0.0018 0.0372 0.0981 0.0383
Dec. 0.0095 0.0456 —0.002 0.0412 0.005 0.0359 0.1278 0.0271

5. Analysis of Gumbel Extremum Characteristics
5.1. Introduction of Gumbel Extreme Value

The Gumbel distribution is the extreme value distribution of the parameters estimated
by the moment method. The probability density function of the Gumbel distribution is as
follows [12]:

f(x) = Aexp{—A(x — B) —exp[-A(x - B)]} ©)

In the formula, A and B are undetermined parameters, which are generally obtained
by the moment method [12]:

7T
A=t 10
76 (10)
B = X — 0.450053S (11)

In the formula, 0.450053 is the Euler constant, S is the standard deviation of the sample,
and x is the mean of the sample.

The Gumbel distribution is widely used in marine hydrography, especially for maxi-
mum wind speed and significant wave height derivation. The Gumbel distribution has a
good fit when the data samples are large enough, and the fit of the Gumbel distribution is
low when the data samples are missing or relatively small.

5.2. Distribution Characteristics of Annual Extreme Values of Wind Field

In this section, the WRF model is used to study the 30-year wind field in the Bohai
Sea. The annual extreme value method is used to extract the annual maximum wind speed
in the Bohai Sea for 30 years as the extreme wind speed data of the corresponding year.
Subsequently, based on the extreme value type I distribution (Gumbel distribution) model,
the return period wind speed in the study area is calculated [35-37]. Through statistical
analysis, the return period wind speeds of 100-year, 50-year, 25-year, 10-year, five-year, and
two-year return periods are calculated, and on this basis, the spatial distribution maps of
wind speed fields in different return periods in the Bohai Sea are drawn in Figure 14.

As for Figure 14, the maximum wind speed value once in a year in the Bohai Sea
mainly occurs in the central waters. The central waters are far away from land and are less
blocked by terrain, which allows the wind to fully develop; in the western and northern
waters, the wind speed during the recurrence period is relatively low, mostly concentrated
between 20 m/s and 30 m/s [38]. As the recurrence period shortens, the wind speed
gradually decreases, and the spatial distribution maintains the characteristics of “high in
the middle and low in the surrounding areas”. These areas may be affected by local climatic
conditions, such as monsoon direction, ocean circulation, etc., making the extreme wind
speed value relatively low. The extreme wind speed in the Laizhou Bay waters is more
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prominent, especially in extreme weather events. The terrain of Laizhou Bay is relatively
closed and may be strongly affected by specific meteorological conditions (such as cold air
moving south, typhoons, etc.), resulting in a significant increase in the extreme wind speed.
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Figure 14. Spatial distribution of wind speed field in different return periods in Bohai Sea. (a) Once in 100
years; (b) once in 50 years; (c) once in 25 years; (d) once in 10 years; (e) once in 5 years; (f) once in 2 years.

As for Table 9, the extreme value of wind speed in Laizhou Bay is more prominent,
especially in extreme weather events, which should be taken more seriously. Because of
the differences in wind speed extremes in different regions, it is important to strengthen
the prediction and preventive measures of wind speed extremes in Bohai Bay, especially
in the extreme return period (100 years, 50 years). It is also important to strengthen the
wind safety design of infrastructure. At the same time, Bohai Bay, central Bohai Sea, and
Liaodong Bay still need to create emergency response measures in the case of a five-year
and a two-year return period.

Table 9. Extreme values of wind speed at different return periods at characteristic points.

The Representative Sea

Area Bohai Bay In the Central Bohai Sea Liaodong Bay Laizhou Bay
Feature Point T1 T2 T3 T4
Once in 100 years 32.02 32.05 30.24 33.21
Once in 50 years 27.73 28.00 26.41 28.88
Once in 25 years 23.40 2391 22.56 24.52
Once in 10 years 17.58 18.40 17.36 18.65
Once in 5 years 12.96 14.04 13.25 14.00
Once in 2 years 6.00 7.46 7.04 6.97
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5.3. Distribution Characteristics of Wave Extreme Values

The wind field of the WRF model is utilized as the input wind field of the SWAN
model, with the objective of forecasting the 30-year waves in the Bohai Sea. The maximum
value of the significant wave height in the Bohai Sea over the past 30 years (1993-2022) is
extracted as the annual extreme significant wave height. The Gumbel distribution model
is then employed to calculate and analyze the significant wave height of the 100-year,
50-year, 20-year, and five-year return periods in the study area [39—42]. The wave height
distribution characteristics of different return periods are obtained, and the corresponding
wave field distribution map of the Bohai Sea is drawn, as shown in Figure 15.
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Figure 15. The spatial distribution of significant wave height of four characteristic points in different
return periods in Bohai Sea. (a) Once in 100 years; (b) once in 50 years; (c) once in 25 years; (d) once
in 10 years; (e) once in 5 years; (f) once in 2 years.

Figure 15 shows that the maximum significant wave height for 100-year and 50-year
return periods is approximately 6 m and 5.5 m, respectively, in the central and southeastern
sea areas. These regions are particularly susceptible to wind-driven processes, and the
substantial water depth in these areas fosters the formation and development of waves. The
maximum significant wave heights of the five-year and 10-year return periods are recorded
as 5.2 m and 5.0 m, respectively. It is acknowledged that these areas may be subject to
influence from local wind and wave conditions, including, but not limited to, variations
in wind direction and wind size. The T2 sea area may be distinguished by distinctive
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seabed topography or hydrological conditions, including variations in water depth and
the presence of seabed obstacles. These factors may promote the formation of waves and
energy concentration, resulting in higher wave extremes. The extreme value of the T2 wave
is significantly higher than that of other regions.

Table 10 shows the wave extreme values of T1, T2, T3, and T4 for different return
periods. By comparison, the spatial distribution characteristics of wave extreme val-
ues in different regions and the variation law with the shortening of the return period
can be observed. The wave extreme value of T2 is significantly higher than that of
other regions [43]. Even at lower return periods, the wave extreme value of T2 is still
4.21 m-year~!, showing that it has a significant wave advantage. The wave extreme values
of T1 and T3 are relatively low and close together, and the wave extreme value of T4 is
higher than that of Bohai Bay and Liaodong Bay. In the case of the lower return period, the
extreme significant wave height in Laizhou Bay reaches 3.80 m annually, showing relatively
strong wave characteristics.

Table 10. Wave extreme values of different return periods at characteristic points.

The Representative Sea

Area Bohai Bay In the Central Bohai Sea Liaodong Bay Laizhou Bay

Feature Point T1 T2 T3 T4
Once in 100 years 3.87 5.85 3.62 5.33
Once in 50 years 3.65 5.58 3.46 5.08
Once in 25 years 3.36 522 3.24 4.74
Once in 10 years 3.13 4.94 3.08 4.48
Once in 5 years 2.89 4.65 291 421
Once in 2 years 2.54 4.21 2.65 3.80

6. Conclusions

By comparing the simulated data with the measured data in order to verify the
accuracy of the model, the following conclusions are drawn:

(1) With regard to the annual average wind speed, the wind speed in the Bohai Sea
shows obvious seasonal differences. The wind speed in autumn and winter is greater than
that in spring and summer, which is mainly due to the frequent southward movement of
cold air and the influence of monsoon. In a similar fashion, the significant wave height in the
Bohai Sea displays comparable seasonal characteristics. The annual mean significant wave
height exhibits a gradual decrease from the middle to the periphery, from the southeast to
the northwest, and from the far sea to the land.

(2) Further analysis of the wind direction data indicates that the wind direction of the
Bohai Sea exhibits a significant direction. The prevalence of strong winds and sub-strong
winds is observed to be concentrated in the N~ENE direction, while the normal wind
direction and sub-normal wind direction are concentrated in the S~SSW direction. This
distribution of wind direction exerts a direct influence on the direction of wave generation
and propagation.

(3) The long-term change trend indicates that the wind speed and significant wave
height in the Bohai Sea show an upward trend as a whole. This conclusion is substantiated
through comprehensive analysis of wind and wave field data spanning from 1993 to 2022.
This upward trend is significant on the whole, which may be related to global climate
change, marine environmental warming, and other factors.

(4) The spatial distribution of wind speed and significant wave height in different
return periods is consistent with the extreme wind speed and significant wave height.
The maximum wind speeds of the 100-, 50-, 25-, and 10-year return periods are primarily
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located in the T4 sea area, while the maximum wind speeds of the five-year and two-year
return periods are situated in the T2 sea area. A similar spatial distribution of extreme
significant wave height values is also evident. The maximum significant wave height that
occurs once every 100 years is higher than that observed in the current T2 sea area, and the
significant wave height in the nearshore area is comparatively low.

This study not only provides detailed data support for the wind and wave characteris-
tics in the Bohai Sea but also provides an important scientific basis and decision-making
reference for the design of offshore extreme conditions.
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Abstract: As important components of the equatorial current system in the Indian Ocean,
Wyrtki jets (W]s) play a significant role in distributing heat and matter in the East and West
Indian Oceans. By dividing the El Nifio-Southern Oscillation (ENSO) and Indian Ocean
Dipole (IOD) events into several phases, we find that the spring branch exhibits positive
(negative) anomalies during the El Nifio (La Nina) decaying phase, while the fall branch
exhibits negative (positive) anomalies during the El Nifio (La Nifa) developing phase.
The spring and fall branches are characterized by negative (positive) anomalies under
the influence of positive (negative) dipole events, and these anomalies are particularly
pronounced during fall. This study systematically analyzes the characteristics of W]s
under the interactions between the Indo-Pacific ocean and the atmosphere, based on the
phase-locking characteristics of ENSO, and reveals the regulatory mechanisms underlying
their different response patterns.

Keywords: Wyrtki jets; ENSO; IOD; ocean—atmosphere interaction

1. Introduction

The Indian Ocean is the third largest ocean in the world, and its unique geographical
features make it the most significant monsoon region among the world’s oceans located
north of 10° S. Due to the dominant role of the Asian monsoon system, the Indian Ocean
has formed a unique and diverse local climate and monsoon ocean circulation system [1,2].
The South Asian monsoon significantly impacts the process of ocean dynamics in this
region. During winter, this region is controlled by the northeast monsoon, while during
summer, the strong southwest monsoon dominates the dynamic changes in the ocean.

Spring (April-May) and fall (October—-November) in the Northern Hemisphere serve
as the transition periods of the monsoon system. During these periods, semi-annual zonal
jets called “Indian Ocean equatorial jets” or “Wyrtki jets” (WJs) usually appear on the
surface of the equatorial Indian Ocean. These jets have a narrow north-south range, move
in an eastward direction, and are divided into spring (boreal spring) and autumn branches
(boreal fall) according to the seasonal characteristics [3—6]. According to Wyrtki (1973) [3],
these jets are driven by the westerly wind over the equator and mainly flow through
the area between 60° E and 90° E. Since their discovery, many scholars have studied
the spatiotemporal distribution characteristics and formation mechanism of WJs through
observations and numerical simulations [7,8].

The formation of WJs is a direct response to the westerly wind burst in the equatorial
Indian Ocean. The maximum intensity of these jets is usually located on the sea surface
between 75° E and 80° E. The maximum surface velocity can exceed 1 m/s and gradually
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decreases with increasing depth [3,7]. Han et al. (1999) [9] identified wind drive as the main
driver behind the formation of WJs. Using data on drifting buoys, Qiu et al. (2009) [10]
found that WJs have an average climatological velocity of 0.50 m/s and 0.70 m/s in spring
and fall, respectively, and show obvious seasonal changes that are usually manifested as
the strong fall branch and the weak spring branch [11,12]. However, in certain years, there
is also a phenomenon of the weak fall branch and the strong spring branch. Duan et al.
(2016) [13] pointed out that the intensity of the spring branch in 2013 exceeded that of the fall
branch mainly due to atmospheric intraseasonal oscillation (ISO). The intraseasonal signals
of the WJs can regulate the seasonal and interannual variations of the WJs themselves, as
well as larger-scale ocean—atmosphere interaction events across different timescales [14].

WJs play an important role in the dynamic changes of the upper equatorial Indian
Ocean. During the eastward transport process, the sea surface height of the tropical eastern
Indian Ocean increases while that of the western Indian Ocean decreases [2,9,10]. During
the monsoon transition, WJs affect local wind changes along the coasts of Sumatra and
Java and the Indonesian Throughflow by regulating sea surface height variations in the
equatorial eastern Indian Ocean and generating eastward-propagating Kelvin waves [15].
Cao et al. (2024) [16] reveals that the intraseasonal variabilities of the W]s are stronger in
spring than in fall, influencing sea-level anomalies along the southern coast of Sumatra-
Java through interactions with surface wind forcing and equatorial Kelvin waves. The
surface salinity of the equatorial Indian Ocean shows significant seasonal and interannual
changes, and studies have shown that these changes are mainly controlled by advection
transport, especially WJs, which significantly affects the salinity changes throughout the
ocean [17-21]. W]s transport warm and salty upper seawater from the western equatorial
Indian Ocean to the east, thereby modifying the stratification in the eastern and western
Indian Oceans. This eastward transport also affects the zonal distribution of salinity and
energy in the tropical Indian Ocean and changes the thermohaline structure of the upper
Indian Ocean [2,22,23]. W]s affect sea level through the process of mass transport and
further affect the thermocline depth along the equator [12]. These variations in the ocean’s
mass balance facilitate the development of sea surface temperature anomalies (SSTAs) by
altering upwelling [22].

El Nifio-Southern Oscillation (ENSO) is the most significant interannual variation
signal in the tropical Pacific climate system. ENSO cold and warm events trigger significant
anomalies in the tropical Pacific sea surface temperature (SST) and abnormal changes
in ocean circulation, which have important effects on the Pacific Ocean and even on the
global climate [13,24-26]. Compared with the Pacific Ocean, the tropical Indian Ocean has
a smaller sea temperature variability but has equally significant zonal anomaly changes.
The tropical Indian Ocean also affects the Asian climate through its interactions with the
atmosphere. The Indian Ocean Dipole (I0D) is one of the dominant modes of interannual
variability of SST in the tropical Indian Ocean and is the most significant factor affecting
such variability besides ENSO. IOD events usually demonstrate a seesaw pattern in the
temperature anomalies of the eastern and western basins of the tropical Indian Ocean.
The average SSTAs in the 10° S-10° N, 50°-70° E, and 10° 5-0°, 90°-110° E sea areas
show inverse phase changes [27]. IOD events mainly affect the equatorial region and have
significant seasonal phase-locking characteristics. Specifically, these events usually start to
develop in the northern hemisphere during summer, reach a mature phase during fall, and
then decline rapidly during winter [28]. Large-scale ocean circulation is mainly driven by
wind or uneven density distribution. Wind stress anomalies are key factors that lead to
changes in ocean circulation and trigger circulation anomalies by changing the horizontal
pressure gradient within the ocean.
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Previous studies have extensively examined the influence of IOD-related SSTAs on
zonal winds and currents near the equator [29-36]. Similarly, the impact of ENSO on
surface winds, waves, and currents in the Indian Ocean has been well established [37-39].
These studies highlight the significant role of both ENSO and IOD in driving the inter-
annual variability of WJs [12,40—-43]. Chu et al. (2023) [44] found that W]s exhibit the
strongest correlation with ENSO or IOD during the same period based on lag correlation
analysis. Through the Bjerknes positive feedback mechanism, ENSO events are progres-
sively amplified, thereby strengthening the Walker circulation and affecting the winds
in the equatorial Indian Ocean [45—49]. These processes, which connect surface winds
in the Indian Ocean with ENSO, not only have important impacts on the formation and
development of IOD but also change the interannual characteristics of WJs to some extent.
At the same time, the changes in IOD events are fed back to the interannual variability
of WJs. Wind-driven changes in the equatorial circulation and wind-modulated Kelvin
and Rossby waves influence WJs to modulate the onset and recession processes of the
IOD, thus making W]Js a key element in the IOD process [12]. The interactions between the
Indo-Pacific ocean and the atmosphere play a key role in this process; apart from regulating
the interactions between ENSO and IOD, this ocean—-atmosphere interaction also shapes the
interannual variability patterns of WJs to some extent. Therefore, the feedback mechanisms
of these two climate events on WJs warrant further investigation.

We examine ENSO events by dividing them into developing and decaying phases
and screening for years with decaying and developing phases corresponding to the spring
and fall branches, respectively. We also screen the years of IOD events in the spring and
fall branches to comprehensively explore the interannual characteristics of WJ]s. We use
multiple linear regression to strip the event impact of the observed features of the composite
analysis and evaluate the specific contribution of these events to WJs. The purpose of this
study is to systematically discuss the interannual characteristics of WJs and their change
mechanisms to supplement the literature, to deepen our present understanding of the
Indian Ocean current system, and to provide new perspectives and rationales for exploring
the interactions of the Indian Ocean with the atmosphere.

The rest of this paper is organized as follows. Section 2 describes the data used in this
study, while Section 3 outlines the methods employed. Section 4 analyzes the interannual
variability of W]s and quantifies the relative contributions of ENSO and 10D to W]Js, and
explores the regulatory mechanism of this anomalous phenomenon. Section 5 summarizes
and discusses the main conclusions of the study.

2. Data

To explore the interannual characteristics of WJs, the latest Simple Ocean Data Assimi-
lation version 3.15.2 dataset was used in this study, with zonal current, wind stress (where
T and Ty, refers to the zonal and meridional wind stress, respectively), and sea temperature
acting as the variables. SODAS3 is often used in exploring low-frequency large-scale zonal
currents [50-52]. The oceanic model in SODA3.15.2 switches to GFDL MOMb5/Sea Ice
Simulator 1 with a 1/2° x 1/2° horizontal resolution and 50-layer vertical resolution. We
computed for the monthly average temporal resolution of the data, which cover the years
1980 to 2023 [53].

To ensure consistency in the dynamic process, we used the forcing field of SODA3—the
fifth generation of the European Center for Medium-Range Weather Forecasts atmospheric
reanalysis dataset (ERA5)—as our wind field data. ERAS reanalysis data provide grid
products with a spatial resolution of 0.25° x 0.25° and the atmospheric parameters of
37 atmospheric layers. We mainly used 10 m sea surface wind field data from 1980 to 2023
and computed for their monthly average temporal resolution. ERA5 benefits from the latest
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Integrated Forecast System Cy41r2 and integrates the advancements in model physics, core
dynamics, and data assimilation over the past decade [54].

We also used zonal current data from the Acoustic Doppler Current Profiler (ADCP)
mounted on the moored buoy located at the equator (0° N, 80.5° E) within the Research
Moored Array for African-Asia Australian Monsoon Analysis and Prediction (RAMA) [55].
This site has a data coverage depth of 30 m to 365 m and uses an upward-looking ADCP
with an interval of 5 m and a total of 68 layers to cover the period from November 2004 to
July 2019. The other site is located at 0° N, 90° E, with a data coverage depth ranging from
30 m to 400 m at 10 m intervals, consisting of a total of 38 layers, covering the period from
November 2000 to November 2017. We compared the measured zonal current obtained
by ADCP with that of SODA3.15.2 (Figures S1 and S2) to verify the feasibility of using
these data.

3. Methods

The correlation coefficient is commonly used to measure the strength of the relationship
between two variables. The formula for calculating correlation is as follows:

M

=Ry @

Here, R represents the correlation coefficient between the two variables x and y, n denotes

the length of the variables, X and ¥ are the mean values of the two variables, and ¢ is the
test statistic.

Given the strong interdependence between ENSO and IOD, a simple regression or
composite analysis cannot effectively distinguish their independent effects [56-58]. There-
fore, we used multiple regression analysis methods (including partial correlation and
partial regression) for analysis. Partial correlation analysis helps separate the correlation
between different predictors and the research object, thereby allowing us to clearly identify
the independent relationship between the research object and each predictor [59]. The
partial correlation of interdependence can be formulated as follows:

12 — 7137123 ®)

23 =
V(1 =73) (1= 13)

where 71 3 refers to the partial correlation coefficient between the two variables Al and A2
after removing the influence of variable A3.

The partial regression coefficient is used to measure the relative contribution of each
predictor after removing the linear effects of other predictors. To intuitively show the
relative contribution of the predictor, we multiplied the partial regression coefficient by
one standard deviation of the predictor to scale it and to compare the anomaly size driven
by the typical change in the predictor [56,58]. In this study, we regarded ONI and DMI
as predictors and performed multivariate regression analysis to separate their effects on
zonal current and wind stress anomalies and to quantify their relative contributions. The
concurrent index reconstruction method of the two climate models is as follows:

V(m) = a x ONI(m) + b x DMI(m) + Res 4)

where V refers to zonal current (U) and wind stress anomalies (7 and 7;), 2 denotes the
partial regression coefficient of ONI after removing the DMI-related signals (ONI| ), b
denotes the partial regression coefficient of DMI after removing the ONlI-related signals
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(DMI|opnp), and m refers to month (where spring lasts from April to June, while fall lasts
from October to December).

In this study, the F-test is used to examine whether the trend in event frequency
changes is significant. In multiple regression analysis, the F-test is applied to determine
whether the difference between the residual sum of squares and the regression sum of
squares is significant. The specific calculation formula is as follows:

i1 (yi - ?i)z/k

Y (?z —?>2/(” —k-1)

F= ~F(kn—k—1) ®)

Here, ?i represents the fitted regression value, y; is the observed value for year i, and ¥ is
the average value over n years. At a significance level of 4, the test follows an F-distribution
with degrees of freedom k and n — k — 1. When F > F,, the null hypothesis is rejected.
When calculating the monthly zonal current and wind stress anomalies, we also
calculate the climate mean state for the entire period according to the annual cycle based
on the monthly data from 1980 to 2023. The anomalies are first obtained by subtracting the
climate mean state of the corresponding month from the monthly data at each grid point,
and then the linear trend is removed, allowing us to extract the anomalies of the interannual
changes. We use two main statistical methods for significance testing, namely, the F- and
T-tests. Additionally, we use Python (version 3.10.9) for analysis and visualization.

4. Results
4.1. Spatial Distribution and Seasonal Variation Characteristics of W]s

Based on the definition of WJs in the equatorial Indian Ocean from 60° E to 90° E,
2° S to 2° N as discussed in previous studies [10,60], we regionally averaged the zonal
current in the upper 15 m of the ocean in this region to further analyze the occurrence
period of W]Js. Figure 1 shows the distribution of zonal current from 1980 to 2023, with the
horizontal axis representing the year and the vertical axis representing the month. From
Figure 1a, it can be observed that W]s start to appear during the monsoon transition period
(April-May and October—-November) each year and may last until June and December in
certain years (Figure 1a). Observations of their meridional distribution show that W]s reach
their maximum strength between 70° E and 80° E before gradually weakening as they move
eastward (Figure 1b,c). Additionally, We considered these persistent WJs while analyzing
the characteristics of the spring and fall branches (Figure 1a) to further understand their
interannual characteristics.
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Figure 1. Spatiotemporal distribution of zonal currents in the upper layer of the equatorial Indian
Ocean (shading; units: m/s). (a) The temporal evolution of zonal currents; and (b,c) the zonal current
(upper 15 m) distribution after meridional averaging (from 2° N to 2° S) in spring (April-May) and
fall (October—November), respectively.

4.2. Selection of ENSO and 10D Events

We calculated the Ocean Nifo Index (ONI) and Dipole Mode Index (DMI) using
sea temperature from the Simple Ocean Data Assimilation version 3.15.2 (SODA3.15.2)
dataset (Figures 2 and S3). We defined the year in which the ENSO event occurred as
the developing year and the following year as the decaying year [61]. We also adopted
the ENSO phase division method proposed by Warner and Moum (2019) [62]. The ENSO
developing years include El Nifio warming and La Nifia cooling, while the ENSO decaying
years include El Nifio cooling and La Nifia warming.

These transitions include the transition to the fully perturbed (or peak) state of El
Nifio/La Nifa and the relaxations back to the neutral state. We marked the transitions of
these four phases with star-shaped dots (Figure 2a). When El Nifo (or La Nifia) reaches
its peak, the inflection point of the gradient marks the phase transition. The months prior
to this point are considered El Nifio warming (or La Nifia cooling), while the following
months are considered El Nifio cooling (or La Nifia warming). Given that some ENSO
events end in the same year or last for two to three years, we counted El Nifio warming (or
La Nifia cooling) as the development phase of ENSO events and count El Nifio cooling (or
La Nifia warming) as the decay phase (Figure 2a). Following this rule, we selected those
years corresponding to the spring and fall branches in the ENSO decay and development
phases, respectively (Table 1).
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Figure 2. (a) ONI, where the shaded area indicates that the SSTAs exceeds 0.5 °C for more than
five consecutive months, the light red shade represents the El Nifio event, and the light blue shade
represents the La Nifa event. The red dots correspond to the developing phase of the ENSO events
(El Nifo warming or La Nifia cooling), the blue dots correspond to the decaying phase of the ENSO
events (EI Nifio cooling or La Nifia warming), and the white star-shaped dots represent the phase
transition of the event. (b) DMI, where the light red and light blue shades represent pIOD and nIOD
events, respectively, and the judgment criterion is that the SSTAs exceeds 0.4 °C for more than three
consecutive months.
Table 1. Years of the selected IOD and ENSO events (1980-2023).
Phase Spring Wyrtki Jet Fall Wyrtki Jet
1982, 1986, 1991, 1994, 1997,
El Nifio warming - 2002, 2006, 2009, 2015,
2018, 2023
ENSO developing 1983, 1984, 1988, 1995, 1998,
La Nifna coolin - 1999, 2000,
& 2007, 2008, 2010, 2011, 2017,
2020, 2021, 2022
- . 1983, 1987, 1992,
‘ El Nifio cooling 1998, 2016, 2019 -
ENSO decaying
La Nifia warmin 1984, 1985, 1989, 1999, 2000, 3
& 2008, 2011, 2018, 2021, 2022
", 1982, 1994, 1997, 2006,
Positive IOD 1982, 1994, 1997 2015, 2019, 2023
1ob 1984, 1992, 1996, 1998
Neagtive IOD 1992, 2005, 2013, 2016 4 i ¢ 4

2005, 2010, 2016, 2021, 2022

We also selected those years corresponding to the spring and fall branches following
the DMI phase definition. IOD shows seasonal phase-locking characteristics, that is,
IOD events usually start to develop in June, reach their peak in October, and quickly
disappear thereafter. We observed that in some years, positive IOD (pIOD) developed
during spring, while negative IOD (nIOD) developed during spring and summer, before
quickly disappearing (Figure 2b). We counted these phenomena in the years of the spring
branch. Meanwhile, for IOD occurring in summer and fall, we screened out those years
that coexist with the fall branch. Table 1 shows that the spring branch only appears in
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ENSO decaying phases, while the fall branch only appears in ENSO developing phases.
10D primarily occurs in the fall, resulting in fewer years being statistically accounted for in
the spring branch compared to the fall branch.

4.3. General Description of Interannual W] Variations

To highlight the common characteristics of WJs under the influence of interan-
nual events, we conducted a composite analysis based on the selected years shown in
Table 1. Given that W]s mainly occur during the monsoon transition period, the spring
branch appears from the northeast to the southwest monsoon during the transition period
(Figures 3a,b and 4a,b). During the El Nifo decaying phase, significant northeasterly wind
stress anomalies are observed in the western Arabian Sea and the Bay of Bengal, while
significant northwesterly wind stress anomalies are observed from 45° E to 100° E in the
southern Indian Ocean. During this period, the monsoon region is abnormally weakened
compared to its climatological state. At this time, the spring branch shows positive anoma-
lies, and the significant areas are mainly located between 60° E and 80° E. During the La
Nifia decaying phase, the spring branch exhibits negative anomalies between 70° E and
100° E. At this time, significant southwesterly wind stress anomalies are observed over
the Arabian Sea and the Bay of Bengal, while the southwestern Indian Ocean, between
40° E and 70° E, experiences notable southeasterly wind stress anomalies. Induced by the
wind stress anomalies, the spring branch shows significant positive (negative) anomalies
in the west (east) of the equatorial Indian Ocean in El Nifio (La Nifia) years. During the
pIOD event, significant easterly wind stress anomalies occur near Sri Lanka, leading to
negative anomalies in the spring branch. Meanwhile, during the nlOD event, significant
northwesterly wind stress anomalies are observed near Sumatra, resulting in pronounced
positive anomalies in the spring branch, mainly between 70° E and 100° E. The anomalies
of the spring branch are more significant under nlOD than under pIOD.
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Figure 3. Composite analysis of zonal current anomalies (shading, units: m/s) and wind stress
anomalies (vectors, units: N/m?) in ENSO years. (a,b) Decaying stage of El Nifio/La Nifia for spring
branch; (c,d) developing stage of El Nifio/La Nifia for fall branch. Black dotted box marks jet area,
while red arrows and oblique lines indicate significant zonal wind stress and zonal current (90%
significance, student’s t-test).
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Figure 4. Composite analysis of zonal current anomalies (shading, units: m/s) and wind stress
anomalies (vectors, units: N/m?2) in IOD years, (a,b) refer to the spring branch of WJs, where (a,b)
are the composites for years with pIOD and nlOD, respectively; and (c,d) refer to the fall branch of
WJs, where (c,d) are the composites for years with pIOD and nlOD, respectively.

The fall branch emerges during the transition from the southwest to the northeast
monsoon (Figures 3¢,d and 4c,d). During the El Nifio developing phase, it exhibits signifi-
cant negative anomalies, accompanied by pronounced southeasterly wind stress anomalies
near Sumatra. These anomalies extend eastward along the equator, where strong easterly
wind stress anomalies reach the central Indian Ocean. Additionally, notable northeasterly
wind stress anomalies are observed over the Bay of Bengal and the Arabian Sea. During the
La Nifia developing phase, the pattern is reversed. The fall branch also shows significant
negative anomalies during pIOD events, with wind stress anomaly patterns resembling
those observed during El Nifio but with greater intensity. Conversely, during nIOD events,
the fall branch exhibits significant positive anomalies, with wind stress anomalies opposite
to those in pIOD events. The stronger positive feedback processes in the eastern Pacific
during El Nifio lead to greater temperature anomaly amplitudes compared to La Nifia [63].
Furthermore, the skewness characteristics of IOD events result in a greater amplitude in
pIOD events than in nIOD events [64]. Consequently, the anomaly intensity of the fall
branch is more pronounced during El Nifio and pIOD events than during La Nifia and
nlOD events.

4.4. Influence of IOD and ENSO on W] Variations

Given that ordinary composite and correlation analyses cannot easily distinguish the
relationship between the spring and fall branches under the direct influence of ENSO or
10D, we calculated the partial correlation coefficients for the zonal current and wind stress
anomalies using ONI and DM], respectively, based on the screening year (Table 1) to clearly
discern the independent correlation of these two branches in interannual events.

For the spring branch (Figure 5a,b), Figure 5a shows the partial correlation coefficients
after removing the influence of IOD, revealing a significant positive correlation with the
ENSO phase. During this period, wind stress anomalies over the Arabian Sea, the Bay
of Bengal, and the southeastern Indian Ocean exhibit a strong correlation with ENSO.
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These regions fall within the monsoon domain, where the ENSO decaying phase influences
the wind stress anomalies, thereby modulating the spring branch anomalies. Similarly,
Figure 5b presents the partial correlation coefficients after removing the influence of ENSO,
showing a significant negative correlation with the IOD phase. In this case, zonal wind
anomalies from Sumatra to the western Indian Ocean are strongly associated with IOD,
indicating that IOD-induced equatorial wind anomalies have a direct impact on the spring
branch. The key factors driving the interannual variability of the spring branch are primar-
ily linked to the ENSO decaying phase and IOD events. For the fall branch (Figure 5c,d),
the ENSO and IOD events during fall both show significant negative correlations, with
the negative correlation for IOD being stronger and the negative correlation for ENSO
being weaker, both passing the 90% significance test. After removing the effect of IOD, the
influence of the ENSO developing phase does not cover the whole equatorial Indian Ocean
(Figure 5¢,d) and is rather limited to the wind stress anomalies from the Sumatra—Java coast
to 78° E, which modulate the fall branch anomalies. Similarly, after removing the influence
of ENSO, the IOD events influence the wind stress anomalies along the Sumatra—Java coast,

extending across the entire equatorial Indian Ocean. Meanwhile, wind anomalies over
the Bay of Bengal and the Arabian Sea also contribute, collectively modulating the fall
branch anomalies.
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Figure 5. The spatial distribution of the partial correlation coefficients of the zonal current anomalies
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The phase-locking characteristics of ENSO influence the wind over the Indian Ocean
through different causal pathways. During the developing phase of ENSO, anomalies in
the Walker circulation play a crucial role. In El Nifio events, the descending branch of the
anomalous Walker circulation is positioned over the Maritime Continent and the tropical
eastern Indian Ocean, triggering anomalous easterly winds from the tropical southeastern
Indian Ocean toward the western Indian Ocean. Conversely, during La Nifia events, the
anomalous Walker circulation converges and ascends over the Maritime Continent and the
tropical eastern Indian Ocean, while its descending branch shifts to the tropical western
Indian Ocean, inducing anomalous westerly winds from the tropical western Indian Ocean
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toward the eastern Indian Ocean [32,65,66]. During the spring of the ENSO decaying phase,
persistent large-scale convective anomalies are observed over the tropical northwestern
Pacific and the northern Indian Ocean. As a response to the enhancement (suppression) of
convective anomalies, Rossby wave dynamics induce significant easterly (westerly) vertical
wind shear over the northern Indian Ocean. This vertical wind shear, in turn, exerts a
substantial modulating effect on ISO activity through tropical wave dynamics, leading to
enhanced (weakened) ISO activity over the Bay of Bengal following cold (warm) ENSO
events. Consequently, the strengthened (weakened) northward-propagating ISO at the
initial stage triggers an earlier (delayed) onset of the Bay of Bengal summer monsoon [67].
These findings further motivate us to explore the influence of ENSO and IOD on the zonal
wind stress over the equatorial Indian Ocean, as well as the role of monsoon onset timing
in regulating W]s.

Therefore, we further explored the roles of ENSO and IOD in modulating the zonal
wind stresses in the WJs and the equatorial Indian Ocean. We constructed regression
models for spring and fall based on the cases presented in Table. 1. Results show that
building a single DMI or ONI model underestimates the strength of WJs and zonal wind
stress; thus, using a multiple regression model is ideal (Table 2). The total explained
variance of the spring model U (7y) increased by 15% to 39% (25% to 34%) compared
with those regression models that only consider IOD or ENSO, while the total explained
variance of the fall model U (1x) increased by 5% to 19% (3% to 34%). Based on these
improvements in explained variance, we quantified the relative contribution of interannual
events to the spring and fall branches by using a partial regression approach. The partial
regression coefficients and partial correlation coefficients exhibit consistent patterns in
their descriptions (Figure 6), where the partial regression coefficients represent the relative
contribution of predictor factors to WJs anomalies and wind stress anomalies. Following the
partial regression method in Wang et al. (2021) [58], we reconstructed the anomaly fields in
the synthetic analysis by using partial regression coefficients and then separately analyzed
the relative contributions of ENSO and IOD to the zonal current anomalies by using partial
regression fields. During El Nifio (La Nifa) decaying years (Figures 5S4 and S5), the spatial
modes of the reconstructed and original fields are almost the same, only with a few errors.
Therefore, using partial regression fields to separately observe the contributions of ENSO
and IOD to the spring branch can guarantee an excellent interpretability. During El Nifio
(La Nifia) decaying years, the delayed (advanced) onset of the monsoon leads to positive
(negative) anomalies in the spring branch. ENSO provides the primary contribution to the
spring branch, with an anomaly contribution of +0.07 m/s (—0.05 m/s). In contrast, IOD
contribution is weaker, with an anomaly contribution of +0.03 m/s (no contribution). The
spatial modes of the reconstructed and pristine fields in the positive (negative) IOD years
(Figures S6 and S7) are also the same, with the residual field being one order of magnitude
less than the reconstructed field. The anomalies of the W]s are stronger in IOD than in
ENSO. During IOD events, the W]s are primarily modulated by the IOD, with ENSO
playing a weaker role. During positive (negative) IOD years, IOD provides the primary
contribution to the spring branch, with an anomaly contribution of +0.15 m/s (—0.11 m/s).
ENSO contribution is much weaker, with an anomaly contribution of +0.02 m/s (+0.03 m/s)
in both cases.

55



J. Mar. Sci. Eng. 2025, 13, 691

Table 2. Explained variances R? of the single-regression ONI or DMI model and multiple regression
on variables (T, and U) and their differences A in regions 60° E-90° E in longitude and 2° S-2° N
in latitude.

Spring Fall
Model - U o U
Multiple Regression Model 0.58 0.50 0.88 0.58

Single Regression Model (ONI) 0.26 0.14 0.54 0.38

A +0.32 +0.36 +0.30 +0.20
Single Regression Model (DMI) 0.34 0.32 0.86 0.55

A +0.24 +0.18 +0.02 +0.03
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Figure 6. Spatial distribution of the partial regression coefficient zonal current anomalies (shading,
units: m/s) and wind stress anomalies (vectors, units: N/m?). (a,b) represent the spring branch:
(@) aspring ONI|ppyp and (b) bspring DMI| gy (c,d) represent the fall branch: (c) a5, ONI|p )y, and
(d) b fall DMI |on- The 90% significance test markings follow the same convention as in Figure 3 but
are based on the F-test.

ENSO and IOD trigger eastward (westward) wind stress anomalies in the equatorial
Indian Ocean and suppress (enhance) the fall branch. During the El Nifio (La Nifia)
developing years (Figures S8 and S9), the reconstruction field works well, with IOD
provides the primary contribution to the fall branch, with an anomaly contribution of —0.11
m/s (+0.06 m/s), which is greater than ENSO anomaly contribution of —0.06 m/s (+0.04
m/s). The influence of IOD also extends to as far as 60° E, while that of ENSO only extends
up to 80° E. During those years with a positive (negative) IOD (Figures S10 and S11),
IOD provides the primary contribution to the fall branch, with an anomaly contribution of
—0.2m/s (+0.15 m/s), which is much larger than ENSO anomaly contribution of —0.07 m/s
(+0.03 m/s).

4.5. Regulatory Mechanisms of Abnormal W]s

We took the average of the W]s occurrence region and further determined the rela-
tionship of the spring and fall branches with interannual events (ENSO and IOD) through
scatter relations. The spring branch exhibits positive (negative) anomalies during the El
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Nifio (La Nina) decaying phase and shows a significant positive correlation (0.47) with
the positive and negative phases of ENSO (Figure 7a). Meanwhile, under IOD events, the
spring branch exhibits negative (positive) anomalies when positive (negative) IOD occurs
and demonstrates a significant negative correlation (—0.93) with the positive and negative
phases of IOD (Figure 7c). During the El Nifio (La Nifia) developing phase, the fall branch
exhibits negative (positive) anomalies and a significant negative correlation (—0.68) with
ENSO (Figure 7b). In positive (negative) IOD events, the fall branch exhibits a negative
(positive) anomaly and a significant negative correlation (—0.92) with IOD (Figure 7d).
The positive phase anomaly of the fall branch is notably stronger than its negative phase
anomaly, primarily due to the greater amplitude of pIOD compared to nIOD. Given that
W]Js exist in the equatorial Indian Ocean and directly affect the east-west heat distribution,
the correlation with IOD is more higher than that with ENSO.

a b
(a) 280 y—0.56x+-0.10 () ST y=-075x+-0.19
R=-0.67

P<0.1

d
(c) 3.4 y=-1.52x + 0.32 @ >3

R=-0.93

y =—1.00x + —0.33
R =—-0.92

3.4 —5.5

Figure 7. Scatter plots of zonal current anomalies (60° E-90° E, 2° S-2° N, upper 15 m of the equatorial
Indian Ocean) versus ONI and DML. (a,c) show the spring branch anomaly versus ENSO and IOD,
respectively; and (b,d) refer to the corresponding anomalies for the fall branch. Those years with
positive and negative phases are marked in yellow and blue, respectively.

Given that the responses of WJs are driven by zonal winds, we further explored
the connection between zonal winds and interannual events. However, in analyzing the
modulation of the spring branch by wind fields, we referred to the study by Li et al.
(2022) [68], which found that the coordinated transition of equatorial westerlies and the
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southwest monsoon after monsoon onset plays a crucial role in regulating W] intensity.
A later (earlier) monsoon onset leads to a stronger (weaker) spring branch. Moreover, in
the year following a cold (warm) ENSO event, convection over the northwestern Pacific is
significantly enhanced (suppressed), creating favorable (unfavorable) conditions for the
development of ISO over the Bay of Bengal. This, in turn, leads to an earlier (delayed)
monsoon onset [67]. Based on this mechanism, we selected the monsoon regions of the
Indian Ocean (the Bay of Bengal and the Arabian Sea) and the significantly affected areas
in the southwestern Indian Ocean identified in the composite analysis. We then examined
the zonal and meridional wind anomalies and marked interannual events with scatter
points (Figure 8a—f). The wind anomalies reveal that during the decaying phase of El Nifio
(La Nifia), both zonal and meridional winds in this region exhibit significant weakening
(strengthening), indicating a delayed (advanced) monsoon onset. This delay (advance) in
monsoon onset causes the transition of equatorial westerlies to lag (lead), resulting in a
stronger (weaker) spring branch anomaly. As the primary driving force of surface currents
in the Indian Ocean, the spring branch exhibits a pronounced response to the monsoon
onset process. From Figure 8h, the spring zonal wind anomaly demonstrates a significant
negative correlation (—0.83) with IOD events.

(b) 3271 © 32

y=—0.68x +-0.00 y =-0.63x +—0.03 y=0.48x +—0.17
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P<0.1 P<0.1 P<0.1

-3.2 -3.2 -3.2
. h . i ’
® SAF vy =—0.93x+-0.16 ®) 32 y=-135x+0.16 ® SAF y=—0.95x+-0.29
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Figure 8. Scatter plots of wind anomalies. (a—c) show the zonal wind anomalies in the Bay of Bengal
(80° E-100° E, 2° N-15° N), the Arabian Sea (40° E-80° E, 2° N-15° N), and the southwestern Indian
Ocean (40° E-80° E, 2° S-12° S), respectively. (d—f) represent the meridional wind anomalies in the
same regions as (a—c) during spring. (g) shows the zonal wind anomalies over the equatorial eastern
Indian Ocean (80° E-100° E, 5° S-5° N) during fall. (h,i) depict the zonal wind anomalies over the
equatorial Indian Ocean (40° E-100° E, 5° S-5° N) during spring and fall, respectively. Those years
with positive and negative phases are marked in yellow and blue, respectively.
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As the dominant mode of the ocean—-atmosphere coupled system on interannual
timescales, ENSO directly influences tropical atmospheric circulation. During the develop-
ing phase of ENSO, persistent zonal wind anomalies over the equatorial Pacific modulate
the thermal contrast between the eastern and western Pacific. Through the Bjerknes positive
feedback mechanism, these wind anomalies gradually amplify SSTAs while adjusting the
intensity of the Walker circulation, ultimately inducing significant equatorial zonal wind
anomalies over the Indian Ocean. To examine this effect, we selected the significant zonal
wind region (80° E-100° E, 5° S-5° N) identified in Figure 5c. During the development of
El Nifio (La Nifia), there is a clear suppression (enhancement) of westerly winds, leading to
negative (positive) zonal wind anomalies (Figure 8g), showing a significant negative corre-
lation (—0.84). Under the influence of strong interannual events, the zonal wind anomalies
over the equator become more pronounced. When such anomalies occur, WJs exhibit
corresponding anomalous signals, further confirming that their formation is driven by
wind forcing. During IOD events (Figure 8i), equatorial wind anomalies show a significant
negative correlation (—0.98) with the IOD phase, and the anomalous variations of WJs in
both spring and fall exhibit a consistent pattern. This further verifies that wind anomalies
induced by interannual events serve as the primary driver of W] interannual variability.

5. Conclusions and Discussion

During the monsoon transition, WJs can cover the entire central equatorial Indian
Ocean in the zonal direction, thus significantly affecting the east-west heat and salinity
transport throughout the Indian Ocean [19-21]. When the El Nifio decaying (La Nifa
developing) phase or the nIOD phase leads to the intensification of the spring (fall) branch,
the anomalously strong eastward jet transports more warm water to the equatorial eastern
Indian Ocean, significantly increasing the upper-ocean heat content in this region and
creating favorable conditions for the enhancement of local atmospheric convection. These
convective changes not only affect the local ecological environment and economic activities
but also influence the monsoon system by modulating the Hadley circulation, thereby
extending their impact across the entire East and South Asian monsoon regions. Conversely,
when the La Nifia decaying (El Nifio developing) phase or the pIOD phase leads to the
weakening of the spring (fall) branch, the positive thermal anomalies in the eastern Indian
Ocean dissipate, leading to a corresponding reduction in their regulatory effect on local
atmospheric circulation [14,50]. At the same time, when W]Js reach the eastern boundary,
they trigger Rossby waves that propagate downward and westward, affecting the strength
of the Equatorial Undercurrent and playing a crucial role in regulating basin-scale material
and energy distribution [69,70]. By affecting the sea-level anomalies on both sides of the
Indian Ocean, it has a significant impact on the sea surface temperature changes and
upwelling activities in the eastern Indian Ocean, making it have an important impact on
the sea surface height, upper ocean heat content, sea surface temperature, salinity, and
atmospheric convection activities in the equatorial Indian Ocean and even the northern
Indian Ocean, making it a key regulatory factor in global climate variability [14,16,71].

In this study, we analyzed the interannual variability of W]s under the interactions of
the Indo-Pacific ocean and the atmosphere along with their corresponding mechanisms by
using ocean reanalysis data (SODA3.15.2) from 1980 to 2023. W]s are mainly active in the
60° E~90° E, 2° 5~2° N region, reaching a peak intensity at 70° E~80° E and decaying from
west to east. Its climatic state is that the spring branch is generally weaker than the fall
branch. We selected the corresponding years through the four phases defined by Warner
and Moum (2019) [62], and we filtered the spring and fall branches corresponding to the
ENSO decaying and ENSO developing phases. We eventually identified the effects of
ENSO and IOD on W]Js via composite analysis and multiple regression, respectively.
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Results show that ENSO regulates the interannual variability of the spring and fall
branches of W]s through different mechanisms. Due to the seasonal phase-locking effect
of ENSO, W]s exhibit distinct response characteristics: the spring branch shows positive
(negative) anomalies during the El Nifio (La Nifia) decaying phases, while the fall branch
exhibits negative (positive) anomalies during the El Nifio (La Nifia) developing phases.
Meanwhile, IOD directly drives equatorial wind anomalies through local air-sea feedback,
with positive (negative) IOD events leading to negative (positive) anomalies in both the
spring and fall branches. The stronger amplitude of positive IOD events results in more
pronounced anomalies in the fall branch. We used partial correlation to separate the
relationship between ENSO and IOD, and results show that the spring branch has a
significant positive correlation with ENSO and a significant negative correlation with IOD.
For the fall branch, both ENSO and IOD exhibit significant negative correlations. The
variance explained by the combined influence of ENSO and IOD on W]Js is significantly
higher than that of either factor alone. Multiple regression models indicate that ENSO
is the primary driver of interannual variability in the spring branch, while IOD is the
dominant factor for the fall branch. The mechanisms underlying interannual anomalies
differ between the spring and fall branches. For the spring branch, ENSO regulates its
intensity indirectly by influencing monsoon onset timing: in El Nifio (La Nifia) decaying
years, delayed (advanced) monsoon onset leads to a lagged (advanced) shift in equatorial
westerlies, thereby strengthening (weakening) the spring branch. In contrast, for the fall
branch, ENSO modulates zonal currents by altering the position of the descending branch
of the Walker circulation, but its impact is relatively limited, primarily affecting the central
equatorial Indian Ocean. In comparison, IOD influences W]s by inducing anomalous zonal
winds across the entire equatorial Indian Ocean through its basin-wide mechanisms.

This study focuses on characterizing the interannual response of WJs and their regula-
tion mechanisms under the interactions between the Indo-Pacific ocean and the atmosphere.
Previous studies have suggested that the interannual variability of the spring branch is pri-
marily controlled by intraseasonal wind variations and cannot be explained by interannual
forcing events such as ENSO and IOD [50,72]. However, our findings demonstrate that
the spring branch exhibits significant interannual variability, primarily regulated by ENSO
through its influence on monsoon onset timing, which indirectly modulates the spring
branch [67,68]. Due to the influence of intraseasonal effects and the limitations of data
temporal resolution, the direct modulation of spring branch interannual characteristics by
equatorial zonal wind anomalies cannot be accurately captured. Therefore, understanding
the role of the spring branch and its low-frequency variability in the Indian Ocean dipole
zonal model [41], monsoon variability, and ENSO-monsoon interactions should be further
explored [66,73,74]. The mechanism of ENSO-monsoon interactions on the interannual
variability of WJs in this study also warrants further investigation.

In the context of global warming, the frequency and intensity of El Nifio events
may increase [75,76], decrease [77], or depend on changes in the mean climate state [78].
Accordingly, ENSO characteristics may also change in the future [79], which subsequently
changes the interannual characteristics of WJs. ENSO plays a key role not only in the
occurrence and development of IOD [80] but also in the interannual variability of WJs.
Therefore, the feedback mechanisms of the Indo-Pacific interannual events on WJs should
be systematically investigated to enhance the current understanding of ocean dynamics,
ecosystems, and climate effects in the tropical Indian Ocean.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /jmse13040691/s1, Figure S1: Time-depth distribution of zonal
current anomaly (shading; units: m/s). (a) RAMA moorings at 0°, 80.5°E; (b) SODA3.15.2 at 0°,
80.5° E; (c) Time evolution of depth-integrated zonal current anomalies within the depth range of
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40-80 m, Figure S2: Time-depth distribution of zonal current anomaly (shading; units: m/s). (a)
RAMA moorings at 0°, 90°E; (b) SODA3.15.2 at 0°, 90° E; (c) Time evolution of depth-integrated
zonal current anomalies within the depth range of 40-80 m, Figure S3: Comparison of NOAA’s
Oceanic Nifo Index (ONI) (a) and the Dipole Mode Index (DMI) (b), Figure S4: (a) Observed, (b),
reconstructed, (c), residual, (d) partial regression maps of zonal current anomalies (m/s, shading) &
wind stress anomalies (N/m?2, vectors) onto ONI |pum (i-e., ONI with the influences of DMI removed),
and (e), DMI|y; during El Nifio decaying events happen in spring situation. Observations are
the ensembles of El Nifio decaying events. Only zonal wind stress and zonal current values that
are statistically significant at the 90% confidence level are shown for (b), (d) & (e). The red-outlined
boxes indicate the key regions of Wyrtki jets, Figure S5: (a) Observed, (b), reconstructed, (c), residual,
(d) partial regression maps of zonal current anomalies (m/s, shading) & wind stress anomalies
(N/m?, vectors) onto ONI|p,4;, and (e), DMI| oy during La Nifia decaying events happen in spring
situation, Figure S6: (a) Observed, (b), reconstructed, (c), residual, (d) partial regression maps of zonal
current anomalies (m/s, shading) & wind stress anomalies (N/ m?, vectors) onto ONT| pumr and (e),
DMI |y during pIOD events happen in spring situation, Figure S7: (a) Observed, (b), reconstructed,
(c), residual, (d) partial regression maps of zonal current anomalies (m/s, shading) & wind stress
anomalies (N/m?, vectors) onto ONI |pump and (e), DMI|qy during nIOD events happen in spring
situation, Figure S8: (a) Observed, (b), reconstructed, (c), residual, (d) partial regression maps of
zonal current anomalies (m/s, shading) & wind stress anomalies (N/ m?, vectors) onto ONI| DMI
(i.e., ONI with the influences of DMI removed), and (e), DMI|y; during El Nifio developing events
happen in fall situation. Observations are the ensembles of El Nifio developing events. Only zonal
wind stress and zonal current values that are statistically significant at the 90% confidence level are
shown for (b), (d) & (e). The red-outlined boxes indicate the key regions of Wyrtki jets, Figure S9:
(a) Observed, (b), reconstructed, (c), residual, (d) partial regression maps of zonal current anomalies
(m/s, shading) & wind stress anomalies (N/ m?, vectors) onto ONI |pamrs and (e), DMI| 5y during
La Nifia developing events happen in fall situation, Figure 510: (a) Observed, (b), reconstructed,
(c), residual, (d) partial regression maps of zonal current anomalies (m/s, shading) & wind stress
anomalies (N/m?, vectors) onto ONI|p,,;, and (e), DMI |y, during pIOD events happen in fall
situation, Figure S11: (a) Observed, (b), reconstructed, (c), residual, (d) partial regression maps of
zonal current anomalies (m/s, shading) & wind stress anomalies (N/ m2, vectors) onto ONI|p, Ml
and (e), DMI|yy; during nIOD events happen in fall situation.
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Abbreviations

ENSO  EI Nifio-Southern Oscillation

10D Indian Ocean Dipole

ONI Ocean Nifio Index

DMI Dipole Mode Index

plOD  positive IOD

nlOD  negative IOD

WJs Wryrtki jets

ISO Intraseasonal oscillation

SSTAs  Sea surface temperature anomalies
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Abstract: As the primary driver of energy transfer between atmospheric and oceanic
systems, the air-sea momentum flux fundamentally governs coupled model dynamics
through its regulation of wind stress partitioning. Given the complexity of the physical
processes involved, simplified representations of these interactions are widely adopted
to balance computational efficiency and physical fidelity. This systematic evaluation of
five wind stress parameterizations reveals scheme-dependent variability in momentum
partitioning efficiency, particularly under typhoon conditions. Our results quantify how
the wind stress drag coefficient’s formulation alters atmosphere—ocean feedback, with
wave-state aware schemes exhibiting superior surge prediction accuracy compared to
wind-speed-dependent approaches. Specifically, a larger wind stress drag coefficient leads
to increased atmospheric bottom stress and sea surface stress, resulting in weaker winds and
larger sea surface currents and storm surges. These findings provide actionable guidelines
into the performance and sensitivity of various air-sea coupled models and offer useful
suggestions for improving operational marine forecasting systems.

Keywords: air-sea interaction; parameterization; coupled models; storm surges; surface
currents

1. Introduction

The air-sea momentum flux holds a crucial position in air-sea coupled models. It
serves as a key factor in mediating the energy and momentum transfer between the ocean
and the atmosphere, which is fundamental for driving various oceanic and atmospheric
processes. This flux is essential for driving ocean currents, influencing sea surface tempera-
ture, and modulating the intensity and track of tropical cyclones [1]. The inclusion of wave
models in coupled atmosphere—ocean systems has been shown to significantly improve the
representation of air-sea interactions, particularly during extreme events such as storms
and typhoons [2—4]. For instance, studies have demonstrated that wave coupling can reduce
wind speed and enhance agreement with observations during high-wind conditions [5,6].
Additionally, the interaction between waves and the ocean can lead to changes in SST and
mixed layer depth, which further influence atmospheric conditions [7,8]. However, the
processes involved in air-sea interaction are highly complex, encompassing the exchange of
heat, momentum, water vapor, and other factors. For example, the presence of swell waves
can significantly alter air-sea momentum fluxes by modifying surface stress and turbulence
properties [9]. Direct numerical simulations of these processes are often computationally
intensive and challenging due to the wide range of spatial and temporal scales involved.
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Consequently, parameterization methods have been developed to represent these processes
in a simplified manner, enhancing the efficiency and feasibility of numerical modeling [1].

Accurate parameterization of the air-sea momentum flux is essential because it directly
governs the transfer of momentum from the atmosphere to the ocean. This transfer involves
two primary pathways: the immediate transfer to surface waves and the direct transfer
to ocean currents through surface friction. The momentum that drives ocean currents
originates from two sources: the dissipation of wave energy and the direct influence of
wind [10,11]. The momentum transfer from the atmosphere, commonly referred to as wind
stress, is described by Equation (1) [12]:

T = pU? = pCyU3, ey

here, T denotes the wind stress, p represents the air density, U, is the friction velocity, U
is the wind speed measured at a height of 10 m above the sea surface, and C; is the wind
stress drag coefficient.

Theoretically, C; is governed by the dimensionless roughness length zy under neu-
tral atmospheric conditions (¥ = 0), as articulated by the Monin—-Obukhov similarity

theory [13,14]:
cl/? K>
cl/2 dn . C, = 2)
d s d
-Gy P

where « (=0.41) denotes the von Kadrmdn constant. This inverse-square logarithmic relation-
ship reveals that even minor perturbations in zy disproportionately amplify uncertainties in
Cj4. Such sensitivity underscores the necessity of physically consistent zg parameterizations
to resolve nonlinear feedbacks between wave-state-dependent roughness and momentum
transfer efficiency. The accurate quantification of the air-sea momentum flux can be funda-
mentally reduced to determining the sea surface roughness length (zp), which encapsulates
microscale hydrodynamic processes that govern wind stress generation.

Over the years, laboratory experiments and observational studies have revealed that
the wind stress drag coefficient is influenced by three key factors: (1) wave age [15-18],
with studies demonstrating its role in modulating drag coefficient through air-sea mo-
mentum partitioning; (2) wave steepness [19-21], where empirical relationships between
steepness and drag coefficient were established; and (3) sea surface roughness [12,17,22—
25], with research quantifying how microscale roughness elements alter turbulent stress.
Recent studies have also highlighted the importance of incorporating wave effects into air-
sea momentum flux parameterizations, particularly under high-wind conditions [2—4,26].
For instance, Ref. [2] demonstrated that including wave effects in coupled atmosphere—
ocean models can significantly improve the representation of air-sea interactions during
extreme events.

However, the parameterization schemes for the air-sea momentum flux vary sig-
nificantly under different oceanic and climatic conditions, which introduces complexity
and uncertainty into simulations. For instance, under high-wind-speed conditions, the
parameterization of the sea surface wind stress drag coefficient may deviate substantially
from the actual conditions. Observations have indicated that when wind speed exceeds
a certain threshold, the drag coefficient decreases rather than increases with further in-
creases in wind speed [27-30]. This behavior has been attributed to the formation of sea
spray and whitecaps, which can reduce the effective roughness of the sea surface [13,29].
Therefore, optimizing the parameterization schemes of the wind stress drag coefficient
under diverse conditions to enhance simulation accuracy remains a significant challenge in
current research.
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Ref. [11] carried out a study to assess five distinct parameterization methods for air-sea
momentum flux. Their research focused on two typhoon scenarios and provided valuable
insights into the performance of these methods. Their results indicated that the typhoon’s
track and minimum sea level pressure showed relatively low sensitivity to the choice of
parameterization schemes. However, significant differences were observed in the spatial
distribution of the wind stress drag coefficient and its variation with wind speed across the
various methods. Notably, the parameterization method that incorporated sea spray effects
demonstrated better agreement with the maximum wind speeds observed, particularly
at higher wind speeds. Additionally, the air-sea momentum flux is a critical factor in the
feedback mechanisms between the atmosphere and ocean during typhoons, influencing
sea surface temperature (SST), ocean mixed layer depth, and ocean currents [29,31].

This study aims to evaluate the impact of air-sea momentum flux parameterization
schemes on storm surge and ocean current simulations using a coupled atmosphere-wave—
ocean model. Unlike previous studies focusing on isolated factors (e.g., wave age or wind
speed), our work integrates multiple influences (sea spray, regional variations, and high-
wind dynamics) to provide a holistic understanding of air-sea interactions. By comparing
five schemes under typhoon conditions, we identify optimal parameterizations for coastal
hazard prediction and demonstrate the necessity of incorporating sea spray and wave-
state feedbacks into coupled models. The structure of this paper is organized as follows:
Section 2 offers a comprehensive description of the model, model configuration, and the
design of numerical experiments. Section 3 examines the influence of the drag coefficient
(Cy) on the simulation outcomes. Section 4 provides a detailed discussion of the findings,
and the key conclusions are summarized in Section 5.

2. Model and Methods
2.1. Coupled Model Configuration

This section discusses the impact of different air-sea momentum flux parameteri-
zation techniques on atmospheric and oceanic simulation outcomes, utilizing a coupled
atmosphere-wave-ocean model. Ref. [11] have already provided a detailed introduction to
the model and parameterization methods. This paper will briefly introduce the relevant
model settings, and for more details, please refer to their article.

This research utilizes the COAWST model system, version 3.1, developed by Ref. [32]
and further improved in Ref. [33], which integrates three core components:

(1) Atmosphere model: The Advanced Weather Research and Forecasting (WRF; [34]
Model, version 3.6, configured with a horizontal resolution of 1/12° x 1/12° and 31 vertical
sigma layers. The model’s domain spans 15° 5—45° N and 99° E-135° E, initialized using the
NCEP Final Operational Global Analysis (FNL) dataset (https:/ /rda.ucar.edu/ (accessed
on 1 March 2020), 0.25° resolution, 6 hourly intervals).

(2) Ocean model: The Regional Ocean Modeling System (ROMS), with the same
horizontal resolution as WRF but 30 s-coordinate layers in the vertical. Boundary conditions
are derived from the ETOPO1 dataset, which is provided by the National Geophysical Data
Center (NGDC) (https://www.ncei.noaa.gov/ (accessed on 1 March 2020)).

(3) Wave model: the Simulating Waves Nearshore (SWAN) model operates on a
coincident grid with identical bathymetric inputs to ROMS, ensuring spatial consistency
across coupled components.

2.2. Air-Sea Momentum Flux Parameterization Schemes

Five air-sea momentum flux parameterization methods are compared, focusing on
the wind stress drag coefficient (C;) formulation. The key schemes include:
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(1). WRE-ROMS—without explicit wave effect:

0.018 ,
Z0 = —— U ®)
8
(2). WRF-ROMS-SWAN1—considering wave height and wave steepness [20]:
H
zo = 1200HS(L—5)4'5 (4)
P
(3). WRF-ROMS-SWAN2—considering wave height and wave age [18]:
U \34
zy = 3.35H5(C—) ®)
p
(4). WRF-ROMS-SWAN3—considering wavelength and wave age [17]:
25 u
=L, (=2)4 6
(5). WRF-ROMS-SWAN4—considering wave age and sea spray [12]:
820 (0.085[3?/2)1’$[O.OBﬁ*exp(—O.léllB*)]%, 0.35 < B« < 35 @)

3 17.61-(0.008)%, By > 35

here, 1, denotes the friction velocity, g represents gravitational acceleration, H; corre-
sponds to the significant wave height, and spectral wave characteristics are quantified
through C, (the phase speed of the spectral peak) and L, (the wavelength of the
spectral peak); B is defined as Cp, /u,, w = min(1, a,./ k), in which a,, represents
the equilibrium settling velocity of marine spray droplets, empirically determined as
0.64 m/s through aerosol dynamic measurements.

2.3. Numerical Experiments

This investigation employs numerical simulations to examine two 2016 typhoon events
(Haima and Nida), initialized with three-day forecast data. Our analysis concentrates on
outputs generated by an advanced air-sea coupled modeling system. The modeling frame-
work builds upon established coupling methodologies, with comprehensive validation
procedures documented in prior research [11].

3. Results
3.1. Surface Currents

The parameterization of sea surface roughness plays a crucial role in modulating the
momentum exchange between the atmosphere and the ocean, which, in turn, impacts
the ocean’s dynamic processes, with surface currents being of particular significance.
This section examines the simulated surface currents. When a typhoon is located over
the open ocean, the sea surface currents near the radius of maximum wind speed are
predominantly influenced by surface winds and exhibit minimal interaction with coastlines
or tidal currents. The intense winds associated with a typhoon exert wind stress on the sea
surface, facilitating the transfer of momentum from the atmosphere to the ocean and driving
ocean surface currents [13]. Moreover, the low-pressure center of a typhoon generates a
pressure gradient force that induces water to flow from regions of higher pressure (outside
the typhoon) toward regions of lower pressure (inside the typhoon). Consequently, ocean
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surface currents converge toward the typhoon’s center, particularly in the vicinity of the
maximum wind speed radius. This convergence can result in localized enhancements in
surface current speeds.

To conduct the analysis, the simulation results of Typhoon Haima at the 51st hour were
chosen. The corresponding simulated surface currents are presented in Figure 1, which
provides a visual representation of the current patterns. Consistent with typhoon-induced
current asymmetry, rightward track regions exhibited 15-20% higher surface current veloc-
ities compared to leftward sectors (Figure 1). This observation aligns with the asymmetric
characteristics of typhoon-induced currents, where the right side of the typhoon’s path
usually experiences stronger wind forcing, leading to enhanced surface currents.
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Figure 1. Surface currents at the time of 51st hour of the simulation for Typhoon Haima. The values
of the simulated maximum surface current velocity for the different numerical experiments are also
shown in the corresponding subplot.

When comparing the simulation results across different experiments, the maximum
ocean surface currents simulated by each experiment were 2.31 m/s, 2.35m/s, 2.39 m/s,
249 m/s, and 2.41 m/s, corresponding to the WRF-ROMS and WRF-ROMS-SWAN experi-
ments 1 through 4, respectively. Although the maximum surface currents simulated by each
group of experiments are quite similar, the WRF-ROMS-SWAN3 experiment demonstrates
the broadest spatial influence, suggesting that this particular parameterization scheme may
be more effective in capturing the extent of the surface currents. This could be attributed to
a more accurate depiction of wind stress and its impact on the ocean surface.

Notably, the simulated wind speed in the WRF-ROMS-SWAN3 experiment is signifi-
cantly weaker than that in the other experiments at the 51st hour of simulation (as shown
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in Figure 4 of the work of Ref. [11]. This raises an interesting point: despite the weaker
wind speeds, the WRF-ROMS-SWAN3 experiment produces stronger surface currents. The
inverse relationship between simulated wind speeds and surface current magnitudes in
WREF-ROMS-SWANS3 reveals enhanced momentum transfer efficiency through its wave-
state-dependent C; formulation.

To elucidate this phenomenon, the C; and sea surface wind stress at the corresponding
time were also examined. The spatial distributions of C; in different experiments are
illustrated in Figure 9 of the work of Ref. [11], where significant differences are observed.
In the WRF-ROMS experiment, C,; is mainly correlated with wind speed; hence, its spatial
distributions are highly similar. In contrast, in the WRF-ROMS-SWAN experiments 1 to 4,
the spatial distribution of C; is influenced not only by wind speed but also by the wave
field. Notably, the C; value in the WRF-ROMS-SWANS3 experiment is significantly higher
than that in the other experiments, which may contribute to its enhanced performance in
simulating surface currents despite lower wind speeds.

Wind stress was computed using the wind speed and C; data according to Equation (1)
during the simulation, and the wind stress distribution is illustrated in Figure 2. The results
revealed that the wind stress in the WRF-ROMS-SWAN3 experiment was the highest
among all experiments, attributed to its larger C; value, despite having a lower wind speed
compared to the other experiments. This indicates that the greater sea surface roughness
in the WRF-ROMS-SWANS3 experiment led to increased bottom stress in the atmospheric
model, which subsequently weakened the wind field relative to the other experiments.
However, the sea surface wind stress was also higher than in the other experiments, thereby
driving stronger sea surface currents.
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Figure 2. Sea surface wind stress at the time of 51st hour of the simulation for Typhoon Haima.
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The comparison of surface currents in different experiments, along with the analysis
of C; and sea surface wind stress, provides valuable insights into the performance and
sensitivity of various air-sea coupled models. It highlights the importance of optimizing
the parameterization schemes of C; and understanding the complex feedback mechanisms
between the atmosphere and ocean. The results of this research provide valuable guidance
for enhancing the operational marine forecasting system and promoting the development of
more integrated models that are capable of predicting storm surges and sea level anomalies.

For Typhoon Nida, the intensity is not as strong as that of Typhoon Haima, and
consequently, the surface currents caused by Typhoon Nida are also relatively smaller.
However, the conclusion remains consistent: the results from the WRF-ROMS-SWAN3
experiment show the largest surface currents, with a maximum value of 2.19 m/s (Figure 3).
We also analyzed the C; and wind stresss, which were found to be the largest in the
WRF-ROMS-SWANS3 experiment as well (For brevity the figures are not shown here).
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Figure 3. Surface currents at the time of 27th hour of the simulation for Typhoon Nida.

Although Typhoon Nida was less intense, the surface current and wave field charac-
teristics it induced were similar to those of Typhoon Haima, particularly in terms of the
higher flow velocity on the right side of the typhoon’s track. The WRF-ROMS-SWAN3
experiment demonstrated good performance in simulating the surface currents of both
typhoons, indicating that the parameterization scheme used in this experiment is highly
applicable across typhoons of different intensities. These findings help to improve and
validate air—sea coupled models, enhancing the simulation and prediction capabilities for
oceanic dynamic processes induced by typhoons.
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3.2. Storm Surge

Another important ocean dynamic process during a typhoon is the storm surge, which
can lead to significant economic losses and casualties. For instance, during Typhoon Haima,
the storm surge disaster resulted in an economic loss of approximately USD 1.93 billion.
The maximum storm surge observed occurred on the right flank of the typhoon’s landfall
location. To elucidate the influence of different sea surface roughness parameterization
schemes on the simulation of storm surges, Figure 4 presents the simulated maximum
storm surges for various experiments. These simulations are crucial for understanding and
predicting the potential damage of storm surges, which can affect a wide range of sectors,
including agriculture, aquaculture, shipping, and infrastructure. Accurate simulations can
help in developing more effective disaster prevention and mitigation strategies to reduce
the economic and social impacts of such natural disasters.

WRF-ROMS

o o
26°N 30N ) Ty
Maximum storm surge
25°N [ 27°N[=2.56m
24°N[

23°N[°

20N | X

219
HZ"E 114°E 116°E 118°E 120°E 112°E 116°E 120°E 124°E 128°E

WRF-ROMS-SWAN2
=

WRF-ROMS-SWAN1
*

30°N 25m 30°N @)

7 3
Maximum storm surge
2m 27°N [= 2.55m

d &
Maximum storm surge
27°N [= 2.44m

112°E 116°E 120°E 124°E 128°E 112°E 116°E 120°E 124°E 128°E

WRF-ROMS-SWAN3 WRF-ROMS-SWAN4

0 0
30°N 2.5m 30°N (@ =
Maximum storm surge
2m 27°N [= 2.68m

o -
Maximum storm surge
27°N [=2.78m

1.5m 24°N

21°N

18°N 0.5m 18°N 0.5m

Om 15°N

15°N

112°E 116°E 120°E 124°E 128°E 112°E 116°E 120°E 124°E 128°E

Figure 4. Simulated maximum storm surge distribution during Typhoon Haima for five numerical

experiments (a—f). The red stars represent the nine stations selected for analyzing the storm surge
time series.

As shown in Figure 4, the simulated maximum storm surge value differs among the
experiments. In the WRF-ROMS-SWAN1 experiment, it reaches 2.44 m, while in the WRF-
ROMS-SWANS experiment, it reaches 2.78 m. The significant storm surge predominantly
occurred along the coastal regions situated to the right of the typhoon’s trajectory. This is
attributed to the onshore wind direction in this region during the typhoon, which pushes
seawater towards the coast, thereby increasing the sea level [35].

To provide a more detailed analysis of the storm surge processes, Figure 5 illustrates
the storm surge time series recorded at nine strategically chosen stations during Typhoon
Haima. These stations were selected based on their locations in the coastal regions where
the storm surge impact was most significant, as shown in Figure 4a. Specifically, stations S1
to S5 are located on the right flank of the typhoon’s path, stations S6 and S7 are positioned
near the typhoon center, and stations S8 and S9 are on the left flank of the typhoon.

73



J. Mar. Sci. Eng. 2025, 13, 541

WRF-ROMS

WRF-ROMS-SWAN1

WRF-ROMS-SWAN2

WRF-ROMS-SWAN3

WRF-ROMS-SWAN4

12 1.2
Tls1 i ls2 ,ls8
Eos E
kot 08 T 0.8
= =
3 06 0.6 ? 0.6
E E
S04 04 S
& & 0.4
0.2 0.2 0.2
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60
25 25
151s4 S5 S6
2 2
£
1 15 515
3
"
1 E 1
(=}
0.5 &
0.5 0.5
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60
Time(Hours)
1.2
s7 1 so
15 S8 !
0.8 08
1 0.6 0.6
0.4 0.4
0.5
0.2 0.2
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60
Time(Hours) Time(Hours) Time(Hours)

Figure 5. Storm surge time series during Typhoon Haima at coastal stations; see Figure 4a for station
locations.

Through a comparative analysis of the storm surge simulations from the five exper-
iments (as shown in Figures 4 and 5), it is apparent that at stations S1 to S5, the storm
surge simulated by the WRF-ROMS-SWANS3 experiment is significantly higher than that
from the other experiments. This difference is likely attributable to the influence of wind
stress, which is a key factor in determining storm surge height. In contrast, the results from
stations S6 and S7, which are located near the typhoon center, show relatively consistent
storm surge magnitudes across all experiments. On the left side of the typhoon’s path,
a process of storm surge reduction may occur, characterized by a decrease in sea level.
This phenomenon is explained by the strong winds near the typhoon’s center, which push
seawater in the direction of the typhoon’s movement, leading to a relative decrease in the
sea level on the left side.

Figure 6 presents time series data of wind speed, C;, wind stress, and sea level pressure
to illustrate the differences in storm surge outcomes among various experiments. For clarity,
the results are shown only for three representative stations. The figure indicates that the
wind speed in the WRF-ROMS-SWAN3 experiment was generally lower compared to that
of other experiments at these stations. However, the wind stress in WRF-ROMS-SWAN3
was higher, primarily due to the larger C; values in this experiment. This higher wind
stress explains why the storm surge simulated by WRF-ROMS-SWANS3 was generally the
highest during Typhoon Haima.

At station S8, the maximum simulated storm surge in the WRF-ROMS-SWAN3 experi-
ment was lower than in other experiments. This is attributed to the station’s location on
the left side of the typhoon track and its proximity to the landfall point. Here, the impact
of sea level pressure on the storm surge is substantial, overshadowing the influence of
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wind stress. Specifically, the sea level pressure can counteract the wind stress, resulting in a
decrease in storm surge height.
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Figure 6. Time series of wind speed, C;, wind stress and sea level pressure at stations S1, S4 and S8
along the coast during typhoon Haima.

These results highlight the necessity of incorporating both wind stress and sea level
pressure into storm surge modeling, particularly in regions near the typhoon’s landfall
point. The precise depiction of these factors is essential for enhancing the accuracy of
storm surge predictions, thereby supporting more effective disaster preparedness and
mitigation efforts.

For Typhoon Nida, the simulation results from different models exhibit some dis-
crepancies. The WRF-ROMS-SWAN1 model simulates a maximum storm surge of 2.35 m,
whereas the WRF-ROMS-SWAN4 model simulates a maximum storm surge of 2.66 m (as
shown in Figure 7). These differences may be associated with various factors, including
model configuration, parameterization methods, and initial and boundary conditions. For
example, under different coupling modes, the models have different accuracies in simulat-
ing the path and intensity of the typhoon, which, in turn, affects the simulation results of
the storm surge. Overall, a difference of 0.31 m is relatively significant in the simulation of
storm surges, indicating that different model configurations have a fairly noticeable impact
on the simulation results. Additionally, since the maximum wind speed of Typhoon Nida
is higher than that of Typhoon Haima, the resulting maximum storm surge is also larger.
We used the same nine stations to analyze the specific storm process. From the specific
storm surge process (Figure 8), the conclusion is consistent with Haima; that is, for S1-S5
stations, the maximum storm surge simulated by WRE-ROMS-SWAN3 is the largest.
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locations.
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We also presented the charts of wind speed, C;, wind stress, and sea surface pressure
for three stations (S1, S4, and S8) during Typhoon Nida (Figure 9). It is evident that, for
most of the time at these stations, the wind speed in the WRF-ROMS-SWAN3 experiment
is the lowest compared to other experiments. However, due to the higher C; values in
WREF-ROMS-SWANS3, the wind stress in this experiment is greater than that in the other
experiments. This is why the storm surge of WRF-ROMS-SWANS3 is the largest for most
of the time. However, the wind speed, C;, and wind stress of WRF-ROMS-SWAN4 are
quite similar to those of WRF-ROMS-SWAN3, and at times, they even surpass the results
of WRF-ROMS-SWANB. This leads to WRF-ROMS-SWAN4 simulating the largest storm
surge. At station S8, the sea surface pressure is notably lower than at stations S1 and S4,
and this has a significant impact. Therefore, the simulation results from all experimental
groups at station S8 are relatively consistent.
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Figure 9. Time series of wind speed, C;, wind stress and sea level pressure at stations S1, S4 and S8
along the coast during typhoon Nida.

4. Discussion

The WRF-ROMS-SWANS3 experiment shows excellent performance in simulating
surface currents and storm surges. This can be mainly ascribed to its distinctive way of
representing the wind stress drag coefficient (C;), which is closely related to wave dynamics.
The coupling between them plays a crucial role in enhancing the simulation accuracy. In
traditional parameterizations (e.g., WRF-ROMS), C; is primarily governed by wind speed,
leading to a simplified linear relationship that fails to capture the saturation of momentum
transfer under high-wind conditions [29]. In contrast, the WRE-ROMS-SWAN3 experiment
incorporates wave-state dependencies, where C; is modulated by both wind speed and
wave age. This dual dependency enhances the realism of sea surface roughness calculations,
as waves with longer fetch or higher steepness increase surface roughness [20], thereby
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amplifying wind stress even under lower wind speeds. This mechanism explains why
WRE-ROMS-SWANS3 generated stronger surface currents despite weaker simulated winds
(Figure 6): the elevated C; compensated for reduced wind momentum by enhancing the
efficiency of energy transfer from the atmosphere to the ocean.

The asymmetry in surface current intensity (stronger currents on the typhoon’s right
flank) further highlights the role of wave—current interactions. During typhoon passage,
wind-wave alignment on the right side generates younger, steeper waves, which increase
local roughness and C; [17]. These transient wave states intensify wind stress in specific
regions, driving stronger convergence of surface currents toward the typhoon center.
Conversely, on the left flank, wave decoupling from wind direction reduces roughness,
leading to weaker stress and current velocities. This spatial heterogeneity underscores
the necessity of integrating wave dynamics into coupled models to resolve momentum
transfer gradients.

For storm surges, the dominance of wind stress over sea level pressure at coastal
stations (S1-S5) arises from the combined effects of onshore winds and wave setup. The
WRF-ROMS-SWANS3 experiment’s higher C; amplified wind stress, which directly en-
hanced water mass transport toward the coast. However, near the typhoon center (stations
S6 and S7), the balance between wind stress and pressure gradient forces minimized inter-
experiment differences. Here, the low-pressure-induced suction effect dominated surge
dynamics, masking variations caused by C; parameterizations. This dichotomy illustrates
how localized feedback mechanisms—wind stress in shallow coastal zones versus pressure
gradients in deep offshore regions—govern surge magnitude.

The discrepancies between Typhoons Haima and Nida further emphasize environ-
mental dependencies. Nida’s higher maximum wind speeds likely induced stronger wave
breaking and sea spray, which nonlinearly modulate C; [28]. In such conditions, parame-
terizations that neglect spray-mediated momentum dissipation (e.g., WRF-ROMS-SWANT1)
overestimate C;, whereas schemes accounting for spray effects (e.g.,, WRF-ROMS-SWAN?3)
better replicate the observed saturation of drag coefficients [12]. This explains why WRF-
ROMS-SWANBS maintained accuracy across both typhoons, despite differences in intensity.

Ultimately, the sensitivity of simulations to C; parameterizations stems from the
interplay between atmospheric forcing, wave-state variability, and ocean response. Models
that decouple these components (e.g., WRF-ROMS) oversimplify momentum transfer
pathways, while coupled frameworks (e.g., WRE-ROMS-SWAN) resolve critical feedback
loops. Future efforts should prioritize dynamic C; schemes that adapt to real-time wave
and spray conditions, particularly in coastal zones where surge predictions hinge on precise
wind stress estimates.

5. Conclusions

The research results highlight the significant influence of air-sea momentum flux
parameterization, especially the representation of the wind stress drag coefficient (Cy),
on the accuracy of coupled atmosphere-wave-ocean models when simulating typhoon-
induced surface currents and storm surges. The superior performance of the WRF-ROMS-
SWAN3 experiment stems from its explicit incorporation of wave-state dependencies into
C4, which dynamically accounts for wavelength and wave age. This approach enhances
sea surface roughness calculations, enabling more efficient momentum transfer from the
atmosphere to the ocean, even under high-wind conditions where traditional wind-speed-
dependent schemes (e.g., WRF-ROMS) fail to capture saturation effects. The resultant
amplification of wind stress compensates for weaker simulated winds, driving stronger
surface currents and elevated storm surges in coastal regions.
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The spatial asymmetry in surface currents—stronger flows on the typhoon’s right
flank—is mechanistically linked to wave—current interactions. Younger, steeper waves on
the right side increase local roughness, intensifying wind stress and current convergence
toward the typhoon center. Conversely, reduced coupling between wind and waves on the
left flank diminishes stress and flow velocities. For storm surges, wind stress dominates
in shallow coastal zones (e.g., stations S1-55), where elevated C; enhances onshore water
transport, while pressure gradients prevail near the typhoon center (e.g., stations S6 and
57), minimizing parameterization-induced discrepancies.

The variation in model performance across typhoons (Haima vs. Nida) underscores
the environmental sensitivity of C;. Under extreme winds (e.g., Typhoon Nida), schemes
neglecting sea-spray-mediated momentum dissipation (e.g., WRF-ROMS-SWAN1) overesti-
mate drag, whereas wave-coupled frameworks (e.g., WRE-ROMS-SWAN3) better replicate
observed saturation trends. This highlights the necessity of adaptive C; parameterizations
that integrate real-time wave and spray dynamics, particularly for high-intensity typhoons.

To advance operational marine forecasting, future efforts should prioritize the devel-
opment of dynamically coupled models that resolve atmosphere-wave—ocean feedbacks,
with a focus on coastal regions where surge prediction accuracy hinges on precise wind
stress estimates. Additionally, expanding validation datasets to include diverse typhoon
intensities and oceanic conditions will further refine parameterization schemes, ultimately
enhancing the reliability of storm surge and surface current forecasts.
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Abstract: Siltation around the harbour entrance poses significant challenges to the naviga-
tional safety and operational stability of coastal ports. Previous research has predominantly
focused on sedimentation mechanisms in sandy coastal environments, while studies on
silt-muddy coasts remain scarce. This paper investigates the causes of siltation around
the entrance of Binhai Port in Jiangsu Province, China, utilising field observation data
and a two-dimensional tidal current numerical model, with emphasis on hydrodynamic
variations and sediment dynamics. Observations reveal that tidal currents induce sediment
deposition in the outer harbour entrance area, whereas pronounced scouring occurs near
breakwater heads. During extreme weather events, such as Typhoons Lekima (2019) and
Muifa (2022), combined wind-wave interactions markedly intensified sediment transport
and accumulation, particularly amplifying siltation at the entrance, with deposition thick-
nesses reaching 0.5 m and 1.0 m, respectively. The study elucidates erosion—deposition
patterns under combined tidal, wave, and wind forces, identifying two critical mecha-
nisms: (1) net sediment transport directionality driven by tidal asymmetry, and (2) a lagged
dynamic sedimentary response during sediment migration. Notably, the entrance zone,
functioning as a critical conduit for water— sediment exchange, exhibits the highest silta-
tion levels, forming a key bottleneck for navigational capacity. The insights gleaned from
this study are instrumental in understanding the morphodynamic processes triggered by
artificial structures in silt-muddy coastal systems, thereby providing a valuable reference
point for the sustainable planning and management of ports.

Keywords: hydrodynamic environment; sediment environment; characteristic analysis;
extreme weather events; silt-muddy coast

1. Introduction

Coastal regions, endowed with abundant natural resources and strategic geographi-
cal advantages, have emerged as pivotal zones for global competition and development.
Against the backdrop of global warming, sea-level rise, and intensified human activities [1-
3], geomorphological evolution in deltaic regions has garnered widespread attention [4,5].
Ports, as quintessential manifestations of human activity and critical hubs for global trade,
exert profound positive impacts on coastal urban development. The positive impacts of
port-driven economies on coastal urban development include stimulated local economic
growth, enhanced urban competitiveness, promoted employment and population mobility,
and improved infrastructure. Notable examples such as the Port of Shanghai and the Port of
Chattogram exemplify the pivotal role of ports in regional economies [6].
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Ports contribute to coastal development through multifaceted mechanisms, particu-
larly as engines for job creation and local economic advancement [7-9]. Approximately
80% of global trade relies on maritime transport, underscoring the indispensability of ports
as components of international commerce [10,11]. Simultaneously, ports function as funda-
mental nodes and potential bottlenecks in global trade networks, facilitating sustainable
trade exchanges [12]. However, the construction of ports gives rise to environmental and
ecological challenges, particularly in the management of sediment and the effects of hydro-
dynamics. Despite the potential for further research in this area, the existing literature on
nearshore hydrodynamic fields, suspended sediment dynamics, and the geomorphological
evolution of subaqueous deltas induced by port infrastructure is limited. The existing
studies have classified abandoned estuaries into three layers, with progressively weaker
hydrodynamic forces from upper to lower strata [13]. Morphodynamic modelling further
reveals that the intensity of the local tidal range governs deltaic morphology [14]. The re-
sults of the simulations indicate that post-construction flow velocities stabilise at a distance
of 2 km from the port, while the tidal prism decreases by approximately 0.07% [15]. A
wave—current coupled hydrodynamic model applied to the Zhuanghe Fishing Port project
demonstrates minimal post-construction alterations to large-scale flow fields, with impacts
confined to localised areas near the port [16]. Numerical simulations of hydrodynamic
interactions at Cha Am Pier highlight sediment accumulation on updrift breakwaters, em-
phasising the criticality of understanding hydrodynamic conditions for effective downdrift
erosion management [17].

In the context of numerous artificially excavated ports, the phenomenon of channel
shallowing due to siltation is pervasive, with some ports experiencing sudden siltation
events triggered by typhoons, storm waves, or cold surges [18]. Studies have demonstrated
that localised channel engineering alters submarine topography, leading to the destabili-
sation of underwater slopes [19]. A notable example is Jiangsu Binhai Port, where severe
recurrent siltation necessitates continuous maintenance dredging to ensure navigational
safety. The challenges posed by high water content in dredged sediments and the oper-
ational complexities involved have resulted in low efficiency and elevated maintenance
costs [20]. Post-construction siltation persists in harbour basins and navigation channels,
even triggering erosional scour pits near the northern breakwater head, posing a threat
to channel stability and breakwater integrity. The recent acceleration in coastal erosion
following the northward shift in the Yellow River’s course has amplified the hydrodynamic
and sediment transport impacts of Binhai Port’s development, positioning it as a critical
research focus [21].

The aim of this study is to analyse the causes of excessive entrance siltation at Bin-
hai Port, Yancheng, Jiangsu Province, through a morphodynamic process lens. To this
end, a two-dimensional tidal current numerical model was developed to investigate post-
construction hydrodynamic alterations, with the dual objectives of providing technical
support for future dredging operations and offering novel insights into siltation mecha-
nisms in silt-muddy coastal navigation channels.

2. Study Area and Model Validation
2.1. Study Area and Model Setup

The Binhai Port area is located in Binhai County, Yancheng City, Jiangsu Province, on
the erosive silty sand coastline of the abandoned Yellow River Delta, as shown in Figure 1a.
The coastline of this region juts out into the sea and is characterised by strong nearshore
wave dynamics, active sediment movement and a complex underwater topography with
significant underwater slope erosion. The area has a turning point at the northern tip of
the abandoned Yellow River estuary, where the direction of the coastline changes from
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northwest—southeast (NW-SE) to north-south (N-S). The terrain is generally flat, gently
sloping from southwest to northeast towards the Yellow Sea, with ground elevations
ranging from 2 to 3 m. The southern area has slightly higher terrain, forming a ridge-like
landform. The coastline is subject to continuous erosion. Since the implementation of
coastal protection works in the 1970s, the erosion rate has slowed down considerably,
while the scour rate on the shoals has increased significantly [19,22]. Recent research
suggests that the remaining nearshore section of the —15 m isobath along the Jiangsu
coast offers favourable conditions for deepwater port development. According to nautical
charts provided by the China Maritime Safety Administration (2014 and 2016 data), the
water depth distribution in the Binhai Port area is shown in Figure 2. The —5m, —10 m,
and —15 m isobaths are approximately 0.9 km, 1.9 km, and 3.8 km from the coastline,
respectively [19], providing suitable deep water conditions for the development of Binhai
Port. The construction of Binhai Port started in July 2009, with the construction of the north
and south breakwaters completed by June 2011. The 100,000-tonne multipurpose terminal
officially started operations in October 2014. The breakwaters of the port are designed in a
zigzag pattern, consisting of a northern breakwater 4880 m long and a southern breakwater
1985 m long. The depth of the water at the head of the northern breakwater is 14 m, while
the depth of the southern breakwater is 10 m. The entrance width is 800 m and the distance
between the two breakwaters is 2.3 km. These structures provide essential protection for
the harbour and significantly influence sediment transport and the dynamic equilibrium of
the surrounding marine environment. The wide study area for this model extends from
33.7° t0 35.8° N and 119.7° to 122.45° E, while the narrow study area extends from 34.2°
to 34.4° N and 120.15° to 120.45° E, as shown in Figure 1b. The simulation time frame
was set from 1 February 2021 to 1 April 2021. The reliability of the model is supported by
comparisons with measured data from validation points, the distribution and locations
of which are shown in Figure 1b. One observation point and eight validation points (as
shown in Table 1) were selected to compare the observed results with the simulated data
for tidal levels, currents, and suspended sediment concentrations.

4

(a) (b)

Figure 1. (a) Geographical location of the study area; (b) distribution of observation points and
eight characteristic points. It should be noted that the shaded area in panel (b) represents the study
region. (Note: The geographic location map is sourced from Google Earth.)
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Figure 2. The grid and bathymetry of the study area (a,b) and the grid and bathymetry of the
small-scale model (c,d) are presented.

Table 1. Coordinates of observation data points.

Station Longitude (°E) Latitude (°N) Observation Instruments Measured Parameters
OB (Observation Point) 120.30 34.26 KELLER Pressure Tide Gauge Tidal Level
Acoustic Doppler Current Profiler Velocity/
Al (Validation Point) 120.29 34.34 (ADCP)/OBS-3A Turbidimeter Direction/
RBR Concerto Turbidimeter Sediment Concentration
Acoustic Doppler Current Profiler Velocity/
A2 (Validation Point) 120.31 34.32 (ADCP)/OBS-3A Turbidimeter Direction/
RBR Concerto Turbidimeter Sediment Concentration
Acoustic Doppler Current Profiler Velocity/
A3 (Validation Point) 120.31 34.31 (ADCP)/OBS-3A Turbidimeter Direction/
RBR Concerto Turbidimeter Sediment Concentration
Acoustic Doppler Current Profiler Velocity/
A4 (Validation Point) 120.30 34.30 (ADCP)/OBS-3A Turbidimeter Direction/
RBR Concerto Turbidimeter Sediment Concentration
Acoustic Doppler Current Profiler Velocity/
A5 (Validation Point) 120.32 34.29 (ADCP)/OBS-3A Turbidimeter Direction/
RBR Concerto Turbidimeter Sediment Concentration
Acoustic Doppler Current Profiler Velocity/
A6 (Validation Point) 120.34 34.29 (ADCP)/OBS-3A Turbidimeter Direction/
RBR Concerto Turbidimeter Sediment Concentration
Acoustic Doppler Current Profiler Velocity/
A7 (Validation Point) 120.30 34.29 (ADCP)/OBS-3A Turbidimeter Direction/
RBR Concerto Turbidimeter Sediment Concentration
Acoustic Doppler Current Profiler Velocity/
A8 (Validation Point) 120.30 34.28 (ADCP)/OBS-3A Turbidimeter Direction/

RBR Concerto Turbidimeter

Sediment Concentration

Note: The ocean current observation was conducted using an acoustic Doppler current profiler produced by

Nortek, a company based in Norway.
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Prior to the start of the observations, the Acoustic Doppler Current Profiler was
set to begin measurements on the hour, with measurements taken every 10 min. Each
measurement session lasted 100 s with a continuous sampling frequency of 1 Hz. The
average of each session was taken as the observation value. The pressure tide gauge was
also configured to start observations on the hour, with measurements taken every 10 min.
Each session lasted 60 s at a sampling frequency of 1 Hz and the average value was also
taken as the observation value. Simultaneously with the turbidity measurements, seawater
samples were taken from the surface at a depth of 0.6H and from the bottom every 2 h.
The sediment concentration in the water samples was determined by the filtration and
drying method.

The predominant wind direction in this region is from southeastern (SE) directions,
followed by south-southeast (SSE), with strong winds predominantly originating from
north (N) directions. The frequency of winds from various directions is demonstrated
in Figure 3. Wind speed and direction measurements were performed using the DEM6
Portable Three-Cup Anemometer.
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Figure 3. Rose diagrams of wind in the study area. (Note: The data are sourced from the “Hydrologi-
cal Observation Report for the Optimization Plan of Coastal Port Layout”, April 2021.)

This study employs the Delft3D-Flow module for numerical modelling, with the
computational grid constructed using the Grid-RFFGRID module comprising 225,319 cells.
Bathymetric data were interpolated via the Grid-QUICKIN method, with a large-scale
orthogonal curvilinear grid configuration as illustrated in Figure 2a.
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The sediment sources in the study area were categorised into three types based on
the existing literature: offshore sediment supply, terrestrial input, and localised sediment
recirculation. The bathymetric inputs were derived from field measurements [23], with
the minimum water depth set to 47 m and subjected to smoothing procedures. Figure 2b
presents the simulated bathymetric distribution. To streamline boundary condition im-
plementation, nested grid techniques were applied, where large-scale grid data provided
boundary constraints for finer-resolution subdomains (see spatial domains in Figure 2¢,d).
The model domain features three open boundaries and one closed land boundary. The tidal
forcing at the open boundaries was implemented using harmonic constants from 13 tidal
constituents extracted from the TPXO9 global tidal database following the methodology
of Fu et al. [24]. This approach has been demonstrated to demonstrate superior accuracy
in Chinese coastal waters. A cold-start initialisation approach was adopted to ensure
numerical stability during model spin-up.

Sediment Parameter Settings: According to the General Report on Ocean Investigation
and Evaluation of Jiangsu Province [25], there is a significant spatial heterogeneity in
the sediment distribution in the coastal areas of Jiangsu Province. The median particle
size of sediments in the Yellow River Estuary ranges from 0.01 to 0.08 mm, indicating a
relative size distribution predominantly composed of fine particles; hence, the sediment
parameters in the model exhibit spatial heterogeneity. Based on the relationship between
suspended sediment particle size and settling velocity determined through physical model
experiments, the settling velocity was set between 0.01 and 1.4 mm/s. Utilising an empirical
formula for particle size and erosion rate, this study set the erosion rate at 2 x 107> to
5% 107° kg/ m?/s, with critical erosion stress established at 0.6 to 0.12 N/m?, and a
constant critical deposition stress of 0.05 N/m?. Sensitivity tests determined a time step of
0.5 min. The sediment concentration distribution in this region exhibits a characteristic of
higher concentrations nearshore, decreasing significantly offshore. The average sediment
concentrations near the —5 m and —10 m depth contours are approximately 0.98 and
0.58 kg/m?, respectively, while in deeper waters beyond —20 m, it falls below 0.1 kg/m?.
Therefore, the sediment concentration boundary conditions for the south and northwest
open boundaries were interpolated linearly from 1.0 kg/m? on the landward side to the
offshore northeastern boundary, where the sediment concentration was set to zero. For the
closed boundary, a non-penetrable condition was applied, meaning the normal sediment
concentration was zero.

Wave Parameter Settings: The wind field data utilised in the SWAN model was derived
from ERAS5, with the spatial extent of the model for the Jiangsu coastal waters spanning
from 33.7° to 35.8° N and 119.7° to 122.45° E. The computational time step was set to
one hour, with a storage time step also of one hour, and the breaking wave parameter was
set to 0.86. During the simulation process, interactions between waves, as well as wave
dissipation caused by whitecapping, bottom friction, and wave breaking, were considered.

2.2. Validation of Tidal Currents

As demonstrated in Figure 4, a comparison was made between the simulated and
observed water levels at the designated station. The root mean square error (RMSE) is
0.1452 m, and the correlation coefficient is greater than 0.87, indicating the reliability of
the model for further simulation work. Furthermore, as demonstrated in Table 2, the
primary tidal harmonic constants of the tidal level simulation, in conjunction with the
observed data and their discrepancies, are presented. The table shows that the largest
amplitude error occurs for the M4 tidal component, with a difference of 10.4 cm, while
the amplitude error for the O1 tidal component is 0 cm. With regard to phase lag, the
M4 tidal component exhibits the greatest discrepancy, with a difference of 28.0°, while
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the O1 component demonstrates the least phase lag error, with a difference of only 0.3°.
These comparative results demonstrate that the model performs well in simulating the
tidal current field.
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Figure 4. Tidal validation chart.

Table 2. Comparison of harmonic constants at tide gauge stations.

Observed Simulated
Station Tidal Constituent Phase Lag Difference Ph Lo Phase Lag Difference Ph Lag Amplitude (cm) Phase Lag (°)
Amplitude (cm) ase Lag (*) Amplitude (cm) ase Lag (*)

Q1 2.3 329.2 2.6 3274 —-0.2 1.8

O1 22.3 329.4 22.3 329.1 0.0 0.3

K1 20.2 379 18.9 36.2 1.3 1.8
N2 12.1 208.1 16.5 208.6 —4.4 -0.5
OB M2 833 223.0 88.1 242 —48 ~12
S2 28.2 290.8 31.0 293.3 —-28 —25
M4 23.1 114 12.7 394 10.4 —28.0
MS4 19.8 86.1 13.5 108.4 6.3 —22.3

In order to enhance the precision of the model, a comparative analysis was undertaken
between the observed and simulated values of flow velocity, flow direction, and sediment
concentration at stations A1-A8. As demonstrated in Figure 5, the simulated flow velocities
and directions exhibit a strong alignment with the observed data. The hydrodynamic
numerical model that has been developed demonstrates a high degree of accuracy in
replicating the flow field distribution, thereby providing reliable support for the analysis of
the hydrodynamic characteristics of the coastal area.
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Figure 5. Validation of flow velocity and direction. (a) Comparison between simulated and observed
flow velocities; (b) comparison between simulated and observed flow directions.

89



J. Mar. Sci. Eng. 2025, 13, 494

2.3. Wave Model Validation

The SWAN wave model was forced by wind fields derived from the Weather Research
and Forecasting (WRF) model. The computational domain spanned 33.7° N-35.8° N,
119.7° E-122.45° E, with a 1 h computational time step and equivalent output interval.
Depth-induced wave breaking was parameterized using a breaker index of 0.86. The
simulations incorporated key wave dissipation mechanisms, including bottom friction,
and depth-induced breaking, and nonlinear wave-wave interactions. Table 3: Geographic
coordinates of the wave observation stations along the Jiangsu coast. Figure 6a shows the
location map.

Table 3. Geographic coordinates of monitoring stations.

Station Name Longitude Latitude
Jiangsu Binhai Statio 120.2983° E 34.26° N

24 R — A— CO— CON—

binkaStation

Significant Waav Heignl <m

34N E & 1z I — 30
(a) (b)

Figure 6. Wave height validation chart. (a) Schematic of the observation station’s geographic location.
(b) Comparison of simulated and measured wave heights in August 2019.

Validation against in situ wave observations from Jiangsu Binhai Station (4-14 August 2019);
Figure 6b demonstrates strong agreement between the third-generation wave numerical
model outputs and field measurements. Comparative analysis with annual wave buoy
data reveals that the model achieves a wave height prediction error of <15% under routine
sea conditions, with key statistical metrics including a correlation coefficient (R) of 0.89,
root mean square error (RMSE) of 0.23 m, and mean absolute error (MAE) of 0.18 m.
During the extreme wave event induced by Typhoon Lekima (2019), the model successfully
captured the evolution of the maximum significant wave height (3.3 m), with a phase error
of <1 h. This high-fidelity performance validates both the applicability of the model’s
parameterization schemes in the shallow waters of northern Jiangsu and the reliability of
the observational system. The results provide robust technical and data-driven support for
coastal engineering design, storm surge forecasting, and marine environmental studies.

2.4. Suspended Sediment and Wave Validation

The sediment field was calculated from 1 March 2021 to 1 April 2021. The validation
period for suspended sediment during spring tides was from 14:00 on 12 March 2021
to 17:00 on 13 March 2021, and for neap tides from 14:00 on 22 March 2021 to 19:00 on
23 March 2021. The validation process entailed the utilisation of stations Al through AS,
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which were employed to validate sediment concentrations under both pure tidal flow and
the combined effects of wave and current interactions. The validation results are illustrated
in the figure below:

As demonstrated in Figure 7, the simulated suspended sediment concentrations
(SSCs) under combined wave—current interactions demonstrate a strong correlation with
measured values across all the stations. However, the SSC variation exhibits a dual-
peak pattern within a tidal cycle, contrasting with the quadruple-peak characteristics of
tidal current velocities. The enhancement of wave height has been observed to result in
increased sediment resuspension, leading to elevated SSC levels. Conversely, a reduction
in wave height has been shown to result in a decline in SSC, although this response is
less pronounced due to the influence of delayed settling effects, which are dictated by
factors such as sediment grain size and hydrodynamic inertia. During late ebb phases,
a significant decrease in SSC has been documented, attributable to the reduction in flow
velocity, which concomitantly diminishes the sediment-carrying capacity. Given the non-
negligible wave effects in the study area and the strong consistency between the simulated
and observed SSC under wave—current coupling (Figures 7 and 8), the adopted model
incorporating wave—current interactions proves robust for capturing sediment dynamics in
this silt-muddy coastal environment.
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Figure 7. Validation of suspended sediment concentrations during tidal cycles. (a) Neap tide;

(b) spring tide.
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Figure 8. Comparison of erosion and deposition in the study area. (a) Measured bathymetric changes;
(b) simulated erosion and deposition distribution.

2.5. Validation of Erosion and Deposition

As demonstrated in Figure 8a, the bathymetric changes were measured over the
period from 27 August to 9 November 2022. It is noteworthy that no dredging activities
were conducted in the harbour basin or navigation channel during the observation period,
thereby enabling the observations to serve as validation data for natural sedimentation.
The results indicate that sedimentation in the navigation channel primarily occurs in the
recirculation zone near the estuary, where bathymetric changes of 2-3 m were observed.
Within the LNG harbour basin, the depth change was approximately 1 m, while the outer
navigation channel exhibited an erosional trend.

The erosion and deposition distribution over a two-month period (September to
October 2022) is presented in Figure 8b. The sediment distribution model results indicate
that sedimentation is predominantly concentrated in the recirculation zone near the estuary.
The sediment accumulation in the LNG navigation channel ranged from 2 to 3 m over
the two-month period, while the harbour basin exhibited sedimentation of approximately
1-2 m. The intensity and spatial distribution of the modelled sedimentation align well
with the measured results. The primary sedimentation zone in the navigation channel is
concentrated in the recirculation zone, where weakened hydrodynamic forces result in
sedimentation with a maximum thickness of 2.5-3.0 m. The accumulation extends in a
tongue-shaped pattern into the harbour. In the LNG harbour basin, uniform sedimentation
of 1.0 £ 0.2 m is observed, while the outer navigation channel exhibits an erosional trend
due to increased tidal flux. These observations are indicative of the spatial heterogeneity of
sediment transport pathways.

As demonstrated in Figure 8b, the modelled results under natural conditions, in-
corporating wave—-current-sediment interactions for the study area from September to
October 2022, are highlighted. The simulation successfully reproduces the observed sedi-
ment transport patterns, demonstrating that a sediment accumulation layer of 2.1-3.0 m
forms monthly in the estuary recirculation zone, with a relative error of less than 15%
compared to the measured values. Sediment accumulation along the axis of the LNG
channel reaches 2.3-3.0 m. It is notable that the spatial gradient of sediment distribution
and the isopleth morphology in the model closely match the measured data. In particular,
in the estuary-to-harbour transition zone, the horizontal deviation between the simulated
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and observed sedimentation centres is less than 50 m. Since the construction of the north-
ern breakwater of the coastal port area in June 2011, the jetting effect and localised wave
reflection near the breakwater head have intensified flow velocities in this region, exacer-
bating seabed erosion near the breakwater head. The development of the scour pit near
the breakwater head is outlined in Table 4. The scour pit has been observed to exhibit
exponential growth, with a monthly average scour depth of 0.9-1.1 m, which is consistent
with the modelled results of 0.95-1.05 m/month (relative error < 8%).

Table 4. Monitoring results of punching pit depth development in Binhai Port Area.

Monitoring time September 2015 9 April 2016 9 May 2016
Maximum blunt depth/m -21.9 —35.7 —36.5

From the perspective of system validation, the model achieves engineering-level
accuracy in several key metrics, including natural sedimentation intensity (annual sedi-
mentation rate deviation < 15%), scour pit development rate (phase error < 5 days), and
spatial differentiation of erosion and deposition (similarity coefficient > 0.78). Of particular
note is the agreement in sedimentation thickness within the estuary zone, where measured
values of 2.5-3.0 m closely correspond to the simulated result of 2.7 m, thereby demonstrat-
ing the model’s capacity to capture the coupled processes of recirculation dynamics and
flocculation-induced sedimentation.

3. Characteristics Analysis
3.1. Hydrodynamic Characteristics Analysis

As analysis nodes, the time of maximum ebb was set at 1:00 a.m. on 13 March 2021,
while the time of maximum flood was chosen as 7:00 p.m. on 12 March 2021. The slack prior
to flood occurrence was designated as 11:00 p.m. on 12 March 2021, and all slack preceding
ebb times were set at 5:00 a.m. on 13 March 2021. The selection of these time nodes is based
on tidal harmonic analysis and verified by the observed water levels (see Figure 2).

Tidal level analysis reveals that the study area is characterised by regular semidiurnal
tidal currents [26]. The model utilises observational data from 2021 to perform a compar-
ative analysis. As demonstrated in Figure 9, the overall flow pattern manifests smooth
characteristics. During periods of flood tide, the tidal current flows predominantly in a
southeastern direction, while during periods of ebb tide, the flow reverses to a northwest-
ern direction. However, in the vicinity of the shoreline, a notable similarity is observed in
the flow behaviour during both phases: the influence of boundaries and the underwater
topography near the shore results in the flow direction aligning almost parallel with the
shoreline and the isobaths. The nearly opposite directions of flood and ebb tides suggest
that the study area exhibits a reciprocating flow pattern. Specifically, during flood tide, the
flow direction ranges between 145° and 178°, while during ebb tide, it ranges between 319°
and 353°.

During periods of spring tides, the flood tide moves from a northwest to a southeast
direction. Upon reaching the northern breakwater, the current is obstructed by nearshore
structures in the northwest section, which reduces the flow velocity. The current then
moves towards the corner and southeastern sections of the northern breakwater, where
these segments act as guiding structures, enhancing the flow velocity on their outer sides.
The development of high-velocity zones is observed in the vicinity of the breakwater
opening and the northern breakwater head, with maximum velocities reaching up to
1.2 m/s. As the current flows past the breakwater head, a clockwise eddy forms on the
southern side of the breakwater. As this eddy develops, the water on its outer edge flows
southeast along the southern breakwater, which also serves as a guiding structure, with
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velocities around 0.4 m/s. The current continues to evolve as it flows upstream along
the southern breakwater and enters the harbour area. Upon encountering the southern
side of the northern breakwater, the flow direction undergoes a change, with the northern
breakwater acting as an additional guiding structure. This results in the formation of
a counterclockwise eddy within the harbour. Within the semi-enclosed region of the
harbour, flow velocities remain relatively slow, remaining below 0.2 m/s. The flow velocity
continues to decrease as the flow enters the harbour’s interior.
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Figure 9. Flow field during maximum flood and ebb (spring tide). (a) Maximum flood; (b) slack
before flood; (¢) maximum ebb; (d) slack before ebb.

During the ebb tide, the tidal flow retreats in the opposite direction to that of the flood
tide. The current is impeded by the southern breakwater, leading to a reduction in flow
velocity. The tidal current is influenced by the guiding effect of the southern breakwater,
flowing along its length and converging with the outflowing current near the breakwater
opening, forming a transverse flow at the southern breakwater head. On the northern
side of the northern breakwater, after the ebb current passes through the opening and
flows past the northern breakwater head, a circular eddy is formed, with its elliptical
major axis longer than the minor axis. As the tidal current strengthens, the elliptical
eddy undergoes further development and extends northwestward, reaching as far as the
turning point of the northern breakwater. At this turning point, the tidal flow bifurcates into
two branches: one flows southwestward to merge with the main ebb current, while the other
flows southeastward along the northern breakwater. The northern breakwater functions as
a guiding structure, exhibiting a flow velocity of approximately 0.3 m/s.

Within the confines of the breakwater, a clockwise eddy also comes into being. Due to
the pronounced sheltering effects within the harbour basin, the flow velocity is relatively
low, remaining below 0.2 m/s. Seawater flowing outward from the breakwater opening
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eventually joins the main ebb current. While the configuration of the coastal harbour
exerts a certain degree of influence on the directions of flood and ebb currents outside the
breakwaters, it does not result in a substantial alteration to the overall flow pattern of the
entire study area.

The velocity distribution demonstrates a tendency for higher flow velocities in offshore
regions and lower velocities within the harbour. This suggests that the flow velocity within
the coastal harbour is, on average, lower than that of the surrounding waters. At the harbour
entrance, the influence of the breakwaters results in the observation of maximum velocities,
with the high-velocity region gradually expanding towards the shallows. However, it is
important to note that the distribution of flow velocity does not always align perfectly
with the bathymetry. Specifically, velocities are comparatively low near the coastal harbour,
while they are higher near the eastern and northern boundaries.

In the sea area proximate to the harbour entrance, the maximum flow velocity during
peak flood and peak ebb reaches 1.5 m/s. It is noteworthy that in the vicinity of the former
Yellow River estuary, the area exhibiting equivalent flow velocities during peak ebb is
typically more extensive compared to that during peak flood. A comparison of the flow
fields for peak flood and peak ebb indicates that apart from specific cases influenced by
shallow areas, the flow paths during flood and ebb tides are essentially consistent.

Within and in the vicinity of the coastal harbour, the recirculation zone in proximity to
the harbour entrance is the most prominent region. This phenomenon can be attributed to
the contraction effect of the breakwaters, resulting in interactions between the main flow
and the recirculation, which promote mixing. Furthermore, the velocity gradient, caused
by the higher flow velocity outside the harbour basin and the relatively stagnant water
head inside, induces shear stress, triggering secondary recirculations. This, in turn, serves
to augment the overall turbulence of the flow pattern within the area.

As illustrated in Figure 10, the highest cross-flow velocity among the three calculated
points during the spring tide is observed at Point V1, which is located in proximity to the
entrance of the harbour basin. At this location, the jetting effect at the tip of the breakwater
is intensified, and the region with the highest flow velocity is primarily concentrated near
the navigation channel. The velocity component perpendicular to the tidal current direction
is more pronounced due to the navigation channel’s main axis being at a small angle to the
current. This results in a more significant cross-flow phenomenon.
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Figure 10. Distribution of characteristic points and magnitudes of flow velocity in cross-flow calcula-
tions. (a) Characteristic points; (b) flow velocity.
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3.2. Analysis of Suspended Sediment Characteristics
3.2.1. Characteristics of Sediment Concentration

As demonstrated in Figure 11 there is a clear correlation between the average sus-
pended sediment concentration (SSC) and hydraulic parameters (flow velocity and water
level) at four monitoring stations. During spring tides, the distribution of SSC demon-
strates relatively stable fluctuation amplitudes, indicating hydrologically stable conditions
in nearshore areas. Conversely, during the flood tide phase, the sustained rise in water level
engenders an augmentation in sediment resuspension frequency through the intensification
of hydrodynamic forcing, thereby precipitating a gradual rise in SSC. This phenomenon
is hypothesised to originate from effective bed shear stress-driven sediment entrainment
from channel beds and adjacent deposits.

Velocity (m/s) / Tide level (m)

Velocity (m/s) / Tide level (m)

L L L L L L L
5 10 15 20 25 5 10 15 20 25

Figure 11. Relationship between average suspended sediment concentration, average flow velocity,
and water level at each station. (a) Station Al; (b) Station A2; (c) Station A5; (d) Station A6.

Conversely, during ebb tide phases, diminished water levels reduce flow competence
for sediment suspension, triggering particle settling and consequent SSC decrease. This
inverse relationship between SSC and water level highlights the dynamic interplay between
sediment transport and tidal hydrodynamics. Specifically, the synergistic effects of rising
water levels and accelerated flows during flood tides significantly enhance sediment
mobilisation and transport efficiency. Conversely, the ebb tide phase is characterised
by a decline in SSC, which is associated with reduced hydraulic energy and enhanced
sedimentation.

The synchronised fluctuations in water level, flow velocity, and SSC values across tidal
cycles further substantiate the predominance of tides on sediment dynamics. Phase-locked
increases in all three parameters during flood tide transition to synchronous decreases
during ebb phases, thus demonstrating tidal pumping as the primary control mechanism
for suspended sediment redistribution in this estuarine system.
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3.2.2. Characteristics of Suspended Sediment Distribution Under Pure Tidal Currents

The distribution of suspended sediment in the harbour area during four tidal phases
(flood surge, ebb surge, flood slack, and ebb slack) is illustrated in Figure 12. As is appar-
ent from the figure, during the ebb phases, the spatial extent of the high-concentration
suspended sediment regions is generally larger than during the flood phases. Specifically,
during the flood surge phase, the maximum suspended sediment concentration occurs in
the northwest area outside the harbour basin, while the suspended sediment concentration
inside the basin also increases. During the flood slack phase, the high-concentration
region shifts in a southeastward direction, likely due to the advection transport of

suspended sediment.
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Figure 12. Distribution of suspended sediment concentration under tidal currents. (a) Flood surge
and (b) flood slack; (c) ebb surge; (d) ebb slack.

During the ebb surge phase, the high-concentration region undergoes a further expan-
sion, which may be indicative of the outward transport of suspended sediment. A similar
phenomenon is observed during the ebb slack phase, wherein the high-concentration region
shifts northwestward, indicating a redistribution of sediment influenced by tidal currents.

The presence of three distinct suspended sediment bands in the vicinity of the coast is
observed under both flood and ebb tides. The formation of these bands is likely attributable
to the transportation of sediment in both northward and southward directions, respectively,
towards Haizhou Bay and the Subei Radial Sand Ridges [26]. Furthermore, at the harbour
entrance, the sudden decrease in flow velocity leads to the accumulation of sediment,
resulting in the formation of banded distributions along the transport pathways.

Within the confines of the harbour basin, the suspended sediment concentration
is found to be relatively low. However, as one moves outward towards the sea, the
concentration initially increases and then gradually decreases. The average suspended
sediment concentration in the sea area exceeds 0.5 kg/m?, which is generally higher than
in the other coastal areas of China, thus classifying this region as one of the highest in terms
of suspended sediment concentration along the Jiangsu coast.
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This phenomenon can be attributed to two primary factors: (1) the presence of a sub-
stantial sediment supply resulting from coastal erosion and (2) the prevalence of stronger
ebb currents near the coast in comparison to flood currents, which facilitate the transport
of sediment towards the sea.

The isoconcentration contours of suspended sediment roughly follow the orientation of
the coastline. This phenomenon can be explained by two factors: (1) the geomorphological
features of the coastline dominate sediment transport patterns in the region, and (2) the
coastal zone contains abundant terrigenous sediment inputs.

In summary, the spatial extent of suspended sediment distribution is greater in areas
farther from the harbour basin, while the concentration inside the harbour basin is relatively
low. During ebb phases, the maximum suspended sediment concentration and the area of
high-concentration regions inside the harbour basin are significantly higher compared to

flood phases.

3.2.3. Characteristics of Suspended Sediment Distribution Under Wave-Current Coupling

As demonstrated in Figure 13, during the flood surge phase, the intensification of
wind may increase surface wave activity, leading to elevated suspended sediment concen-
trations on the northwest side outside the harbour basin. This phenomenon also promotes
the transport of suspended sediment into the harbour basin. As the flood slack phase
approaches, weakening wind speeds or shifts in wind direction enhance the southward
movement of suspended sediment, significantly intensifying advective transport during

this period.
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Figure 13. Suspended sediment concentration distribution under wave—current interactions. (a)
Flood surge; (b) flood slack; (c) ebb surge; (d) ebb slack.

During the ebb surge phase, strong winds accelerate sediment transport outward,
expanding the high-concentration region of suspended sediment. Even during the ebb slack
phase, the continued influence of wind may cause the location of maximum suspended
sediment concentration to shift upward. This suggests that wind not only influences

water flow but also alters the deposition and redistribution patterns of suspended sediment.
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Consequently, suspended sediment concentrations are observed to exhibit an upward trend,
attributable to the modifying effects of wind strength and direction on wave characteristics,
which in turn leads to alterations in wave energy.

In circumstances where wave activity is absent, variations in suspended sediment con-
centrations are predominantly influenced by tidal currents. However, under wave—current
interactions, waves significantly impact suspended sediment distribution by altering hydro-
dynamic conditions. The presence of waves has been shown to facilitate higher suspended
sediment concentrations, particularly in the northwest region outside the harbour basin
and within the basin itself. The stirring effect of wind waves enhances the resuspension
of sediments and facilitates the inward transport of suspended sediment into the harbour
basin. The coupling of waves and currents leads to a more complex spatial variation in
suspended sediment concentration. For instance, during the ebb slack phase, the persistent
impact of wind waves causes the high-concentration zone to “shift upward,” reflecting the
influence of wind waves on sediment redistribution patterns. In conclusion, it is evident
that waves significantly modify the distribution pattern of suspended sediment, which is
otherwise predominantly influenced by tidal currents.

Tidal currents represent the predominant driving force in the distribution of sus-
pended sediments. Changes in high-concentration areas and the extent of suspended
sediment distribution are closely tied to the direction and strength of flood and ebb tidal
currents. The stronger ebb currents in comparison to flood currents promote the outward
transport of suspended sediment. The reduced flow velocity experienced in the vicinity
of the harbour entrance gives rise to the deposition of sediment, resulting in a banded
distribution pattern. This observation underscores the pivotal role of tidal currents in
the transportation and deposition of sediments. However, the inclusion of wave activity
significantly alters the dynamic characteristics of suspended sediment. Wind waves, by
stirring water masses, enhance the capacity for the resuspension of sediment, particularly
during high-energy events such as flood surges and ebb surges, where there is a significant
increase in suspended sediment concentrations and rapid transportation. Furthermore,
wind waves modify the direction and strength of tidal currents, thereby affecting the
advective transport of suspended sediment and altering patterns of sediment deposition
and redistribution.

In natural marine environments, tidal currents and waves frequently act in combina-
tion. A sediment transport model that considers only tidal currents may not accurately
reflect real-world conditions. It is, therefore, vital to couple wave effects in order to achieve
a more realistic simulation of suspended sediment concentration dynamics. The influence
of waves on sediment movement patterns is significant, with alterations to hydrodynamic
conditions, including bottom shear stress and wave—current interactions, being a primary
factor. A more profound comprehension of the distribution of suspended sediment in
the context of wave—current interactions is, therefore, essential to attain a comprehensive
understanding of the intricate nature of sediment transport processes.

3.2.4. Characteristics of Suspended Sand Transport

As demonstrated in Figure 14, prior to the analysis of suspended sediment transport
characteristics in the coastal area, it is acknowledged that the seabed sediment in this region
predominantly comprises fine silt and clayey silt. In the context of high-velocity flows,
these sediments are susceptible to erosion and transport. Within the port area, suspended
sediment is primarily transported seaward. Moving outward from the port, the suspended
sediment concentration is observed to be relatively high near the estuary, as illustrated
in the figure. Furthermore, a clockwise circulation of suspended sediment transport is
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apparent near the breakwater, which likely promotes deposition in this region, contributing
to sediment accumulation.
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Figure 14. Suspended sediment concentration and distribution.

Exiting the port, the transport direction of the suspended sediment deflects, forming
two primary transport pathways. One of these is directed northwestward toward Haizhou
Bay, while the other heads in the opposite direction, southwestward toward the Subei
Shoals. Consequently, the suspended sediment from the Huanghe River Estuary, which has
been abandoned, is transported towards the southern tidal flats. Observations indicate that
during periods of high-energy events, such as strong winds and waves, sediment transport
becomes more pronounced in this region.

In summary, based on the numerical simulation results and previous studies, under
normal conditions, suspended sediment transport in the Huanghe River Estuary occurs
in two main directions: northwestward toward Haizhou Bay and southwestward toward
the Subei Shoals [20]. The overall suspended sediment migration in this area is found to
generally follow the northern trajectory along the Subei coastline. The predominant factors
influencing sediment transport in this region are tidal currents and resuspension. It can
be inferred that over extended periods, coastal areas are predominantly subject to erosion,
with eroded sediments typically being transported southward, resulting in a pattern of
erosion in the northern region and deposition in the southern region.

3.3. Analysis of Sediment Erosion and Deposition Characteristics
3.3.1. Erosion and Deposition Under Normal Weather Conditions

The analysis of field observation data and numerical simulation results indicates (as
shown in Figure 15 that, prior to the implementation of the project, the sediment erosion and
deposition processes in the study area exhibited significant spatiotemporal heterogeneity.
In terms of spatial distribution, three distinct erosion—deposition units have been identified:
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the estuary, the main harbour basin, and the northern breakwater head. The evolution of
these units is jointly controlled by tidal dynamics and local geomorphological conditions.
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Figure 15. Erosion and deposition distribution in the study area.

During the flood tide stage, as the tidal current propagates from the open sea into the
harbour, the combined effects of the estuary’s narrowing and the abrupt change in harbour
basin topography lead to the formation of a pronounced recirculation zone in the estuary
region. The velocity field in this area exhibits a pronounced gradient, with maximum flow
speeds of 3.5 m/s at the estuary rapidly decaying to below 0.8 m/s inside the harbour
basin. This precipitous decline in flow velocity substantially mitigates fluid shear stress,
consequently leading to the flocculation and settling of fine suspended sediments with
a median grain size of d50 > 0.03 mm. Over the course of 60 tidal cycles, a continuous
deposition layer of a thickness ranging from 2.5 to 3.5 m forms in this region, exhibiting a
vertical sorting pattern of finer sediments overlying coarser sediments.

During the ebb tide, the hydrodynamic system undergoes a reversal, resulting in the
transport of eroded material from the main harbour basin downstream by the ebb current.
The geometry of the basin, which is “funnel-shaped”, serves to constrain flow velocities,
which gradually increase near the estuary. This increase in velocity creates a “corridor
effect” that facilitates secondary sediment transport. It is estimated that approximately 40%
of the suspended sediment undergoes redeposition in the transition zone from the harbour
basin to the estuary, forming a wedge-shaped deposition layer 2-3 m thick. It is noteworthy
that this depositional belt exhibits an asymmetric cross-sectional distribution, with greater
thickness on the eastern side. This asymmetry can be attributed to the deflection of flow
paths caused by Coriolis forces.

The evolution of the scour trench at the northern breakwater head is of particular
hydrodynamic significance. Observations made in situ demonstrate that during both flood
and ebb tides, a jetting effect occurs at the breakwater head, resulting in a 35% increase in
flow velocity. Furthermore, the analysis of field observations indicates that the velocities of

101



J. Mar. Sci. Eng. 2025, 13, 494

tidal currents in proximity to the breakwater waterhead exceed the critical threshold for
initiating the motion of muddy clay layers. This is identified as the primary factor driving
scouring. The intense hydrodynamic conditions in this area have been shown to lead to
severe seabed erosion. The data indicates a positive correlation between scour intensity
and tidal range and a pulsating development pattern during spring and neap tidal cycles.

The mechanisms underlying the aforementioned erosion and deposition patterns can
be attributed to the following: Firstly, net sediment transport asymmetry induced by tidal
asymmetry. Secondly, local flow field distortion is caused by abrupt topographic changes.
And thirdly, lag effects in the dynamic depositional response during sediment transport. It
is noteworthy that the estuary region, as the critical chokepoint for water and sediment
exchange, experiences the highest sedimentation rates and consequently becomes the key
bottleneck limiting navigation channel capacity.

3.3.2. Sediment Change Under Extreme Weather Conditions

Abrupt deposition is a term used in the field of port and navigation engineering
to describe the severe sedimentation caused by a single severe weather event, such as
strong winds, which significantly impacts the normal operation and navigation of vessels.
During storms or typhoons, storm surges and elevated offshore wave heights—often
several times or even dozens of times greater than those under calm weather conditions—
intensify sediment transport on the seabed and along the coast. This process leads to abrupt
sedimentation in ports and navigation channels. In the context of engineering projects,
abrupt deposition poses significant risks. In some cases, a single abrupt deposition event
may exceed the cumulative sedimentation of several months. Irrespective of whether the
port and navigation projects are located in silty or muddy coastal zones, abrupt deposition
can occur under certain conditions.

The data sets for this study were obtained from two typhoons, “Lekima” in 2019 (the
9th typhoon of 2019, Figure 16b) and “Muifa” in 2022 (the 12th typhoon of 2022, Figure 16a).
The weather processes during these events were selected for studying abrupt sedimentation
under different terminal design scenarios in this project. The calculation period for each
event is shown in Table 5. A 24 h timeframe was selected for the analysis of the impacts of
each typhoon on different scenarios. Hourly outputs of significant wave height, peak wave
period, and mean wave direction were extracted for the purposes of analysis.

As illustrated in Figure 17, the deposition distribution of each scenario is shown during
the 24 h period of different typhoon events. During Typhoon “Lekima”, the sediment deposi-
tion in the study area was primarily concentrated at the estuary, with a maximum deposition
thickness of approximately 0.5 m. In contrast, during Typhoon “Muifa”, the deposition at
the estuary reached about 1 m. The characteristics of erosion and deposition distribution
during Typhoon “Muifa” (Figure 17a) and Typhoon “Lekima” (Figure 17b) exhibit significant
differences. As demonstrated in Figure 17b, during Typhoon “Lekima”, the deposition was
predominantly concentrated within the estuary region, exhibiting an augmented deposition
area and a substantial escalation in intensity. The maximum deposition thickness attained a
value of approximately 0.5 m. Concurrently, the channel region underwent significant erosion,
a consequence of the potent hydrodynamic forces at play. In comparison with the standard
conditions, the powerful storm surge and wave action during Typhoon “Lekima” significantly
enhanced sediment transport and deposition.

In contrast, the erosion and deposition distribution during Typhoon “Muifa”, as illus-
trated in Figure 17a, exhibited heightened intensity. In comparison with Typhoon “Lekima”,
both the intensity and extent of deposition in the estuary region were significantly greater, with
the maximum deposition thickness reaching 1 m, which is twice that of Typhoon “Lekima”.
This suggests that the stronger storm surge during Typhoon “Muifa” accelerated rapid sedi-
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ment accumulation. The channel region exhibited the most pronounced erosion, while the
nearshore region experienced an expansion of the erosion area due to wave propagation and
storm surge effects. Consequently, as typhoon intensity escalates, the disparities in erosion and
deposition patterns become increasingly evident, manifesting predominantly as heightened
deposition within the estuary region and erosion within the channel region.
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Figure 16. Wave field distribution under Typhoons “Muifa” and “Lekima”. (a) Path of Ty-
phoon “Muifa”; (b) path of Typhoon “Lekima”; (¢) wind field during Typhoon “Muifa”; (d) wind
field during Typhoon “Lekima”; (e) wave field during Typhoon “Muifa”; (f) wave field during
Typhoon “Lekima”.
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Table 5. Calculation time of each typhoon process.

Typhoon Name Calculation Time (Beijing Time)
Lekima (LEKIMA) 20:00 August 10-20:00 11 August 2019
0:00 September 15-0:00 16 September 2022

Plum Blossom (Muifa)

19.50 8-

19.00"

34°N
—05 18.00'

17.50°

—-15 17.00°

7 120°E 19 20 P 16 16 7 120°E 19 20
18.00 18.00'
(a) (b)

Figure 17. Erosion and deposition distribution under different typhoons. (a) Typhoon “Muifa”;
(b) Typhoon “Lekima”.

4. Discussion

The study area exhibits a pronounced asymmetry in semi-diurnal tidal patterns [27],
similar to the situation observed in the Yangtze River estuary: flood currents predominantly
flow southeast, while ebb currents retreat northwest. The inflow of water within the
channel is obstructed, resulting in a reduced ebb velocity. In addition, the effects of
breakwaters and Coriolis forces further enhance the ebb and flow process in the channel.
The breakwater structures create significant velocity gradients between the inner and outer
harbour zones, resulting in flow rates in the harbour basin that are 40-60% lower than in
adjacent coastal areas. This reduction in flow velocity favours sediment resuspension and
localised deposition, a phenomenon also observed in the Dinh An estuary in Vietnam [28],
which was mainly attributed to the reduction in flow velocity.

Suspended sediment concentration (SSC) shows a correlation with tidal patterns.
Sediment transport rates vary between coastal ports depending on wave climate and other
nearshore characteristics, while changes in hydrodynamic conditions are a major cause
of severe siltation in curved channel sections [28]. As water levels and velocities increase,
high tides increase SSC, whereas ebb tides decrease SSC as hydrodynamic energy decreases.
Near the entrance, a sudden reduction in flow velocity triggers sediment accumulation,
with SSC isopleths closely following depth contours.

Under regular tidal conditions, sediment transport is predominantly controlled by
tidal currents and resuspension, similar to the situation in the Tay Estuary where sediment
deposition is largely influenced by the morphology of the tidal currents [29]. This results in
significant siltation within the harbour, while the outer channel experiences less erosion.
Due to flow deflection, intense scour occurs near the breakwater heads, with scour depth
positively correlated with tidal range (R = 0.78). Some alongshore drifting sediments are
intercepted by the southern breakwater, making the entrance area a bottleneck for sediment
transport and accumulating the highest levels of siltation, similar to conditions observed in
the ports of Chennai and Visakhapatnam [30].
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Extreme events such as typhoons Lekima and Muifa enhanced sediment dynamics
through storm surges and wave action. The increased wave action caused sediments on
the inner continental shelf to be resuspended by strong tidal currents and transported into
the entrance channels [31], resulting in sedimentation within the harbour. Silt thickness
at the entrance reached 0.5 m during Lekima and 1.0 m during Muifa, illustrating how
climate-hydrodynamic interactions exacerbate sedimentation.

5. Conclusions

This study investigates sediment accumulation upstream of coastal harbour channels
using field data. To further investigate the causes of sediment accumulation in deep water
channels, a hydrodynamic numerical model was developed. The model was validated
using measured tidal heights, flow velocities, directions and suspended sediment concen-
tration (SSC). Two case studies were examined, one under normal weather conditions and
the other under extreme weather conditions, to explain the mechanisms leading to entrance
siltation. The results highlight the significant impact of the coastal harbour on the morpho-
logical dynamics of the coastal marine area, with a pronounced velocity gradient between
the inner and outer harbour zones favouring sediment resuspension and localised deposi-
tion. The interaction between extreme climatic events and hydrodynamics amplified the
sediment dynamics, increasing the sediment thickness at the entrance. Through a detailed
analysis of the sedimentation challenges faced by coastal ports, the proposed modelling
approach can be applied to other geographical regions with different hydrodynamic and
morphological characteristics to assess their transferability. This will allow for comparative
studies, making it applicable not only to the current port dredging management plans, but
also to the planning of new port sites in coastal areas [30].
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Abstract: During its service life, a deep-sea floating structure is likely to encounter extreme
marine disasters. The combined action of wind and wave loads poses a threat to its
structural safety. In this study, elliptical copula, Archimedean copula, and vine copula
models are employed to depict the intricate dependence structure between wind and
waves in a specific sea area of the Shandong Peninsula. Moreover, hourly significant
wave height, spectral peak period, and 10 m average wind speed hindcast data from
2004 to 2023 are utilized to explore the joint distribution of multidimensional parameters
and environmental design values. The results indicate the following: (1) There exists
a significant correlation between wind speed and wave parameters. Among them, the
C-vine copula model represents the optimal trivariate joint distribution, followed by the
Gaussian copula, while the Frank copula exhibits the poorest fit. (2) Compared with the
high-dimensional symmetric copula models, the vine copula model has distinct advantages
in describing the dependence structure among several variables. The wave height and
period demonstrate upper tail dependence characteristics and follow the Gumbel copula
distribution. The optimal joint distribution of wave height and wind speed is the t copula
distribution. (3) The identification of extreme environmental parameters based on the
joint probability distribution derived from environmental contour lines is more in line
with the actual sea conditions. Compared with the design values of independent variables
with target return periods, it can significantly reduce engineering costs. In conclusion,
the vine copula model can accurately identify the complex dependency characteristics
among marine variables, offering scientific support for the reliability-based design of
floating structures.

Keywords: wind-wave parameter; joint probability distribution; copula theory; vine
copula; marine structure design

1. Introduction

Deep-sea floating offshore new-energy projects are faced with formidable challenges.
These challenges stem from the intricate wind and wave loads, the substantial movement of
floating foundations, and the development of large-scale units [1,2]. In the marine environ-
ment, the combined impact of multiple loads is the primary determinant of structural safety
and engineering costs [3,4]. Traditionally, in nearshore and coastal engineering, the annual
extreme value method has been prevalently employed [5]. This method independently
determines the extreme value distribution models of various environmental variables, cal-
culates the design parameters with a specific recurrence interval (e.g., occurring once every
period of years), and thereby defines the design loads that engineering structures must
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endure from environmental forces [6]. However, in reality, there exists a strong correlation
among metocean data. The failure or even collapse of most deep-sea floating structures
usually does not result from a single environmental load surpassing the critical value.
Instead, it is often due to multiple combined loads reaching or exceeding the limit-state
function. To guarantee the safety of marine engineering and prevent waste, it is essential to
take into account the dependence structure between multiple variables and their extreme
values. Only by doing so can we reasonably determine the design parameters of the marine
environment [7-9].

To better simulate the impacts of intricate multidimensional environmental loads,
scholars have dedicated themselves to researching joint distribution models of diverse
environmental variables [10-13]. The conditional probability model is a prevalent joint
probability model for characterizing marine environmental factors. In particular, the
Weibull-Lognormal conditional joint model for wave height and period has gained wide
acceptance [14]. This model first fits the marginal distribution of the primary controlling
element. Subsequently, it conducts nested fitting on the conditional distribution of the
remaining variables, based on the previously determined element. Its construction is
relatively straightforward. Nevertheless, when depicting the complex correlations among
multivariate environmental factors, this model often simplifies by assuming independence,
thereby reducing its accuracy. Simao et al. [15] introduced a multidimensional long-term
joint probability model for environmental parameters grounded in conditional functions.
The Nataf distribution, based on the Gaussian assumption, can be utilized to construct
joint models for any high-dimensional variables [16]. However, the actual dependence
structure of marine environmental variables is nonlinear and non-Gaussian. As a result,
significant deviations occur in the fitting results [17]. The copula theory, by integrating the
marginal distribution of marine environmental variables with copula functions, enables the
construction of a joint distribution model. This approach has found increasing application in
sea-state assessment [18,19]. Bivariate copulas have been extensively employed to simulate
two-dimensional correlated variables in the reliability analysis of marine engineering [20].
Regarding multidimensional random variables, the vine copula model offers a more flexible
means of describing their multivariate dependency structures [21]. For instance, Yang
et al. [22] proposed an optimized Archimedean copula to simulate the multivariate joint
distribution of five-dimensional wind and wave parameters in the sea-crossing bridge
region. Additionally, Dong et al. [23] put forward a three-dimensional maximum entropy
distribution of effective wave height, wind speed, and load direction, providing a theoretical
reference for determining the design parameters of marine environments.

The vine copula model effectively decomposes multidimensional distribution func-
tions into a combination of multiple nested bivariate copulas and the product of univariate
marginal distributions. This unique decomposition enables the model to describe the
correlations among multiple variables with great flexibility. As a result, it has found
extensive application in joint probability analysis within the fields of hydrology and meteo-
rology [24,25]. For instance, Montes-Iturrizaga and Heredia-Zavoni [26] utilized C-vine
copulas to construct multivariate environmental contours. They based their work on sig-
nificant wave height, peak spectral period, and wind velocity data obtained from storm
hindcasts. Similarly, Lin and Dong [27] conducted a wave energy assessment. They em-
ployed the trivariate vine copula distribution of significant wave height, mean period, and
direction. In their study, the marginal distributions were fitted using the maximum entropy
distribution and a mixture of von Mises distributions. In hydrology and ocean engineering,
when dealing with problems involving several correlated variables that demand highly
flexible dependence modeling, the pair-copula decomposition approach, as offered by the
vine copula model, is highly recommended. This approach allows for a more accurate and

109



J. Mar. Sci. Eng. 2025, 13, 396

adaptable representation of the complex relationships among variables, thereby enhancing
the reliability and effectiveness of relevant analyses.

Moreover, the environmental contour (EC) approach is widely utilized to determine
the design values of multivariate marine variables [28-31]. This is crucial for accurately
assessing the structural response influenced by correlated environmental loads. The EC
approach offers the combined extreme environmental conditions within a specific return
period, thus enabling the prediction of the maximum structural response at the target
return period level. It is recommended in numerous international standards, such as those
of DNV GL [32]. Haver [33] was the first to introduce the concept of EC to depict the
joint probability distribution of significant wave height and wave period. Subsequently,
Winterstein et al. [34] proposed the EC method in the transformed standard normal space
of expected exceedance probability, relying on the Inverse First Order Reliability Method
(IFORM). The IFORM algorithm has since found extensive application in ocean engineering.
Montes-Iturrizaga and Heredia-Zavoni [35] applied a derived formulation to construct
IFORM-based environmental contours using bivariate copulas. Their study revealed that
the choice of copula models significantly impacts the resulting ECs. Specifically, the IFORM-
type contours assume a convex form for the structural failure boundary, while the ISORM-
and highest density regions-based methods assume a concave form [36,37]. Furthermore,
Huseby et al. [38] employed Monte Carlo simulations to establish ECs without the ne-
cessity of transformations. Vanem [39] conducted a comparative study on the estimation
of extreme structural responses from different EC methods. The results indicated that
in certain cases, the differences can be substantial and consequential. Most applications
demonstrating ECs derived from different algorithms have been carried out using bi-
variate variables. For instance, Clarindo and Guedes Soares [40] compared the contours
constructed based on the Burr-Lognormal distribution with those considering the Weibull-
Lognormal distribution. Their findings suggested that the maximum values obtained from
the Burr-Lognormal distribution were more favorable due to the superior predictive power
of its contour lines. In addition, Vanem et al. [41] conducted a simulation study on the
uncertainty of ECs caused by sampling variability across different estimation methods. The
establishment of the multivariate joint distribution of environmental variables is a pivotal
step in constructing multidimensional ECs. Heredia-Zavoni and Montes-Iturrizaga [42]
utilized three-dimensional vine copulas to model directional ECs, discovering that direc-
tionality can have a significant impact on ECs. Bai et al. [43] established three-dimensional
direct sampling-based ECs using a semi-parametric joint probability model. In this model,
a log-transformed KDE-Paretotails approach was proposed to fit marginal distributions,
and vine copulas were used to estimate the joint models. Fang et al. [44] optimized the
C-vine copula and constructed ECs for the joint wind-wave environment of sea-crossing
bridges. They proposed a one-step optimization method to identify an optimized canonical
vine copula. Meng and Li [45] used the R-vine copula and a direct sampling approach
to calculate three-dimensional ECs of wind and wave, taking into account different sam-
pling methods and seasonal effects. Wu et al. [46] employed pair copulas to construct the
multivariate joint probability distribution and generated ECs for data-driven applications.
While the errors in extreme response evaluation resulting from the contour approximation
itself may be relatively low compared to response-based analysis, the fitted models for joint
distributions contribute significantly to the overall errors [47].

In conclusion, for the risk assessment and management of floating structures, an
accurate statistical portrayal of relevant extreme environmental conditions is essential [48].
The environmental contour approach plays a pivotal role as an input in the design of marine
structures, which must endure the loads exerted by environmental forces. This research
utilizes the vine copula function to formulate a joint probability model of wind and wave
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parameters. It then contrasts this model with high-dimensional symmetric copula models.
The overarching goal is to precisely depict the multidimensional dependence structure
of environmental parameters, thereby offering a scientific foundation for the safety and
reliability evaluation of offshore structures. Drawing upon the hourly significant wave
height, spectral peak period, and 10 m average wind speed hindcast data in a specific sea
area of the Shandong Peninsula from 2004 to 2023, various copula models were employed
to compute their joint probability distribution and establish an environmental isosurface.
This project not only supplies reasonable environmental design parameters for Shandong’s
offshore new-energy structures but also provides a theoretical basis for marine disaster risk
assessment and the formulation of disaster prevention and reduction strategies.

The marine environments in different regions have unique characteristics, and the
applicability of existing research results in specific areas, such as a specific sea area of the
Shandong Peninsula, remains to be further verified. There is a lack of effective models and
methods that can accurately describe the joint probability distribution of multiple parame-
ters under the complex marine environmental conditions in this region. This study aims to
fill these gaps. By using the vine copula function to construct a joint probability model of
wind and wave parameters, it fully considers the correlations among marine environmental
parameters, provides reasonable design environmental parameters for offshore new-energy
structures in the Shandong Peninsula, and offers a theoretical basis for marine disaster risk
assessment and the formulation of disaster prevention and reduction strategies.

The objective of this study is to establish reasonable design environmental parameters
for calculating wind-wave actions on floating structures. This is achieved by taking
into account the joint correlated characteristics of sea states. In Section 2, we delve into
fundamental multivariate methodologies and the design approach grounded in trivariate
joint probability distribution models. Here, we comprehensively review the theoretical
underpinnings and practical applications of these methods, providing a solid foundation
for subsequent analysis. Section 3 focuses on the construction of the environmental surface
for the evaluation of design values. We detail the procedures and considerations involved
in creating this surface, which are crucial for accurately assessing the loads that floating
structures are likely to encounter. Section 4 elaborates on the original data and the data-
processing steps carried out in accordance with the multidimensional analysis framework.
Additionally, the results obtained from this analysis are presented and discussed in this
section, offering insights into the implications of the data. Finally, Section 5 summarizes
the conclusions of this work.

2. Multivariate Distribution Theory

This section expounds on the construction theory of copula-based trivariate joint
distributions for wind-wave parameters, along with the derivation of environmental
surfaces. The methodological framework for multivariate analysis is presented in Figure 1.
Initially, the fundamental copula theory and diverse trivariate models are introduced.
Additionally, a concise description of the parameter estimation method and goodness of fit
is provided. Subsequently, the kernel estimation utilized for marginal distribution fitting
are presented. The IFORM-based environmental surfaces are deduced to ascertain the
maximal design loads. This process is essential for accurately determining the loads that
wind-wave parameters may impose, thereby contributing to more informed engineering
and research decisions in the context of marine-related studies.
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Figure 1. Flowchart of multi-load design concepts.

2.1. Basic Copula Theory

The copula theory provides a means to describe multidimensional related environ-
mental variables. Based on Sklar’s theorem [49], multidimensional joint probability models
can be formulated by integrating copula functions with the marginal distributions of ran-
dom variables. Suppose a k-dimensional random variable is X = (x1,xp,- -+, x;) and
its marginal cumulative distribution functions are Fy(x1), F2(x2), - - - , Fe(x¢), respectively.
If these marginal distributions are continuous and strictly increasing, then there exists
a copula function C(uq,up, - -+, ug) (u; = Fi(x;),i = 1,2,-- -, k) that can be used to estab-
lish the joint distribution as follows:

F(xy,x2, -+, xx) = C(uy,up, - - ,ux) = C(Fi(x1), F2(x2), -+, Fe(xx)) 1)

where F(x1,xp,- -+, xi) represents the joint cumulative distribution of random variables.
The corresponding probability density function can be derived through differentiation
as follows:

flxn,x, xg) = RF(xy,x0, x5) OFF(xy,x0,+ xk) . OF1(x1)0F; (xp)--0F (xk)
1742 rAk) T TOxp0xy0xg OF (x1)0F (x2)--0F (%) 9x10Xp-+-0X @)

= cip.k(Fi(x1), F2(x2), - -+, Fie(xx)) - fi(xa) fa(x2) - - - fie(xx)

where f(-) and cq5.. k() represent the marginal probability density functions of environmen-
tal variables and the copula density, respectively. The typical procedures for constructing
a multivariate joint distribution by means of copula theory entail two main steps. Firstly, it
is necessary to fit the marginal distribution of each variable. This step involves identifying
the appropriate probability distribution that best describes the behavior of each individual
environmental variable. Subsequently, an appropriate copula function needs to be selected.
This function is crucial as it serves to accurately depict the correlation structure among the
random variables, thereby enabling a comprehensive and accurate representation of the
multivariate relationships within the dataset.

2.2. Marginal Distribution Model

By leveraging a nonparametric kernel density function, the marginal distribution of
hourly environmental data can be estimated [50]. This approach effectively circumvents
the impact of errors associated with parametric distribution fitting. Subsequently, the
maximum likelihood method can be adopted to estimate the copula parameters. The kernel
density estimation of the environmental dataset X = (x1,%2,- - ,x;) can be expressed
as follows:

N $. oy
o) = Lo K () ©
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where Kx represents the non-negative kernel density function, iy is the bandwidth param-
eter, and N denotes the total number of data points. The marginal distribution derived by
means of the Gaussian kernel density function can be expressed as follows:

£, N S s
i = [ fx () = ;,ﬁf(’“x“) 4)

2.3. Trivariate Copula Model

The trivariate copula models most frequently employed encompass elliptical copulas
(such as Gaussian and t copulas) and Archimedean copulas (including Clayton, Frank, and
Gumbel copulas). The Gaussian copula offers a convenient means to simulate multidimen-
sional variables. Specifically, the cumulative distribution function of the trivariate Gaussian
copula can be represented as follows [51]:

Cc(ul, U, ug;p) = (I)p [@’1(u1), d! (uz),CI)’l (u3)}

) o) o) eXp_<1pr—1x) o ©
(7)ol ?
p

where ®~1(-) is the inverse function of the standard normal distribution; u; represents the
univariate cumulative distribution F(x;); x = [x1, X2, x3]T denotes the three-dimensional

1 p12 p13
environmental variable vector;and p = |py1 1  pp3| represents the linear correlation
pa1 Pz 1

coefficient matrix.
The cumulative distribution function of the trivariate Student t copula can be expressed
in the following manner [51]:

Ct(ur, u2,uz3;0,0) = Tpp [Tv‘l(m), T, Y (uy), Tz;_l(u3)]

_ —((v /
= szfl(ul) fT{](uz) fTJ](M3) I'l(v+3)/2] (1+ x'p 17‘) ((+3) Z)dx (6)
I(v/2)y/ (70)°|p)| ’

where T, !(-) and T'(+) are the inverse function of the Student ¢ distribution with degree of
freedom v and the gamma function, respectively.

Archimedean copulas have found extensive applications in hydrology and marine-
related scenarios [52]. The distribution functions of the trivariate Clayton, Frank, and
Gumbel copulas are presented below, respectively:

~1/8
Cc(u1, uz, u3;0) = (u;e +uy? +uz? — 2) 0 € [—1,00) @)

—0uqy __ —0uy __ —Ouz __
Cr(ity, 112, 43) = —%ln[l G 1)((2_9 - 1)12) (™ =11 520 ®)

Cg(uq,up,u3) = exp{—[(— lnu1)6 + (- lnuz)(9 + (- lnug)e]l/e}, [1,00) 9)

where 6 represents the parameter of the copula function, which serves to characterize the
correlation structure among random variables.

2.4. Vine Copula Model

The vine copula theory uses bivariate copula functions as building blocks to depict the
correlation structure among multiple variables. Compared with some multivariate copula
functions (such as elliptical and Archimedean copula functions), its construction method is
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more flexible, as it can take into account the different correlations between pairs of variables
within the multiple variables. Additionally, the types of multivariate copula functions are
relatively limited and often come with many restrictive conditions. In contrast, there is
a wide variety of bivariate copula types. This provides the foundation for the extensive
application of the vine copula theory [53].

Consider the three-dimensional random vector X = (x1, xp, - - - , xx) with a joint proba-
bility density of fio3(x1, 2, x3) and marginal densities of f1(x1), f2(x2), f3(x3) respectively.
Then, f123(x1, X2, x3) can be decomposed using conditional densities as follows:

fro3(x1,x2,x3) = f3(x3)f2|3(x2’x3)f1\2,3(x1 ‘xz, x3) (10)

According to Sklar’s theorem, we have the following;:

fys(ralra) = EEER) el a), ()] o) )
fippa(x1x2,x3) = frapln, wlia) _ 3 [Frp(x1]x2), Fapp (x3|x2)] fijp (x1]x2) (12)
fap(x3]x2)

If f12(x1]x2) is decomposed in a manner similar to Equation (11), then,

fippa(x1lx2, x3) = 30 [Fyjp(x1|x2), F3pp(x3]x2) ]2 [Fr (x1), Fa(x2)] f1 (x1) (13)

Combining Equations (11)—(13), we can obtain,

fi23(x1, %2, x3) = c23[Fa(x2), F3(x3)]c12[Fi (x1), Fa(x2)]e3a [Frjp (x1|x2), F3pp (x3[x2)] f1 (1) f2(x2) f3(x3) (14)

Therefore, the following can be obtained:

ci3[Fi(x1), F2(x2), F3(x3)) = e3[Fa(x2), F3(x3)]c1z[Fi(x1), Fa(x2)|erapp[Frpp (x1[x2), Fyjp (x5 x2)] (15)

The trivariate copula can be decomposed into the product of bivariate copulas and con-
ditional bivariate copulas. However, the decomposition methods are not unique. Generally,
the joint probability density of an n-dimensional random variable X can be decomposed in
the following form:

fron(xr %2, xX0) = fu(Xn) fumapn (Xn-alxn) -~ fipen (xalx2, - - X0) (16)

The conditional density can be further decomposed using the pair-copula method:

F(x[0) = exgypo ,[F(x[o—y), E(ojfo_)] f(x]o-) 17)

Among them, v is an m-dimensional vector and v_; is the vector obtained by removing
the variable v; from v.
The marginal conditional distribution function is as follows:

9Cso,[o_; [F(x[0—j), F(vjlv_;)]
Flxfo) = 3F (0;]0_)

= Cx‘v(ulr u2) = h(ulIMZ; 6) (18)

The decomposition of multidimensional random variables is not unique. As the
number of dimensions increases, the number of decomposition methods will increase
extremely rapidly.

A regular vine is a set of trees. The edges of tree i serve as the nodes of tree I + 1, and
two edges of tree i are connected in tree I + 1 if and only if they share a common node in tree
i. C-vine and D-vine are decomposed according to a specific rule. If there is only a single
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node with degree n — i in each tree Tj;, that is, the root node, then such a vine structure is
called a C-vine. The joint density of n-dimensional random variables is decomposed into
the corresponding C-vine as follows:

n —1n—j
from(xr, o x) = ﬂfk(xk q 1_{ il i1 [F (2, xjo), F(xjalxn, o xjo1)] (19)
In the C-vine structure, each tree has a root node, which is particularly effective in the
case of a random vector with key variables.
If the tree T; is a path and the degree of all nodes does not exceed 2, such a vine struc-
ture is called a D-vine. The joint density of n-dimensional random variables is decomposed
into the corresponding D-vine as follows:

— ] n
from(xy, -, x H H Chicjlit e itj—1 [F(XilXipr, - xigjo1), F(xigjlxipn, x0T i) (20)
j=1i=1 k=1

The tree structures of C-vine and D-vine for 5-dimensional variables are shown in
Figure 2. The nodes of each tree represent variables, and the edges represent copula
functions or conditional copula functions. The nodes of the subsequent tree are the edges
of the previous tree. From the figures, the star-shaped structure feature of C-vine and the
chain-shaped structure feature of D-vine can be seen. The conditional multidimensional
distribution functions can be constructed by utilizing h-functions in combination with
bivariate copulas and marginal distributions. Each bivariate copula is capable of describing
the unique dependence structure of different datasets. In this work, seven types of bivariate
copula probability functions are selected to depict the dependence structure of wind and
wave parameters. The candidate distribution functions are presented in Table 1.

C14p23 C2534
T
C45)123 3
C15)234
Ty Ty
(a) C-vine (b) D-vine

Figure 2. The tree structures of C-vine and D-vine.
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Table 1. Candidate bivariate copula models and parameters.

Copula Function Parameter
Gaussian Dy (P~ ( ) “Hup); p) (-1,1)

t T (T, o (12); p,0) (—1,1),[1,1000000]
Clayton (uy® + u2 IR [0.00001, 150]
Gumbel exp(~[(~ nuy)® + (= Inuy)?) "y [1,120]

Frank —1/6In{[1—e ¥ — (1 —e ) (1 —e02)]/(1—¢%)} [—700,700]\ {0}
Plackett 1/(20 —2){1+ (0 — 1)(u1 + 1) — [(1+ (6 — 1)1ty +12))* — 46(6 —~ Durx] "} [0,10000000]
Clayton up+up — 1+ [(1 - u1)79 + (1 - uz)ie - 1]_1/9 [O/ 10000000]

2.5. Parameter Estimation

The maximum likelihood estimation (MLE) method is simple and widely employed
for copula parameter estimation. The logarithmic likelihood function of candidate copulas

can be given as follows:
N

L(6) = Y Inc(uyj, up, uzi; 0) (21)
i=1

The unknown parameter 6 can be calculated by maximizing L(6):
6 = argmaxL(6) (22)

Before referring to the maximum likelihood estimation of vine copula, it is necessary to
illustrate the sequential estimation method. Its estimation steps are as follows: (1) Estimate
the parameters of the bivariate copulas in the first tree using the original data. (2) Calculate
the variable values (conditional distribution function values) of the second tree using the
copulas estimated in the previous step. (3) Estimate the parameters of the bivariate copulas
between the corresponding variables using the variable values of the second tree calculated
above. (4) Estimate the parameters of the bivariate copulas of the remaining trees using
steps similar to (2) and (3). The copula parameters of all trees can be estimated by following
the above steps. In sequential estimation, the selection of the bivariate copula function uses
the AIC criterion.

The maximum likelihood function of C-vine is as follows:

3

n—1

T
=) Z Z { Cjjif1, 1 [F(Xj el xj16), F(xjielxne, - rxj—l,t)]} (23)
=it i

The likelihood function of D-vine is as follows:

{ Cictjli 1, it j—1 [ (Xit|Xit1e oo+ s Xigjo10), F(Xigj el g, o /xi+j71,t)]} (24)

T MH

Lt

The fitting accuracy and validation can be attained by comparing the empirical dis-
tributions with the statistical parameters of various candidate copula models, such as the
root mean square error (RMSE) and the Akaike Information Criterion (AIC) values.

1N
RMSE = \l NZ [Fe (17, %20, X37) — Fe(317, %21, %3;)] (25)
i=1

AIC = —2In(L) + 2k (26)
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where F, and F, are the empirical values defined by the original variables and the estimated
probabilities using the trivariate distribution function, respectively. N is the total number
of original data. The empirical distribution of the trivariate variables can be calculated

as follows:
N

1
Fe(x1i, X, X3;) = NZ I(x1j < x4, %) < Xoi, X3j < X3;) (27)
j=1
where (x1, xp, x3) represents the original variables, N is the length of each dataset, and I = 1
when x1;, xp;, and x3; satisfy xq; < x1;, x2; < xp; and x3; < x3;; otherwise, I = 0.

3. Environmental Surfaces Using Copulas

Environmental contours are defined in the original physical space X of random vari-
ables, and they can be generated by mapping the random variables into the standard
space U. In the standard space, a probability density contour configuration with specific
properties is constructed by determining a circle or a sphere centered at the origin with
a specific radius. Then, the probability density contour configuration is transformed back
into the original physical space, so that the corresponding environmental contour configu-
ration in the original physical space can be obtained. The obtained environmental contour
configuration can withstand the action of environmental loads corresponding to a specific
exceedance probability (or a specific return period). This transformation can be performed
by the inverse Rosenblatt transformation or the inverse Nataf transformation.

The probability edge based on the FORM theory in the standard normal space can be
obtained as follows:

Br =1-®(Py) (28)

The target failure probability, Pr, which is associated with extreme sea conditions
having a T-year return period and the duration of observed wave data, T (h), can be

defined as follows:
Ts

P = 355 % 2ax T,

The design sea states along environmental contours are defined by the values of the

(29)

original variables in the physical space X, which are transformed from the values of the
vector z in the standard normal space Z with an equivalent reliability edge, ||z||* = B>
Any correlated random variables can be transformed into independent random variables in
the standard normal space. This process is called the Rosenblatt transformation, as shown
in the following formula:

®(z1) = F(x1) xXp = Fl‘i(d)(zl))
P(22) = Fopr (x2]x1) o) 2= Ep(@E)n) (30)
D(zp) = n[1,2, n—1 (xn|x1, -, 20-1) Xn = F;|11/2,...,n,1(q)(zn)|xlr CeXpo1)

where ®(+) is the cumulative distribution function in the standard normal distribution;
Fij12,...,i—1(-) is the conditional cumulative distribution function of variable x; given x1, x2,
Ce Xl Fi\_112,-~,i—1(') isits inverse form; x = (x1,xp, -+ ,x,) and z = (z1,2p, - - - ,2n) rEpre-
sent the random variables in the original physical and standard normal space, respectively.

The conditional distributions can be calculated by deriving the joint distribution in
the following manner:

9Cy1 (Fa(x2), Fi(x1))
aFl(x1)

By (x2]x1) = = hy1(F2(x2), Fi(x1)) 31)
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9Caop1 (F3p1 (x3]x1), B (x2|x1) — 0Csppi[ha1(Fs(x3), Fi(x1)), o1 (Fa(x2), Fi(x1))]
9Fy); (x2]x1) B [ho1(F2(x2), F1(x1))]

Equation (32) can be simplified to the following form:

Fy10(x3]x1,x2) = (32)

F310(x3]x1,x2) = hlh31(F3(x3), F1(x1)), ho1 (F2(x2), F1 (x1))] (33)

4. Environmental Information
4.1. Marginal Probabilistic Distributions

Taking the EAR5 wind field as the background wind field, high-precision wind field
data are obtained through hindcast simulation using the WRF meteorological model. Then,
numerical wave simulation is carried out based on the SWAN wave model. A total of
175,320 hourly data of wind speed Vs, wave height H;, and wave period T} in a certain sea
area of Shandong from 1 January 2004, to 31 December 2023, are simulated. The sample
scatter plot is shown in Figure 3a. Figure 3 presents the empirical distributions and kernel
density estimation results of various environmental parameters in the target sea area. It
can be seen that the cumulative probabilities of the sample data of Vs, Hs, and T are in
good agreement with the kernel density estimation curves, which can accurately describe
the marginal distributions of the variables. Based on the copula theory, different models
are adopted to describe the joint characteristics of multiple variables for the evaluation of
design loads. In the present simulation, we utilized a standard desktop computer (1 core
3.3 GHz, 16 GB RAM), and employed MATLAB R2016b with the multivariate analysis
framework to build and run the simulation models. The simulation and estimation without
the plotting takes about 10 min for one case, and the duration of parameter estimation is
related to the length of the dataset.
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Figure 3. Scatter plot of wind—-wave parameters and fitting of marginal distributions. (a) Scatter
plot of (Hs, Tp, Vs). (b) Marginal distribution fitting of Hs. (¢) Marginal distribution fitting of Tp.
(d) Marginal distribution fitting of V5.
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4.2. Joint Distribution of Wind—Wave Parameters

After determining the optimal marginal distributions for each variable, the joint prob-
ability of the three-dimensional variables was calculated based on the copula theory. The
MLE method was employed to estimate the parameters of three-dimensional elliptical and
Archimedean copulas, which are presented in Table 2. The corresponding joint probability
densities of Gaussian and Clayton copulas are depicted in Figure 4. As can be seen from
statistical test values such as the AIC and RMSE, the fitting performance of the elliptical
copula is superior to that of the Archimedean copula.

Table 2. The estimated parameters of trivariate copula functions.

Model Parameter RMSE AIC
L Gaussian 012 = 0.86; p13 = 0.90; p3 = 0.62 0.0168 3.97 x 10°
Metaelliptical
ctacTiptica t p12 = 0.85; p13 = 0.93; 023 = 0.64; v = 5.79 0.0155 3.84 x 10°
Clayton 0=1.46 0.0652 425 x 10°
Archimedean Frank 0=0.19 0.1490 6.05 x 10°
Gumbel 6=1.12 0.1300 5.66 x 10°

Wind speed/(m/s)

30

p=0.0001

(b)

Figure 4. Joint density probability diagram based on trivariate symmetric copula. (a) Gaussian
copula. (b) Clayton copula.

The joint probability distributions of three-dimensional variables are constructed
using the C-vine and D-vine copula models. According to Equations (19) and (20), it
can be seen that different combinatorial forms of the three-dimensional joint distribution
can be obtained based on binary copulas. The main variable is determined based on the
correlation between the variables. The Pearson correlation coefficient requires the variables
to be continuously normally distributed and have a linear relationship, while the Kendall
correlation coefficient does not have strict requirements for sample data. The Kendall
values of (Hs, Ty), (Hs, Vs), and (T, V) are 0.67, 0.75, and 0.44, respectively. Since the
correlation coefficients between H; and T, and between H; and V; are both higher than
that between T, and V5, H; is selected as the main control variable. In this study, the binary
combinations of (Hs, Tp) and (H;, Vs) are chosen, and the vine copula model is used to
calculate the three-dimensional joint distribution.

Table 3 lists the best-fitting binary copulas and their parameter estimates. The results
show that in the C-vine and D-vine models, the binary t copula is the optimal model for
fitting the bivariate (Hs, Tp). The binary Gumbel copula is selected to describe (Hs, V) and
(Tp, Vs), and the best-fitting distributions of the conditional probabilities (T, Vs; Hs) and
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(Hs, Vs; Ty) are the Plackett and Frank copulas, respectively. The bivariate joint density
probabilities of (Hs, Tp) and (T}, V) are shown in Figure 5a,b, respectively. It is worth noting
that different copula models can be selected to fit the correlation structures of bivariate
variables with different tail characteristics. The contours of c3|1 and c13, corresponding to
different return periods are shown in Figure 5c,d, respectively. The trivariate joint densities

with p = 0.0001 obtained by the C-vine and D-vine copulas are depicted in Figure 5e,f,

respectively. Meanwhile, the AIC and RMSE values are calculated to evaluate the degree of
fitting, as shown in Table 3. Statistical tests indicate that the C-vine and D-vine models fit
better than the three-dimensional elliptical copula function because the best-fitting binary
copulas are selected to describe the correlations between different variables during the
decomposition process of the joint probability model.

Table 3. The best-fitted pair copulas and estimated parameters in vine copula models.

Model Variable Pair Copula Parameter RMSE AIC
Hs, Ty t p=0.86;v="52.85 0.0121 3.63 x 10°
C-vine H;, Vs Gumbel 6 =4.09 0.0121 5.41 x 10°
Ty, Vs; Hs Plackett 6 =0.05 0.0121 4.68 x 10°
H,, Ty t p=0.86;v="52.85 0.0148 3.95 x 10°
D-vine Tp, Vs Gumbel 0=1.77 0.0148 6.72 x 10°
Hs, Vs; Ty Frank 6=19.15 0.0148 5.98 x 10
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Figure 5. The trivariate joint distribution of (Hs, Tp, Vs) responding to (a) bivariate joint PDF of (Hs,
Tp), (b) bivariate PDF of (T}, V), (c) bivariate contour plots of cy3/1, (d) bivariate contour plots of
1312, (e) trivariate joint PDF using C-vine model, and (f) trivariate joint PDF using D-vine model.

120



J. Mar. Sci. Eng. 2025, 13, 396

4.3. Environmental Surfaces and Load Assessment

For the design and risk assessment of offshore structures, it is necessary to estimate
the extreme sea conditions corresponding to multi-year return periods. The environmen-
tal surface is constructed based on the environmental contour method. Environmental
surfaces obtained from all candidate trivariate models are compared. Figure 6 shows the
three-dimensional measured data and the environmental surfaces with a 20-year return
period obtained by using different copula models combined with the IFORM method. The
proximity to the return period of the sample data indicates the degree of fitting of the
trivariate joint distribution. It can also be seen from Figure 6 that there are significant
differences in the predictions of extreme sea conditions corresponding to different joint dis-
tribution models. The Archimedean copula model performs worse in fitting environmental
parameters compared to other models, while the C-vine copula shows a better performance
than others.
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Figure 6. Original metocean variables and 10-year extreme environmental surfaces responding to
(a) Gaussian, (b) ¢, (c) Clayton, (d) Frank, (e) C-vine, and (f) D-vine models.

The contour lines of the two-dimensional variables are drawn under the condition of
the given variables. Figure 7 illustrates the conditional joint distribution contour plots of
(Hs, Tp) for Vs values of 4.0 m/s, 8.0 m/s, 12.0 m/s, and 16.0 m/s. Meanwhile, Figure 8
presents the conditional joint distribution contour plots of (Hs, Vs) when T), takes on values
of5.0s,6.0s,7.0s, and 8.0 s. Moreover, Figure 9 shows the conditional joint distribution
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contour plots of (T, Vs) when H; is given as 1.0 m, 2.0 m, 3.0 m, and 4.0 m. Based on
the 20-year hindcast data, the two-dimensional conditional contour lines under the given
variables derived from the 20-year return period vine copula model encompass nearly
all the sample data, and their shapes show a good match. As can be observed from the
figures, the t copula function aligns well with Hs and T, under the given V; condition.
The distribution of Hs and Vs under the given T, condition complies with the Frank
copula function. The results indicate that the C-vine copula model is capable of effectively
describing the correlation of two-dimensional conditional variables. This is due to the
fact that the multidimensional variables are decomposed into multiple binary variable
combinations, and the best-fitting copula function for each binary variable dataset is
determined individually, thereby achieving an ideal match between the data characteristics
and the copula model. Different binary copula models are suitable for characterizing the
diverse tail correlations of the original data. Generally speaking, a three-dimensional
symmetric copula function with specific characteristics is unable to perfectly fit multiple
variables that exhibit complex correlation structures.

The annual extreme wave data in the target sea area are selected for single-element
distribution fitting. The results show that the Gumbel model fits the wave height and
wind speed well, as shown in Figure 10. Table 4 lists the independent 100-year return
values of wave height and wind speed obtained by the annual extreme value method. The
environmental surface with a 100-year return period is constructed based on the C-vine
copula model. The determination of design parameters should be based on the response
characteristics of the offshore structure, and Table 4 only provides the maximum wind
speed-wave height design values on the isosurface and accompanying element values. It
can be observed that the design values determined by the environmental contour method,
which takes into account the correlation of environmental parameters, are smaller than
those of the independent annual extreme value method.

Peak period/s

L L L L
1.5 2 2.5 3 35

L L L L L L
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Peak period/s

Significant wave height/m Significant wave height/m
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Figure 7. Environmental contours of (Hs, Ty) given Vs based on various copula models.
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Table 4. One-hundred-year environmental design parameters determined by various models.

Model Hg (m) Vs (m/s)
Annual extreme value method 7.78 29.95
. 7.40 29.61
Environmental contour method 731 2971

5. Conclusions

This study explored an analytical method for evaluating multidimensional design
loads of offshore structures based on the three-dimensional joint probability of wind-wave
parameters. The determination was carried out through the copula theory combined with
the environmental contour method. The analysis process of three-dimensional wind-wave
actions mainly consists of three steps: First, determine the marginal distributions of wind
speed, wave height, and wave period; then, construct the joint distribution of variables
based on the copula theory; finally, calculate the environmental isosurfaces and bivariate
conditional contour lines to evaluate the design loads of marine structures.

The joint probability density and cumulative probability of wind-wave parameters
in a certain sea area of the Shandong Peninsula were calculated using kernel density
estimation and copula models. The results showed that the C-vine copula model could
effectively construct the joint distribution of (Hs, T, Vs). In this case, the trivariate elliptical
copula fitted the hindcast environmental variables better than the Archimedean copula.
The conditional contour plots indicated that, within the three-dimensional model, the vine
copula could flexibly describe the correlations of bivariate variables. A goodness-of-fit
analysis demonstrated that the vine copula model was more suitable than the trivariate
symmetric copula function for expressing the statistical distribution characteristics of
marine environmental parameters.

The environmental contour method and the annual extreme value method based on
the IFORM theory were employed to estimate the design parameters of this sea area. The
vine copula model, combined with the environmental contour method, can enhance the
accuracy and efficiency of predicting extreme structural responses under the target return
period. The annual extreme value method assumes that marine environmental factors are
independent of each other, which does not conform to the actual sea conditions. The overly
high environmental design parameter values lead to conservative design. Establishing
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an accurate joint distribution model and reasonably evaluating environmental loads can
provide technical support for the reliability design, disaster prevention, and mitigation of
deep-sea floating offshore new-energy projects.

For future research, several directions can be explored. First, the current study focused
on a certain sea area of the Shandong Peninsula. Expanding the research scope to other
sea areas with different geographical and oceanographic characteristics can further verify
the universality and adaptability of the proposed method. This will help to determine
whether the C-vine copula model and the environmental contour method can still maintain
high accuracy and efficiency in different marine environments. Secondly, the application of
the model can be further deepened. For example, more complex offshore structures, such
as large-scale floating wind farms and deep-sea oil and gas platforms, can be considered.
By applying the established joint distribution model and environmental load evaluation
method to these structures, more accurate design parameters can be obtained, which is
conducive to the safety and stability of these structures. Moreover, emerging technologies
like artificial intelligence and big data can be integrated. Machine-learning algorithms can
be used to optimize the parameter determination process in the copula model, improving
the accuracy of the model. Big data can provide more abundant data sources for model
calibration and verification, enhancing the reliability of the research results. In this way,
continuous improvement and innovation can be achieved in the field of evaluating multidi-
mensional design loads of offshore structures, providing more solid technical support for
the development of the marine engineering industry.
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Abstract: This study utilizes the typhoon path ensemble dataset from the Marine Science
Big Data Center, surface temperature data from NOAA’s COBE Sea Surface Temperature
dataset, and wind field data from the NCEP/DOE Reanalysis II dataset. It employs
analytical techniques such as wavelet analysis, correlation analysis, and the Mann-Kendall
test to investigate the temporal and spatial variations in tropical cyclones in the Northwest
Pacific, focusing on aspects such as frequency, genesis regions, and Accumulated Cyclone
Energy. The research examines the influence of environmental factors, including warm pool
thermal conditions and monsoon troughs, on the behavior of tropical cyclones. Findings
indicate that over the past 39 years, there has been an upward trend in the frequency of
tropical cyclones, whereas ACE has exhibited a slight downward trend. The results of the
M-K test suggest that following a period of rapid increase, cyclone frequency experienced a
significant shift in 1996, subsequently displaying a downward trend. Notably, the frequency
of cyclones aligns with mutation points corresponding to warm pool thermal conditions
and the Monsoon Trough Index. Wavelet analysis reveals that cyclone frequency, ACE,
warm pool thermal conditions, and MTT exhibit similar small scale periodic variations. The
observed differences in the genesis regions of tropical cyclones are attributed to fluctuations
in warm pool thermal conditions. Specifically, years characterized by cooler warm pool
conditions correspond with a stronger MTI, while warmer conditions are associated with a
weaker MTL. The genesis regions of cyclones predominantly lie within the monsoon trough,
where environmental conditions favorable for cyclone development are intensified during
years of cooler warm pool conditions, resulting in heightened convective activity.

Keywords: warm pool; monsoon troughs; tropical cyclones; interannual variations

1. Introduction

As one of the world’s high sea surface temperature (SST) areas, the Northwest Pacific
is one of the main areas for the formation of tropical cyclones (TCs) and typhoons in the
world, and according to statistics, about one-third of the world’s TCs are generated over
this sea area. The study of the TC formation process, intensity, structural change, and
activity law has always been a frontier scientific issue in the fields of marine hydrology,
meteorology, and geographical environment science. The occurrence and development of
TC is affected by the atmospheric environment field over the upper ocean and ocean surface,
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and the formation and development of TC is the result of complex interactions between
the atmosphere, the ocean, and the structure of the TC itself [1-3]. At the same time, the
generation and development trends of TCs are influenced by different physical factors
on various time scales. Consequently, research on TC activities ranges from studying the
characteristics of individual cyclones to examining the statistical characteristics of changes
on seasonal, interannual, and decadal scales [4-6]. Nevertheless, the study of TC activities
faces significant challenges due to the scarcity of detailed field observations and the limited
accumulation of long-term data pertaining to TCs in the expansive oceanic environment.
Additionally, there exists a deficiency in comprehensive and systematic understanding of
the physical mechanisms that govern the formation and evolution of TCs.

Approximately 90% of the world’s warm sea water is concentrated in the tropical West-
ern Pacific Ocean, making this region the warmest sea area globally. This area, commonly
referred to as the warm pool, is characterized by the most intense air-sea interactions
in the world and serves as a significant genesis of latent heat release in the global atmo-
sphere [7-9]. Research indicates that over the past few decades, global temperatures have
consistently risen, leading to an increase in the temperature of the upper layers of the
oceans. As one of the warmest ocean regions on Earth, the sea surface temperature in the
warm pool of the Western Pacific Ocean has risen markedly. This area not only represents
the upper branch of the Walker circulation but also acts as a strong convergence zone
for airflow and water vapor, facilitating the development of intense convective activity
and precipitation [8,10,11]. Numerous studies have demonstrated that the Western Pacific
warm pool directly influences the thermal and dynamic aspects of tropical cyclone activity
in the Northwest Pacific. Furthermore, tropical cyclone activity exhibits significant intra-
seasonal, interannual, and interdecadal variations due to the thermal changes occurring
in the Western Pacific warm pool [12-14]. There is also a discernible trend of increasing
tropical cyclone activity (in terms of frequency, intensity, etc.) in regions where sea surface
temperatures are rising [15,16]. Nevertheless, certain research findings suggest that, within
the framework of global warming, the intensity of regional TCs has escalated, whereas
their frequency may be subject to a potential decline [13,17,18]. There exists a relationship
between TC activity and ocean thermodynamic changes; however, regarding interannual
variations, the impact of SST changes on TCs may not be the primary influencing factor [16].
Recent research has demonstrated that the thermal regime of the warm pool in the North-
west Pacific affects the monsoon trough, a crucial component of the atmospheric circulation
system in the tropics and subtropics, particularly in the Asian monsoon region [18,19]. This
phenomenon is closely linked to the monsoon and has significant implications for regional
climate, precipitation, and weather systems [20]. Prior research has indicated that the
intensity of the Northwest Pacific Monsoon Trough’s low-level zonal winds plays a crucial
role in determining both the location and path of TCs. Additionally, the Northwest Pacific
Monsoon Trough creates vital large-scale environmental conditions that are conducive to
the development of TCs [3,15,21]. These conditions include the convergence of airflow, cy-
clonic relative vorticity, divergence of upper-level airflow, minimal vertical wind shear, and
a sufficient supply of water vapor, all of which collectively create a conducive environment
for the formation and development of TCs. Given the severe disasters caused by TCs in
the Northwest Pacific, many researchers have systematically investigated the generation,
structure, development, and movement patterns of TCs in this region [22,23]. As a result,
the investigation into the characteristics and mechanisms underlying interannual and
interdecadal variations in TC activity in the Northwest Pacific, along with the large-scale
alterations in environmental factors stemming from thermal changes in the warm pool, has
attracted the interest of Chinese researchers and pertinent scientists.

129



J. Mar. Sci. Eng. 2025, 13, 334

In this study, we utilized the NOAA extended reconstruction of sea surface tempera-
ture data from 1984 to 2022, the NCEP/DOE Reanalysis II dataset (https:/ /psl.noaa.gov/
data/gridded/data.ncep.reanalysis2.html, accessed on 1 March 2024), and the typhoon
track dataset offshore of China to analyze the spatiotemporal variation characteristics
of TCs in the Northwest Pacific over the past 40 years. Additionally, we explored the
relationship between TC activity and monsoon trough dynamics in the Western Pacific
Ocean, considering the context of changes in the warm pool.

2. Data and Methods
2.1. Data Sources

The tropical cyclone data used in this study is derived from the China Offshore
Typhoon Track Ensemble Dataset of the Ocean Science Big Data Center (https://msdc.
qdio.ac.cn/data/metadata-special-detail?id=1422759994058625025, accessed on 1 March
2024), which includes the dataset of typhoon tracks in China’s offshore waters from 1945 to
2023, including the true track information of each typhoon, typhoon intensity, air pressure,
central wind speed, moving speed, moving direction.

The sea temperature data comes from NOAA’s COBE Sea Surface Temperature dataset
(https:/ /psl.noaa.gov/data/gridded /data.cobe.html, accessed on 1 March 2024), with a
spatial resolution of 1.0° x 1.0°. This dataset includes monthly sea surface temperature
data from JMA from 1891 to 2023.

Wind field data and relative humidity data are from the monthly average data of
NOAA’s NCEP/DOE Reanalysis II dataset (https://psl.noaa.gov/data/gridded/data.
ncep.reanalysis2.html, accessed on 1 March 2024) with a spatial resolution of 2.5° x 2.5°
and a monthly average for the time range from 1979 to 2024.

Longwave radiation data (https://psl.noaa.gov/data/gridded/data.olrcdr.interp.
html, accessed on 1 March 2024) are derived from NOAA interpolated Outgoing Longwave
Radiation (OLR) with a spatial resolution of 2.5° x 2.5°.

2.2. Method Introduction
2.2.1. Wavelet Transform Method

Wavelet transform is a method that simultaneously analyzes signals in both the
time domain and frequency domain. Wavelet transform can reflect the local variation
characteristics of signal frequency in a time series, and it is effective in analyzing the
changes in sequences over time. In Matlab (2022a), we can conveniently perform wavelet
analysis using the wavelet toolbox or related functions such as “wavelet”. This article uses
the continuous wavelet transform method to conduct periodic analysis on data such as
cyclone occurrence frequency, ACE, Western Pacific warm pool SSTA, and MTI. The main
function for wavelet transform is as follows [24,25].

W) = [ o150 )ar 1)

In the formula, a is the scale, b is the translation parameter, f(t) corresponds to the
time series, and 1 represents the wavelet basis function. Here, the Morlet wavelet is selected
as the wavelet basis function using the wavelet analysis method.

1 2
9(t) = 7 Sexp(— 3 Jexpitot) &)
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In the formula, wy represents the dimensionless frequency, and the wavelet variance
is employed to better characterize the strength of periodic signals in the time series. The
calculation formula for wavelet variance is as follows:

1 N=1 )
Var(a) = N t;:) (WT(a,t)) (©)]

In the formula, N represents the length of the time series.

2.2.2. Mann-Kendall Method

The Mann-Kendall (M-K) trend test is a non-parametric statistical testing method that
is widely used to analyze the long-term trends of various meteorological element time
series data. It has advantages such as a simple calculation process, a wide detection range,
low interference, and a high degree of quantification. The principle of the M-K test is as
follows [26,27]:

n—-1 n
S=3Y Y sgn(X;—X;) 4)
i=1 j=it1

In the formula, S represents the M-K statistic; sgn is the sign function; n is the number
of sample; X; and X are the i-th and j-th data values of the time series, respectively; its
variance is calculated as shown in formula (not considering tie cases, that is, X; = Xj) (5).

n(n—1)(2n+5)

Var(S) = 13 ®)
The Z values corresponding to different S intervals in the M-K statistic formula are
as follows:
_ (s-1)
Z= { Var(S)’ 5>0 ©)

In a two-sided trend test, a positive Z indicates that the sequence has an increasing
trend, while a negative Z indicates that the sequence has a decreasing trend. At a given
confidence level, if Z > Z,, /», the trend of the sequence is significant; if Z < Z, /,, the trend
of the sequence is not significant. The critical values of the statistic Z for significance levels
of 0.1, 0.05, and 0.01 are 1.64, 1.96, and 2.58, respectively.

Next, use the M-K method for mutation analysis, structured as follows:

k i—1
Sy = Zi:l Z; aij,k:2,3,4,...,n (7)
1,X; > X;
In the formula, a;; = " =4 1<j<i.
0,X; < X]
Assuming the time series is random, the statistics are as follows:
—E
UFK:M,k:LZ,?)A,...,n 8)
Var(Sg)

In the formula, E(Sy) represents the mean, and Var(Sy) represents the variance, calcu-
lated according to Formulas (9) and (10).

k(k+1)

E(Sy) = )

k(k —1)(2k +5)

Var(S;) = o

(10)
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According to the time series in reverse order X, X;,_1, ..., X1, calculate UBy using
the process described above. Within the confidence interval |U| < 1.96, if UFx = UBy, the
intersection point is identified as the mutation point of the time series. When UFg > 0, the
sequence shows an upward trend; when UFg < 0, the sequence shows a downward trend.

2.2.3. Monsoon Trough Intensity Index

In order to better study the interannual variations in the monsoon trough, this paper
adopts the definition of the Monsoon Trough Intensity Index (MTI) proposed by Zhang
Xiang et al., which uses MTI to quantify the intensity of monsoon trough activity. The
formula is as follows [28]:

&g —
Vo?

In the formula, ¢’ represents the average convective low-level 850 hPa relative vorticity
over the region of 215-165° E and 5-20° N in the Western Pacific during the autumn
(September to November) of a certain year. ¢ is the climatic average of the convective
low-level 850 hPa relative vorticity for this region from 1984 to 2022 during autumn. /o2
is the mean square deviation of the convective low-level 850 hPa relative vorticity for
this region. According to the formula, if MTI > 0, the Western Pacific Monsoon Trough is
stronger; conversely, if MTI < 0, the Northwestern Pacific Monsoon Trough is weaker.

Satl

MTI = 11)

3. Results
3.1. Temporal and Spatial Variation Characteristics of Tropical Cyclones in Northwest Pacific

By analyzing the occurrence frequency of tropical cyclones in the Western Pacific over
the past 39 years, we identified that their activity is primarily concentrated during the
summer and autumn months, spanning from June to November. Consequently, this study
focuses on cyclones that attain tropical storm intensity (wind speed > 17.3 m/s) within
these seasons. Figure 1 illustrates the interannual distribution of tropical cyclone frequency
derived from statistical methods. Specifically, Figure 1la depicts the total frequency of
cyclones over the 39-year period, totaling 789 occurrences. The year 1994 recorded the
highest frequency with 30 cyclones, while 1998 had the lowest with only 10. From a
long-term perspective, the frequency of cyclones exhibits a slight upward trend, increasing
at a rate of 0.0623 occurrences per year, though this trend is not statistically significant.
Figure 1b shows the trend significance and abrupt changes in the frequency of Western
Pacific TCs from 1984 to 2022 based on the M-K test. The results reveal an abrupt change
in cyclone frequency in 1986, followed by a significant upward trend between 1993 and
1995, suggesting that the period from 1991 to 1996 was characterized by heightened cyclone
activity. However, after the abrupt change in 1996, the frequency of cyclones began to
decline, although this decrease is not statistically significant. This lack of significance in
the declining trend may be attributed to the substantial short-term fluctuations in cyclone
occurrence, which obscure a clear long-term downward trend.

In order to explore the frequency variation cycles of tropical cyclones in summer and
autumn in the Northwest Pacific Ocean from 1984 to 2022, the wavelet analysis method was
used to obtain the wavelet power spectrum variation diagram (Figure 2a) and the wavelet
full spectrum diagram (Figure 2b) of tropical cyclone frequency. The area enclosed by the
thick black line in Figure 2a represents the wavelet power that passes the 95% confidence
test. The black dashed line indicates the critical line of the cone of influence (COI), and the
area below the dashed line represents the region significantly affected by the edge effects of
the continuous wavelet transform. In Figure 2b, the red dashed line represents the critical
line for the 95% significance level.
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Figure 1. Interannual variation and M-K trend test of frequency of tropical cyclone bottles from 1984
to 2022. (a) is Interannual variation and (b) is M-K trend test.
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Figure 2. Wavelet power spectrum variation chart and global wavelet power map of tropical cyclone
frequency in Northwest Pacific from 1984 to 2022. (a) is wavelet power spectrum variation diagram
and (b) is wavelet full spectrum diagram.

You can see from Figure 2a that the tropical cyclone frequency wavelet power change
cycle is the most prominent at small size scales, and the TC frequency by the 95% confidence
level inspection cycle is roughly 1-3 years and 1 to 6 years, of which 1989-1995 for 1-3 years
scale change cycles, and 2011-2018 is characterized by 1-6 years scale change cycles. It can
also be seen from the global spectrum of wavelet in Figure 2b that the period of passing
the 95% confidence test is mainly within 6 years. It can be concluded that the frequency
of tropical cyclones in the Northwest Pacific Ocean in recent 39 years has a small scale
periodic change of 1-3 years and 1-6 years [29].

Accumulated Cyclone Energy (ACE) is a quantitative metric for assessing the intensity
of tropical cyclones, and was first proposed by Bell in 2000. This measure encompasses all
tropical cyclones that exceed the intensity threshold for tropical storms, and it is computed
by summing the squares of their maximum wind speeds at six-hour intervals over a
designated period [30]. Consequently, compared to studies focusing on single indicators
such as tropical cyclone frequency or intensity, the analysis of ACE provides a more
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comprehensive understanding of the overall trends in tropical cyclone activity. Therefore,
we calculated the ACE values for TCs with an intensity greater than or equal to tropical
storm intensity (wind speed of at least 17.2 m/s) over the past 39 years.

The ACE trend and long-term trend of TCs from June to November for the years 1984
to 2022 are illustrated in Figure 3a. This figure reflects the ACE trend of TCs over the
past 39 years. The analysis indicates that ACE exhibits a generally negligible downward
trend, characterized by a decline rate of —0.145 x 103 (m?/s?). The maximum ACE value
was recorded in 1994, while the minimum occurred in 1999. According to the M-K test,
the average annual ACE of TCs over the 39-year period indicated no significant increase
or decrease. There was no notable upward trend in ACE prior to 1998, but there was a
non-significant downward trend from 1998 to 2004, from 2007 to 2015, and after 2020. The
first mutation point was identified in 1998, after which the ACE displayed a non-significant
alternating trend of increases and decreases, with two additional mutation points in 2007

and 2013.
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Figure 3. Interannual variation and M-K trend test of ACE from 1984 to 2022. (a) is Interannual
variation and (b) is M-K trend test.

Figure 4 illustrates the periodic fluctuations of ACE. As depicted in Figure 4a, there is
a notable periodic variation in ACE associated with tropical cyclones on a relatively small
scale. The periodicity of ACE for these cyclones, assessed at a 95% confidence level, is
identified as occurring within the ranges of 1-5 years and 2—4 years. Specifically, the period
from 1987 to 2004 is characterized by a 1-5 year oscillation, whereas the period from 2007
to 2020 is characterized by a 2—4 year oscillation. Furthermore, the global wavelet power
spectrum presented in Figure 4b corroborates that the periodicity of ACE, also evaluated at
a 95% confidence level, predominantly resides within the 1-5 year range, with a wavelet
power peak observed at 2-3 years. This suggests that variations in ACE are particularly
pronounced during this timeframe. In conclusion, the ACE of tropical cyclones in the
Northwest Pacific over the past 39 years demonstrates low-frequency oscillatory periodic
changes of 1-5 years and 2—4 years.
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Figure 4. Wavelet power spectrum variation chart and global wavelet power map of ACE in North-
west Pacific from 1984 to 2022. (a) is wavelet power spectrum variation diagram and (b) is wavelet
full spectrum diagram.

In order to gain a deeper insight into the spatial distribution patterns of tropical
cyclone origins within the Northwest Pacific region, we divided the sea areas between
0 and 40° N and 100 and 160° E into 1° x 1° grids. We then calculated the frequency of
TCs in each grid to create a spatial distribution map of tropical cyclone genesis of various
categories in the Northwest Pacific from June to November over the past 39 years (Figure 5).
The analysis reveals that tropical cyclone geneses are primarily concentrated between 5
and 24° N and 110 and 155° E. Specifically, there are three areas of high tropical cyclone
frequency: 10-20° N, 112-120° E; 8-20° N, 125-135° E; and 8-20° N, 140-152° E. The
frequencies of TCs in these three areas account for approximately 16%, 24%, and 21% of the
total number of TCs, respectively, while the remaining TCs are distributed around these
three concentration zones.
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Figure 5. Spatial distribution of tropical cyclone genesis in Western Pacific from 1984 to 2022.

We have classified tropical cyclones that have occurred over the past 39 years in
accordance with the classification criteria established by the China Meteorological Admin-
istration. The classification of tropical cyclones is predicated on their maximum sustained
wind speeds, which are categorized into five distinct classifications: Tropical Storm (TS,
with a maximum sustained wind speed exceeding 17.2 m/s), Severe Tropical Storm (STS,
with a maximum sustained wind speed exceeding 24.5 m/s), Typhoon (TY, with a maxi-
mum sustained wind speed exceeding 32.7 m/s), Severe Typhoon (STY, with a maximum
sustained wind speed exceeding 41.5 m/s), and Super Typhoon (Super TY, with a maxi-
mum sustained wind speed exceeding 51.0 m/s). Figure 6 depicts the spatial distribution

135



J. Mar. Sci. Eng. 2025, 13, 334

of the genesis regions for these various categories of tropical cyclones in the Northwest

Pacific.
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Figure 6. Spatial distribution of tropical cyclone geneses of different grades in Western Pacific from
1984 to 2022.

The analysis presented in Figure 6a indicates that the primary genesis region for
TS is located in the South China Sea, with a secondary area of high frequency situated
to the east of the Philippine Islands in the Western Pacific Ocean. Figure 6b illustrates
the spatial distribution of STS, which predominantly originate from the southern part of
the South China Sea, west of the Philippines, and from the Northwestern Pacific Ocean,
east of the Philippine Islands. The genesis region for TY is primarily concentrated in the
Central Northwestern Pacific Ocean, specifically to the east of the Philippine Islands, with a
significant focus in the area defined by the coordinates 8-20° N and 118-150° E (Figure 6c).
In the case of STY and Super TY, the genesis regions shift further eastward, with the
principal areas of origin located in the eastern part of the Western Pacific, predominantly
within the longitudinal range of 120-160° E. As the intensity of tropical cyclones increases,
the genesis regions in the South China Sea appear to diminish (Figure 6d,e), while the
high-frequency centers progressively migrate eastward. This observation suggests that the
South China Sea is less favorable for the formation of high-intensity tropical cyclones.

The following is a statistical analysis of the latitude and longitude distribution of
cyclone genesis regions in the Northwest Pacific from 1984 to 2022 (Figures 7 and 8). From
Figure 7, it can be clearly observed that the main latitude position of TCs has not changed
significantly over the past 39 years, remaining consistently concentrated in the range of
8-20° N. However, from the perspective of longitude distribution (Figure 8), there is a
slight westward trend in the generation locations of TCs. Specifically, before 2000, TCs were
mainly generated near 125-150° E; during the period from 2000 to 2010, this range slightly
shifted eastward to 130-145° E; and from 2010 to 2022, the main generation locations of
TCs further shifted westward, concentrating between 120 and 140° E.
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Figure 7. Interannual distribution of latitude of TC origins in Northwest Pacific from 1984 to 2022.
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Figure 8. Interannual distribution of longitude of TC origins in Northwest Pacific from 1984 to 2022.

3.2. The Relationship Between Tropical Cyclone Activity in the Northwest Pacific and Temperature
Changes in the Warm Pool in the Western Pacific

TC activity demonstrates a substantial correlation with alterations in ocean thermo-
dynamics. Research suggests that the warming anomaly of SST may be a critical factor
contributing to the rise in annual tropical cyclone frequency. However, the relationship
between tropical cyclone activity and sea surface temperature continues to be a topic of on-
going debate. While warm SSTs create a more favorable environment for TC development,
some studies suggest that SST changes are not the primary driver influencing the number
of typhoons [16].

The Northwest Pacific Ocean is recognized as one of the principal regions for tropical
cyclone genesis globally, primarily attributable to the existence of the Western Pacific
warm pool, which is the largest and warmest body of warm water on the planet. The
thermal conditions of this warm pool exert a significant influence on the formation and
development of TCs in the region. To investigate the relationship between the interannual
variability of the warm pool and TC activity in the Western Pacific, a study region within
the bounds of 0-16° N and 125-165° E in the Western Pacific Ocean was designated as
the warm pool [31,32]. The mean sea surface temperature anomaly (SSTA) from June to
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November in this area was calculated and used as an indicator of the thermal state of
the warm pool (Figure 9). It is not difficult to see that the warm pool heat conditions
in the past 20 years have been warmer compared to the previous 20 years. To better
reflect the changes in warm pool heat conditions, this article defines years with warm pool
SSTA > 0.2 °C (SSTA < —0.2 °C) as significantly warm (cold) years. Statistics show that in
the past 39 years, there have been 7 significantly warm years and 9 significantly cold years
for the warm pool.
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Figure 9. Interannual variability of SSTA in Northwest Pacific warm pool from 1984 to 2022.

The results indicate a significant increase in the thermal environment of the Western
Pacific warm pool over the past 39 years, as demonstrated by the interannual variations
illustrated in Figure 10a. The sea surface temperature within the warm pool displays a
consistent upward trend, rising at an annual rate of 0.0169 °C. To gain deeper insights into
the thermal state of the warm pool, the long-term trends and potential climate shifts in
the SSTA of the warm pool in the Northwest Pacific were analyzed using the M-K test
method, as depicted in Figure 10b. The analysis indicates a significant mutation point in
the SSTA of the warm pool in 1990, while no notable thermal changes were detected in
1986. From 1986 to 1991, the thermal conditions of the warm pool remained relatively
stable, with no significant upward trend observed. Similarly, between 1991 and 1995,
there was no substantial decline in the thermal conditions. However, following 1996, the
thermal environment of the warm pool has shown a consistent upward trajectory, with a
particularly pronounced increase observed after 2006.

Through the application of wavelet analysis, we identified the periodic variations in
the SSTA in the Western Pacific warm pool (see Figure 11). The findings suggest that the
SSTA in this region demonstrates notable periodic variations on a small scale with cycles of
1-3 years and 2-5 years. From 1996 to 2004, it showed a 1-3 year periodic variation, while
from 2011 to 2021, it exhibited a 2-5 year periodic variation (Figure 11a). By observing
the wavelet global spectrum (Figure 11b), it can be found that the wavelet power, through
confidence testing, has a periodicity of 1-4 years, with a peak at 3 years, indicating that the
periodic variation in the warm pool is most significant around 3 years.
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Figure 10. Interannual variation and M-K trend test of the SSTA in Northwest Pacific warm pool
from 1984 to 2022. (a) is Interannual variation and (b) is M-K trend test.
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Figure 11. Wavelet power spectrum variation chart and global wavelet power map of SSTA in
Northwest Pacific warm pool from 1984 to 2022. (a) is wavelet power spectrum variation diagram
and (b) is wavelet full spectrum diagram.

To examine how tropical cyclone activity responds to variations in SSTA within the
Northwest Pacific warm pool, we conducted a statistical analysis of TC distribution patterns
over the past 39 years under both cold and warm thermal conditions of the warm pool,
as illustrated in Figure 12. During years with a warm thermal state of the warm pool,
the 29 °C isotherm is positioned approximately at 22° N (Figure 12a), extending across
much of the sea areas south of the South China Sea and northwest of the Philippine Islands.
The primary genesis regions for TCs are located in the central and western parts of the
Northwest Pacific, south of the 29 °C isotherm, which can be roughly categorized into
three distinct areas: the South China Sea region (8-20° N, 112-120° E), the sea area west of
the Philippine Islands (8-20° N, 125-134° E), and the Northwest Pacific region (10-20° N,
140-145° E).
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Figure 12. Distribution of cyclone genesis regions and abnormal distribution of cyclone genesis
regions in Western Pacific warm pool from 1984 to 2022 (red solid line represents isotherm of warm
pool, and black box indicates high-frequency cyclone genesis regions). (a) is the warm pool thermal
state in warm years, (b) is the warm pool thermal state in cold years, and (c) is the distribution of
cyclone frequency anomalies.

In contrast, during years with a cold thermal state of the warm pool (Figure 12b), the
29 °C isotherm shifts to around 20° N, covering most of the central and western parts of the
West Pacific. Under these conditions, the genesis regions for TCs are primarily concentrated
south of the 28.5 °C isotherm, with high-frequency areas also located south of the 29 °C
isotherm. These regions can be divided into three main areas: the South China Sea region
(8-20° N, 112-120° E), the sea area west of the Philippine Islands (5-20° N, 125-135° E),
and the Northwest Pacific region (8-20° N, 140-155° E).

Figure 12c highlights the differences in cyclone frequency during anomalous years of
warm pool thermal conditions, revealing positive anomalies in a small area of the South
China Sea east of the Philippine Islands and in the central-southern part of the Northwest
Pacific (8-16° N, 128-155° E). Conversely, negative anomalies are observed in the northern
part of the Northwest Pacific region. These findings suggest that during years with a cold
thermal state of the warm pool, the genesis regions for cyclones shift further south and east.

3.3. Relationship Between Tropical Cyclone Activity and Monsoon Trough Activity in
Northwest Pacific

Given that warm pools are not the primary factor influencing the frequency of TCs,
what factors determine the spatial distribution of these phenomena? The prevalence of TCs
in the Western Pacific Ocean can be attributed not only to the relatively high surface sea
temperatures in the region, which fulfill the thermal requirements for TC formation, but
also to the frequent presence of active monsoon troughs during the summer and autumn
months. The monsoon trough is an important feature of atmospheric circulation, typically
referring to a low-pressure trough that forms in tropical and subtropical regions during
the monsoon season (usually summer). It is usually located near the equator and extends
northward to the Asian continent. When the monsoon trough develops significantly, it can
extend eastward to the Indochinese Peninsula and connect with the near-equatorial trough
around the Philippines [28,33]. Relevant studies indicate that approximately 75% of the
world’s TCs originate within monsoon troughs, with around 80% of the TCs formed in
the Northwest Pacific occurring in these troughs [33,34]. Figure 13 shows the interannual
variation in the MTT in the Northwest Pacific from 1984 to 2022, calculated using the above
definitions and wind field data. To clearly reflect the characteristics of monsoon trough
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activity, this paper defines years with MTI > 1 (MTI < —1) as years with significantly
strong (weak) monsoon troughs. It can be seen that in the past 39 years, there have been

6 years with significantly strong monsoon troughs and 5 years with significantly weak
monsoon troughs.
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Figure 13. Interannual variation in MTI in Pacific Northwest from 1984 to 2022.

Through a long-term trend study of MTI over the past 39 years, we found that MTI
shows a non-significant downward trend; the M-K test indicated a mutation in 1996. Before
1996, the intensity of MTI showed an increasing trend, while after 1996, it mainly exhibited a
weakening trend. By employing wavelet analysis, we obtained the wavelet power spectrum
change diagram of MTI (Figure 14a) and the global wavelet power diagram (Figure 14b).
The results show that the periodicity of MTI, verified at a 95% confidence level, is 1-5 years
and 1-6 years. From 1985 to 1993, it exhibited a variation cycle of 3-5 years, from 1993 to
2002, a variation cycle of 1-4 years, from 2007 to 2016, a variation cycle of 1-3 years, and
from 2016 to 2021, primarily a variation cycle of 3-6 years. Additionally, there is a relatively
significant periodic variation around 2-3 years in MTL
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Figure 14. Wavelet power spectrum variation chart and global wavelet power map of MTI in
Northwest Pacific from 1984 to 2022. (a) is wavelet power spectrum variation diagram and (b) is
wavelet full spectrum diagram.

The results of the aforementioned research demonstrate a discernible weakening trend
in the intensity of the monsoon trough in the Northwest Pacific over the past 39 years.
Previous research has indicated that the interannual variability of the monsoon trough in
this region is predominantly affected by the thermal conditions of the Northwest Pacific
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warm pool. Furthermore, the activity of TCs in the Western Pacific is closely linked to the
interannual fluctuations in the monsoon trough. To investigate these relationships, we
conducted an analysis of the correlations among TC frequency, ACE, SSTA of the warm
pool, and MTI [21,24,26]. Figure 15 presents the Pearson correlation coefficients among
TC frequency, ACE, warm pool SSTA, and MTI. The analysis reveals that TC frequency is
significantly positively correlated with both ACE (r = 0.4675) and MTI (r = 0.4252) at the
95% confidence level (p < 0.05). Additionally, ACE exhibits a strong positive correlation
with MTI (r = 0.7219, p < 0.001), suggesting that MTI has a more substantial influence on
both cyclone frequency and ACE. In contrast, warm pool SSTA is significantly negatively
correlated with both ACE (r = —0.4474, p < 0.01) and MTI (r = —0.5495, p < 0.001), while
showing only a weak and insignificant positive correlation with TC frequency. This pattern
suggests that the thermal state of the warm pool significantly influences MTI. As the
thermal state of the warm pool varies, a potential weakening of MTI may ensue, which
could result in a decrease in TC frequency and a reduction in ACE.

* p<0.05,**p<0.01,***p<0.001
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Figure 15. Heatmap of correlation coefficients for tropical cyclone frequency, ACE, SST, and MTT.

In order to better study the activity trends of the monsoon trough under varying
conditions of warm pool thermal status, we analyzed the distribution of the monsoon
trough under warm and cold thermal conditions of the warm pool. The figure below
shows the distribution of the monsoon trough at 850 hPa in the Northwestern Pacific under
warm (Figure 16a) and cold (Figure 16b) thermal conditions of the warm pool. Under
warm thermal conditions, the 29 °C isotherm is relatively positioned to the north, located
around 24° N, covering a vast area of the Northwestern Pacific south of 24° N. At this time,
the activity area of the monsoon trough is shifted westward, mainly concentrated west of
130° E, and can extend over the Philippine Islands. In contrast, when the warm pool thermal
status is cold, the 29 °C isotherm is positioned further south, around 16° N. In this context,
the monsoon trough exhibits a southeastward orientation, with its activity range located
between 5° N and 16° N, extending southeastward to 155° E. This distribution characteristic
reveals that under cold conditions of the warm pool, the activity area of the monsoon trough
is broader, covering most of the southeastern region of the Northwestern Pacific.

In the preceding analysis, it was determined that the thermal conditions of the warm
pool exert a significant influence on the activity trends of the monsoon trough. Conse-
quently, it is imperative to investigate whether the activity of TCs exhibits a discernible
pattern in response to fluctuations in MTI in the Northwest Pacific. This study aims to
examine the variations in the 850 hPa flow field associated with the monsoon trough,
as well as the distribution of TC genesis regions from June to September during years
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characterized by strong and weak MTI. Since the monsoon trough typically weakens and
dissipates in October-November each year, the analysis did not include cyclone activity

during this period.
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Figure 16. Average distribution of 850 hPa monsoon troughs in warm pool thermal conditions from
1984 to 2022 warm (a) and cold (b) (red solid line is warm pool SST contour, blue dashed line is
850 hPa contour, black streamline is 850 hPa wind field, and heavy black line indicates approximate
location of monsoon trough).

In years characterized by a stronger MTI, the monsoon trough extends from the South
China Sea to the Central-Western Pacific Ocean at 150° E during the months of June to
July, encompassing latitudes between 5° and 16° N, as illustrated in Figure 17a. During
this timeframe, the primary regions for TC genesis are situated in the South China Sea
and the Western Pacific, specifically to the east of the Philippines, with cyclone formation
predominantly occurring within the confines of the monsoon trough. Subsequently, from
August to September, the monsoon trough migrates northward, covering the northern
portion of the South China Sea and the Northwest Pacific at latitudes ranging from 8° to
24° N, as depicted in Figure 17b. The trough further extends eastward into the Western
Pacific at 165° E.
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Figure 17. Average distribution of monsoon trough at 850 hPa and distribution of TC genesis from
autumn 1984 to 2022.
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In contrast, during June and July in years of weak MTI (Figure 17c), the monsoon
trough is primarily located over the South China Sea at latitudes of 5° to 16° N, with the
main TC genesis regions concentrated in the South China Sea and the Northwest Pacific
east of the Philippine Islands. From August to September, the monsoon trough shifts
eastward over the Northwest Pacific near longitudes of 120-130° E, with the primary TC
genesis regions located to the east-southeast of the South China Sea and in the Northwest
Pacific near the Philippine Islands.

In summary, during years of strong MTI, the TC genesis regions are predominantly
within the monsoon trough. In contrast, during years of weak MTI, TC genesis is more
likely to occur in the northward airflow belt, which results from the convergence of the
northwesterly equatorial airflow and the airflow from the Eastern Pacific. This observation
highlights the strong relationship between tropical cyclone activity and the dynamics of
the monsoon trough.

3.4. Characteristics of Environmental Factors Above Northwest Pacific Under Abnormal Warm
Pool Heat Conditions

Through a comparative analysis, it is evident that the thermal conditions of the warm
pool significantly influence the spatial distribution and activity trends of the monsoon
trough (Figure 16). Specifically, during warmer warm pool conditions, the monsoon
trough'’s activity is primarily confined to the western and northern parts of the South China
Sea. In contrast, during colder warm pool conditions, the monsoon trough shifts to the
central-eastern regions of the Northwest Pacific, expanding in a southeastern direction.
These findings provide essential insights into the relationship between the thermal state of
the warm pool and the dynamics of the monsoon trough. Prior research has emphasized
a substantial connection between the monsoon trough and cyclone activity. One key
question remains: why do cyclones frequently form within the monsoon trough? Outgoing
Longwave Radiation (OLR) is a crucial metric for assessing convective activity, with lower
OLR values typically indicating intense convection and high cloud tops, while higher OLR
values suggest weaker convection. By examining the distribution and variability of OLR
within the monsoon trough, we can gain deeper insights into the underlying mechanisms
connecting monsoon trough activity to cyclone formation and development [28,34].

Figure 18 provides the 850 hPa streamlines and the composite distribution of OLR
(W m~2) over the Northwest Pacific during June-July, August-September, and October—
November in years characterized by strong and weak monsoon troughs. Figure 18a
illustrates that in strong MTI years, the monsoon trough extends eastward from the South
China Sea to the Central Northwest Pacific during the months of June and July, spanning
approximately 5-24° N, with heightened convective activity in this region. By August-
September (Figure 18b), the monsoon trough shifts significantly northward, covering
latitudes of 10-20° N over the South China Sea and the Northwest Pacific, and extends
eastward over the Eastern Northwest Pacific near 165° E. Convective activity also migrates
northward, reaching the South China Sea and the Northwest Pacific at latitudes of 10-18° N
and longitudes of 110-160° E. Figure 18c depicts the monsoon trough’s variation from
October to November, showing a gradual weakening and southward movement due to
the westward expansion of the easterly airflow. During this period, the monsoon trough
transitions into a cyclonic vortex centered over the Northwest Pacific near 10° N, 135° E.

Figure 18d-f illustrates the average 850 hPa streamlines and OLR over the Northwest
Pacific during the periods of June-July, August-September, and October-November in
years characterized by weak MTL Specifically, Figure 18d indicates that during weak MTI
years, the monsoon trough is predominantly situated over the western part of the South
China Sea and the Northwest Pacific, at latitudes ranging from 8° to 20° N, during the
months of June and July, with notable convective activity in this area. From August to
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September (Figure 18e), the monsoon trough shifts southward, covering the South China
Sea and the Northwest Pacific at latitudes of 8-18° N, and extends eastward over the Central
Northwest Pacific near 140° E. Convective activity also migrates northward, affecting
the South China Sea and the Northwest Pacific at latitudes of 8-18° N and longitudes
of 110-140° E. Figure 18f reveals that from October to November, the monsoon trough
experiences a weakening along the southern boundary of the Western Pacific subtropical
high and subsequently shifts southward in conjunction with the easterly airflow, evolving
into a cyclonic vortex centered over the western part of the Northwest Pacific near 8° N,
115° E.
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Figure 18. Average distribution of 850 hPa monsoon trough and OLR distribution during strong (a—c)
and weak (d—f) MTI years in summer and autumn from 1984 to 2022 (shaded areas, unit: W m~2).

In summary, during strong MTI years, the monsoon trough exhibits greater intensity,
with its activity range expanding northward and eastward. The trough line tends to
be positioned more northerly or easterly, resulting in broader coverage over the eastern
part of the Western Pacific, particularly in the Central Western Pacific, where convective
activity may be more vigorous. Conversely, in weak MTI years, the monsoon trough’s
intensity diminishes, and its activity range contracts westward, predominantly shifting
northwestward during years characterized by cold warm pool conditions, particularly
affecting the South China Sea and the Philippine Islands. Furthermore, convective activity
is notably more pronounced in the South China Sea and the West-Northwest Pacific region,
indicating a weaker MTI and reduced monsoon trough activity, whereas during warm
of warm pool years, the monsoon trough develops more eastward, reflecting a stronger
monsoon trough.

The intensified cyclone activity within the monsoon trough can be explained by sev-
eral interconnected factors. Key among these is the SST in the Western Pacific warm pool,
which typically exceeds 28.5 °C beneath the monsoon trough, providing the necessary
thermal foundation for cyclone development [4,11]. Moreover, the persistent presence
of the monsoon trough over this warm pool during the summer months creates an envi-
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ronment characterized by favorable dynamic and thermal conditions, further promoting
cyclone formation. First, the relative vorticity associated with atmospheric convergence
and cyclonic characteristics within the monsoon trough is particularly strong at the 850 hPa
level, supplying the rotational energy required for cyclone genesis. Second, the relatively
low vertical wind shear within the monsoon trough enhances the stability of convective and
circulation structures, facilitating the development and intensification of cyclones [11,21,32].
Additionally, the monsoon trough plays a critical role in supplying abundant water vapor,
which is essential for the initiation and sustenance of cyclones. The continuous transport of
warm, humid air toward the cyclone center supports robust convective activity. Simultane-
ously, the divergence at the 200 hPa level within the monsoon trough aids in the outward
transport of heat and kinetic energy from the cyclone, supporting its ongoing development
and intensification [28,29]. To obtain insights into the spatial and intensity variations in
the Northwest Pacific Monsoon Trough, as well as the large-scale environmental factors
influencing cyclone formation during the warm and cold periods of the Western Pacific
warm pool, several atmospheric parameters must be considered (shown in Figure 19). The
parameters considered included relative vorticity at 850 hPa, relative divergence at 200 hPa,
vertical wind shear between 200 hPa and 850 hPa, and average relative humidity between
500 hPa and 700 hPa within the lower troposphere over the Northwest Pacific.
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Figure 19. Abnormal distribution of environmental factors (colored) and climate mean state for warm
pool heat status anomaly years from 1984 to 2022 ((a) is relative vorticity at 850 hPa, (b) is relative
divergence at 250 hPa, (c) is wind shear between 850 hPa and 200 hPa, (d) is average relative humidity
between 500 hPa and 700 hPa, with contour lines representing climate mean state).

Figure 19a illustrates the relative vorticity at 850 hPa during the anomalous years
characterized by the warm pool’s thermal conditions, in comparison to the climatological
average. In the average state, positive relative vorticity exists in the central and eastern
areas of the Northwest Pacific (8-16° N, 125-160° E). Positive anomalies also appear in this
region and the eastern part of the South China Sea, signifying enhanced relative vorticity
in colder years. It implies that the cyclonic relative vorticity at 850 hPa in the central
to eastern regions of the Northwest Pacific is stronger in colder years than in warmer
years, reflecting more intense airflow convergence in these areas under colder conditions.
Figure 19b shows the relative divergence at 200 hPa during the abnormal years of the
warm pool’s thermal conditions relative to the climatological average. In the average state,
positive divergence is observed in the central and eastern regions of the Northwest Pacific.
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Additionally, positive divergence anomalies are present in the eastern part of the South
China Sea and the eastern section of the Northwest Pacific (8-16° N, 125-170° E), indicating
enhanced divergence in colder years. This indicates that the circulation divergence at
200 hPa over the South China Sea, as well as in the western and central-eastern regions
of the Northwest Pacific, is enhanced during colder years, thereby promoting increased
convective activity. The climatological mean of the vertical wind shear between 250 hPa and
850 hPa demonstrates minimal shear in the central and southeastern areas of the Northwest
Pacific (Figure 19¢). Negative anomalies were identified in the central and southeastern
regions of the Western Pacific, suggesting a reduction in wind shear during colder years.
This observation indicates that vertical wind shear in the central and southeastern areas
of the Northwest Pacific is diminished in colder years. Furthermore, an analysis of the
climatological mean of relative humidity between 500 hPa and 700 hPa is warranted to
understand the implications of these findings (Figure 19d); there is sufficient moisture in
the South China Sea and the southern part of the Western Pacific (5-12° N, 120-150° E).
Negative anomalies are detected near the Philippine Islands and the surrounding sea areas,
indicating reduced moisture content in colder years. On the contrary, positive anomalies
are seen in the eastern part of the Western Pacific, suggesting adequate moisture availability
in this region during colder years.

In summary, during the cold phase of the warm pool thermal conditions, anomalies
in relative vorticity, positive relative divergence, and wind shear were predominantly
observed over the eastern part of the South China Sea and the central to eastern regions
of the Northwest Pacific. Additionally, a positive anomaly in relative humidity was pri-
marily observed in the Northeastern Pacific Ocean. Most of these positive anomalies were
concentrated in the maritime area bounded by 8-16° N and 125-160° E, corresponding
to the active region of the monsoon trough during both warm and cold years. These
findings indicate that convective activity within the operational range of the monsoon
trough is notably vigorous, significantly enhancing the formation and intensification of
cyclones. This phenomenon explains the increased frequency of cyclones occurring within
the monsoon trough.

4. Conclusions

Through the analysis of the interannual variation characteristics of TC activity in the
Northwest Pacific from 1984 to 2022, as well as the ACE and generation genesis, it was
found that the frequency of TCs exhibits significant interannual variation characteristics,
with a slight upward trend. The M-K test analysis revealed a mutation in cyclone frequency
around 1996, and a mutation in ACE intensity occurred around 1998, with both showing
a downward trend. By studying the thermal conditions of the warm pool and MTI, we
found that the thermal conditions of the warm pool have been on the rise since 1996, with
a significant increase after 2006, while MTI showed a downward trend after the mutation
in 1996. Using wavelet analysis, we discovered that the frequency of TCs, ACE, warm
pool SSTA, and MTI all exhibit similar low-scale periodic variations. Taking 2001-2005 as
a dividing point, the significant periodicity of cyclone frequency in 2001 was 1-3 years,
ACE had a significant periodicity of 1-6 years, warm pool SSTA had a periodicity of
1-3 years, and MTI had a periodicity of 1-4 years. After 2005, the significant periodicity
of TCs frequency was 1-7 years, ACE had a significant periodicity of 14 years, the warm
pool had a periodicity of 1-6 years, and MTI had a periodicity of 1-6 years. From the
analysis of cyclone generation genesis over the 39 years, it was found that there are three
main generation geneses, and the longitudinal position of the TC occurrence genesis has
shifted westward.
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Through our investigation into the correlation between the warm pool in the Western
Pacific and the frequency of cyclone occurrences, we discovered that the origins of cyclones
are frequently situated in regions of the ocean characterized by high sea surface temper-
atures. In years when the warm pool’s thermal conditions are above or below average,
we observed that during warmer (or cooler) years, the MTI may be weaker (or stronger).
There exists a substantial negative correlation between the thermal conditions of the warm
pool and MTI. In years characterized by elevated thermal conditions in the warm pool,
the monsoon trough may extend as far as the South China Sea and the western region of
the Northwestern Pacific at 130° E, while in cooler years, it can extend to the eastern part
of the Northwestern Pacific at 160° E. This trend of monsoon trough activity is consistent
with years of stronger or weaker MTL In our study of the activity trends during years of
stronger and weaker monsoon troughs, we found that the activity of the monsoon trough
is generally accompanied by stronger convective activity, and the main generation areas for
tropical cyclones are primarily located within the monsoon trough. In years characterized
by a weaker monsoon trough, the primary regions for tropical cyclone formation are not
limited to the monsoon trough itself; rather, they also more frequently arise within the
northward airflow produced by the convergence of the northwesterly flow and the airflow
originating from the Eastern Pacific.

Finally, we focused on analyzing the activity of environmental factors under different
thermal conditions of the warm pool. In years when the warm pool is relatively cool, there
are positive anomalies of relative vorticity and relative divergence over the eastern part
of the South China Sea and the central and eastern regions of the Northwest Pacific. The
positive anomaly of relative humidity is mainly concentrated over the eastern part of the
Northwest Pacific. Most of these positive anomalies of environmental factors occur in the
sea area between 8 and 16° N and 125 and 160° E, while wind shear shows a negative
anomaly. The appearance of these anomalies indicates an enhancement of environmental
factors in this region, which is more conducive to the development of convective activity.
This area corresponds to the activity range of the monsoon trough during years when
the warm pool is relatively cool. Within the monsoon trough’s activity range, convective
activity is particularly intense, and under strong convective conditions, the occurrence and
development of cyclones are more favorable.
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Abstract: This study addresses the local scour problem of monopile foundations in the
central Bohai Sea. This study integrates numerical simulations with experimental valida-
tion to conduct an in-depth analysis of the tidal current background, sediment transport,
sediment sources, and scour characteristics over the past two decades. The analysis of
ocean currents and sediment dynamics revealed that the monthly average tidal current
speed in the majority of the study region is below 0.6 m-s~!, with annual seabed erosion
and accretion changes within 0.02 m, exhibiting minimal variation. The annual erosion and
accretion changes in the wind farm areas are less than 0.01 m. The analysis of local scour
around monopile foundations indicates that approximately 80% of the scour occurs during
the initial phase. A comparative analysis of collar protection effectiveness indicates that the
collar can effectively reduce scour depth by 50%, thereby demonstrating significant protec-
tive effects. However, the prevailing trend of scouring remains unaltered, indicating that
collar protection has inherent limitations in regulating early-stage scouring. The findings of
this study provide a theoretical basis for the design and protection of monopile foundations
in the central Bohai Sea and offer a valuable reference point for the scour protection of
wind turbine foundations in similar regions.

Keywords: current characteristics; sediment transport; local scour; collar protection

1. Introduction

The Bohai Sea is primarily constituted of three bays, which are as follows: Laizhou
Bay, Bohai Bay, and Liaodong Bay. Furthermore, it includes the Bohai Mid-Basin and
the Bohai Strait. The Bohai Sea is a semi-enclosed continental shelf sea with an average
depth of 18 m. Moreover, 95% of the area is less than 30 m deep, with the maximum
depth reaching approximately 70 m. The Bohai Mid-basin exhibits relatively abundant
wind resources, with an average annual wind speed exceeding 6.0 m-s~! [1]. The area is
distinguished by a relatively flat topography, with water depths ranging from 15 to 30 m.
Xu et al. determined that the majority of areas in the Bohai Sea susceptible to storm surges
are situated in waters less than 10 m deep along the coastline [2]. Therefore, the Bohai
Mid-basin, which is endowed with abundant wind resources, favorable water depths, and
optimal topographical conditions, coupled with a relatively limited impact from storm
surges, has emerged as an optimal locale for wind power development.

As offshore wind power continues to develop, research has demonstrated that
monopile foundations are subjected to prolonged exposure to oceanic loads, including
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waves and currents. Such exposure results in the formation of a complex vortex flow field
surrounding the foundations, comprising downward currents, horseshoe vortices, and
wake vortices. Gazi et al. demonstrated that the formation of intense vortices around
the piles can displace sediments around the foundations, leading to a gradual decline in
bed elevation and the erosion of sediments [3]. This not only presents a potential risk
to the stability of the wind turbine foundations, but also results in alterations to the to-
pography and geomorphology of the original marine ecosystem. The issue of scouring
around pile foundations is a highly complex one, warranting further investigation. The
studies conducted by Breusers et al. and Ansari et al. have demonstrated that the depth of
scouring is closely correlated with a number of factors, including water depth, sediment
grain size, pile diameter, and Froude number [4,5]. Oliveto et al. indicated that when the
water depth is substantial, surface vortices and horseshoe vortices do not interact with
one another, and the local scour depth is primarily contingent on the pile diameter [6].
However, in situations where the water depth is relatively shallow, the influence of surface
vortices is predominant, which in turn reduces the vortex-suction capability of horseshoe
vortices, and consequently the local scour depth. Chiew et al. observed that when the
ratio of pile diameter (D) to the median grain size (d50) is less than 50, the local scour is
influenced by the sediment grain size [7]. Raudkivi et al. put forth the proposition that pile
diameter represents a principal factor influencing scour depth, with scour depth increasing
approximately linearly with pile diameter [8]. Jain observed that when the Froude number
exceeds the critical Froude number, the scour depth initially declines and then increases
with rising Froude number. The scour process surrounding pile foundations is influenced
by the Froude number [9].

In examining the critical issues surrounding pile foundations, it is imperative to
consider not only the immediate environmental impacts surrounding the piles themselves,
but also the far-reaching effects of large-scale ocean currents and sediment on the scour
process around pile groups at wind farms. The strength of ocean currents and tidal changes
in the vicinity of the wind farm installation can have a significant impact on the extent of
scour around pile foundations. Prior research has elucidated the tidal flow characteristics
of the central Bohai Sea. Jiang et al. observed that, with the exception of the Bohai
Strait, the ocean currents in the Bohai Sea are relatively weak, with the maximum surface
velocity not exceeding 1.5 m-s~! [10]. Moreover, the velocity of the flow in the central
Bohai Sea is even lower. Bian et al. proposed that astronomical tides act as the primary
driving force in the Bohai Sea, facilitating all mixing processes and the transportation of
dissolved substances and suspended particles through residual currents [11]. In their study
of sediment movement in the central Bohai Sea, Qiao et al. found that the distribution of
suspended sediment concentration in the central Bohai Sea is not significantly correlated
with the river discharge during the flood and dry seasons of the Yellow River, nor with the
temperature and salinity distribution in winter and summer [12]. This is due to the fact
that approximately 70-90% of the sediment discharged by the Yellow River is deposited in
the vicinity of the river mouth, within a distance of 30 km from the coastline [13], while
the remaining sediment is transported to the Yellow Sea via the Bohai Strait [14]. Liu et al.
observed that the sediment from the Yellow River mouth predominantly migrates along
two pathways: the western side of the shallow bank in the central Bohai Sea and along
the Bohai Strait toward the Yellow Sea [15]. The winter season is distinguished by the
prevalence of strong winds and waves, which contribute to the resuspension of sediment.
Therefore, the winter season is the primary period for the transport of sediment from the
Yellow River. Qiao et al. observed that the sedimentation rate in the central Bohai Sea and
along the Shandong Peninsula is relatively low, with a range of 1.0 to 5.0 mm per year [16].
Notwithstanding the weak ocean currents in the central Bohai Sea, the sediment input
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from the Yellow River continues to exert a considerable influence on the stability of pile
foundations. Therefore, a comprehensive investigation into the tidal flow characteristics,
sediment transport, and deposition patterns in this region is essential for the long-term
assessment of wind farm pile foundations.

The majority of hydrological data collected in the Bohai Sea is concentrated in the
three bays and nearshore areas. However, there is a dearth of long-term observational data
available for the central Bohai Sea, and the existing relevant research remains insufficient.
In particular, the issue of scour around wind turbine pile foundations in the central Bohai
Sea has not been adequately addressed or studied. This research employs numerical simu-
lations of oceanographic environments and local scour analysis to examine the background
of ocean currents, sediment movement characteristics, sediment sources, and the local
scour and protection features of pile foundations in the central Bohai Sea. This study is
structured into three principal sections. The initial two sections focus on the examination
of the prevailing large-scale ocean current characteristics and the background of sediment
movement. The third section addresses the local scour and protection features.

2. Ocean Current Characteristics of the Study Region
2.1. Governing Equations

The FVCOM was initially developed by Chen et al. [17], and subsequently under-
went updates and optimizations at the University of Massachusetts and the Woods Hole
Oceanographic Institution [18]. The software incorporates both non-hydrodynamic and hy-
drodynamic dynamics and utilizes unstructured grids, which are well suited for accurately
representing complex coastlines, such as those with archipelagos [19]. The finite volume
algorithm combines the flexibility of finite element geometric fitting with the computational
efficiency of finite difference methods, rendering it an appropriate tool for investigating
nearshore ocean processes, including tides, circulation, storm surges, waves, and sediment
transport [20]. FVCOM can solve for ocean currents, temperature, salinity, and density
based on the continuity, momentum, temperature, salinity, and density equations. The
relevant equations are as follows:

(1) Continuity equation:

dC o0Du oDv ow
3t ax oy "ag M

(2) Momentum equation:
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(3) Temperature equation:
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(4) Salinity equation:

oSD  dSuD 9dSvD dSw 1 9 0S
o " Tax ey | ae _Daa<Khaa>+DFS ©)
(5) Density equation:
p=p(T.Sp) ©6)

In the above equations, u, v, and w represent the velocity components in the three-
dimensional o-coordinate system (x, y, o). D is the total water depth, ¢ is time, g is the
non-hydrostatic pressure, g is the gravitational acceleration at the Earth’s surface, p is
the water pressure, P, is the atmospheric pressure at the sea surface, Fy and F, are the
horizontal diffusion terms, K;; and K, are the turbulent viscosity coefficient and the thermal
turbulent diffusion coefficient in the vertical direction, respectively, T is the temperature,
S is the salinity, Tp is the initial seawater temperature, pg is the reference density, p is the
seawater density, f is the Coriolis parameter, and Fr and Fs are the temperature and
salinity diffusion terms in the three directions, respectively.

2.2. Model Setup and Validation

The study area for the model is situated between 37° and 40.0° N and 117.5° and
120° E, with the specific computational grid for the area illustrated in Figure 1. The locations
of the measured tidal and tidal current data verification stations are illustrated in Figure 2a,
while Figure 2b depicts the depth distribution and components of the Bohai Sea. The
tidal verification at stations XD1 and XD2 was conducted over the course of 63 days, from
08:00 on 10 June 2023 to 08:00 on 11 July 2023. The tidal current verification at stations
C1-C9 was conducted over the course of 48 h, from 16:00 on 12 April 2023 to 18:00 on
13 April 2023. The results of the tidal verification are presented in Figure 3, while the tidal
current verification is illustrated in Figure 4. The model data demonstrate a high degree of
correlation with the observed data.

40°N

38°N

36°N

34°N

118°E  120°E  122°E  124°E _ 126°F

Figure 1. Schematic of the FVCOM model computational domain grid.
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Figure 2. (a) Verification points of the study area; (b) Depth distribution of the study area.
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Figure 3. Tidal validation chart at XD1 and XD2 stations.
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Figure 4. Velocity and direction validation at C1-C9 stations.

2.3. Current Field Characteristics of the Study Area

In order to analyze the flow field characteristics of the study area, to provide the
tidal current background for the sediment erosion and deposition trends, and to offer
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data reference for the development and utilization of marine resources, as well as for the
engineering design of both fixed and floating wind turbines in the area, this study processes
and analyzes the simulated flow field data from 2004 to 2023.

Figures 5 and 6 illustrate the monthly averaged surface flood and ebb tidal current
fields in the study area from 2004 to 2023. The locations of nine wind turbine foundation
sites (51-59) are indicated on the maps. These are situated approximately 30 km north of
Dongying Port, in a relatively flat area with a water depth of approximately 20 m, at a
considerable distance from the area of sediment deposition in the vicinity of the Yellow
River mouth. The analysis demonstrates that, with the exception of the regions proximate
to the former Yellow River estuary and Dongying Port, where the monthly averaged flood
tide current speed is typically between 0.7 m-s~! and 1.0 m-s~! due to the influence of
geographical conditions, the monthly averaged flood and ebb tidal current speed in the
majority of the study area is below 0.6 m's~!. The mean monthly surface flood and ebb
tidal current speed at the wind turbine monopile foundation sites is approximately 0.4
m-s~!. The monthly averaged flood tide current speed at the mouths of Liaodong Bay
and Laizhou Bay is typically less than 0.3 m-s~!, while the monthly averaged flood and
ebb tidal current speed in the Bohai Bay mouth and in the vicinity of the Bohai Strait
remains approximately 0.5 m-s~!. The latitudinal differences are inferred to be primarily
attributable to the wider mouths of Laizhou Bay and Liaodong Bay, where the direction
of the bay mouth is almost perpendicular to the dominant flood and ebb tidal current. In
contrast, the mouth of Bohai Bay is aligned with the direction of the dominant flood and
ebb tidal current, resulting in a more concentrated hydrodynamic effect. In particular, in
the western region of Bohai Bay, in the vicinity of the Bohai Strait, the streamlines converge,
indicating an increase in current speed from east to west.
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Figure 5. Monthly average surface flood tidal current field (2004-2023).
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Figure 6. Monthly average surface ebb tidal current field (2004-2023).

The analysis demonstrates that during the flood tide, as the ocean current progresses
towards the inner bays of the Bohai Three Bays, the flow velocity demonstrates a gradual
increase due to the accumulation of water and localized changes in water depth. The tidal
water advances rapidly inland, resulting in an increase in current speed. In contrast to the
flood tide, the ebb tide is characterized by the reversal of the ocean current, with water
flowing back from regions such as Bohai Bay, Laizhou Bay, and Liaodong Bay to the central
Bohai Sea. This current eventually flows out through the Bohai Strait into the northern
Yellow Sea. As a result of the reduction in water level and the absence of the accumulation
effect observed during the flood tide, in addition to the considerable resistance exerted by
the shoreline and the effect of water friction, the speed of the ebb tide is typically lower
than that of the flood tide.

3. Sediment Transport in the Study Region
3.1. Sediment Transport Model

The FVCOM sediment module uses a concentration-based approach. The governing
equation for suspended sediment transport is as follows:

E auCi BvC,- B(w—w,-)Ci - 0 aCi 0 8Cl~ 0 BCi
ot Tox Tay T e a\Max ) Tay\ My ) Tz \Bre ) @

In the above equation, the subscript i represents the i-th sediment group component,
as specified by the user, C; is the sediment concentration, w; is the sediment settling
velocity, and w represents the actual vertical velocity of sediment particles in the water.
The user inputs parameters for each sediment group, including settling velocity, median
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particle diameter, density, and critical erosion stress. A, represents the horizontal turbulent
diffusion coefficient for sediment, and K}, is the vertical turbulent diffusion coefficient,
which is calculated using the turbulence model.

At the surface, a no-flux boundary condition is applied for sediment concentration:

L=0,0=¢ ®)

Kn e

At the bottom, the sediment flux is the difference between deposition and erosion:

!=E-Dj,oc=-H )

Kn e

The erosion rate E; is calculated as follows:

Ei = AtQ;(1 - P)Fy; (:” - 1) (10)

C1

In the above equation, H is the bottom depth, ¢ is the height of the free surface, D;
represents the deposition rate, Q; is the erosion flux, P, is the bottom porosity, Fy; is the
proportion of the sediment component, Tj, is the bottom shear stress, and 7; is the critical
stress for sediment.

The settling of fine viscous sediment particles is represented by the settling probability
P and settling flux WC as follows:

D = PWC (11)

In the above equation, P is the settling probability, W is the settling velocity, and C is
the sediment concentration.
The settling probability P is given by the formula proposed by Krone [21]:

PZl—E,TbSTd (12)
T

P=0,1>1y (13)

In the above equation, T is the critical shear stress, and 7, is the bottom shear stress.
In this model, the sediment transport resulting from the combined effect of waves and
currents is calculated using the formula developed by Camenen and Larson [22]:

9 .
bcw,i = AnMiPs,iy/ (Si - 1)gd§0,l‘ V chrecwexp <_bn o A > (14)
cw,max

Ty 3.2
14+12 15
(TC + Tw > ( )

2 : 2705
Tew,max = [(Tcw + TwCOS(Pcw) + (Tw51n§0czu) } (16)

Tew = Te

In this formula, a,, and b, are empirical coefficients, with values of 0.03 and 3.0, re-
spectively, #; represents the concentration of the i-th sediment class, s; denotes the specific
gravity of the i-th sediment particles, and 6., is the Shields parameter under the influence
of current alone; 8. and 6cw,max represent the time-averaged and maximum Shields pa-
rameters under the combined effect of waves and currents, which can be calculated using
Equations (15) and (16).

In the FVCOM model, due to sediment deposition and erosion, the thickness of each
layer of the bed changes. At each time step, the active layer thickness z is first calculated.
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The active layer thickness can be defined by the user or calculated according to the formula
proposed by Harris and Wiberg [23]:

z = max[k1 (T — Tc)po, 0] + kadso (17)

In this equation, T; is the bed shear stress, 7. is the average critical shear stress, and
dsp is the median particle diameter, while k1 = 0.007 and ky = 6 are empirical coefficients.

3.2. Suspended Sediment Concentration Validation

This study employs the FVCOM-SED sediment transport module, which, in conjunc-
tion with hydrodynamics, wave dynamics, and the coupling of sediment and topography,
enables the comprehensive simulation of suspended sediment transport and bedload
transport processes. The sediment model parameters are presented in Table 1.

Table 1. Sediment model parameter settings table.

Model Parameters Model Settings
Time Step (s) 1
Suspended Load, Bedload Calculation Both parameters are activated

SD50 (mm) 0.005 0.010 0.015 0.025

Sediment Density (kg-m~3) 2650 2650 2650 2650

Sediment Settling Velocity (mm-s~1) 0.24 0.36 0.48 0.60
Erosion Rate (kg:m™2-s71) 2.0 x 1074 2.0 x 1074 2.0 x 1074 2.0 x107%

Critical Shear Stress for Scour (N-m~2) 0.16 0.25 0.30 0.40

Critical Shear Stress for Deposition (N-m~?2) 0.15 0.20 0.25 0.35

Bed Layer Thickness (m) 1.00 1.00 1.00 1.00

Porosity 0.50 0.50 0.50 0.50

In order to ascertain the veracity of the sediment model, Figure 7 illustrates the
validation of the suspended sediment concentration (SSC, SSC = Y ;) at stations C1 to

1
C9. A comparison between the model data and the measured data indicates a high degree
of correlation.
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Figure 7. Validation of SSC (surface, middle, bottom layers).
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3.3. Suspended Sediment Distribution

The sediments in the Bohai Sea are primarily derived from riverine inputs, with
approximately 75% originating from terrestrial sources and the remaining 25% result-
ing from atmospheric deposition, coastal erosion, and resuspension within the marine
environment [16]. The Bohai Sea is fed by over 40 rivers, with a total annual water volume
of 68.5 x 10° m® and a suspended sediment load of 1.1 x 10° t. The Yellow River is the
largest contributor, with an annual flow of 4.2 x 1019 m3 and an annual sediment load of
1.0 x 10° t, accounting for more than 50% of the total freshwater inflow and over 90% of
the total sediment load. It is noteworthy that there are significant seasonal variations in
the sediment and water discharge from the Yellow River. In addition, the Luan River, Liao
River, and Hai River also contribute a significant quantity of sediment to the Bohai Sea [1].
This section presents an overview of the sources of sediment in the study area. The initial
source is the Yellow River estuary, where the Yellow River has transported considerable
quantities of sediment into the sea over time, resulting in the continuous deposition and
formation of the expansive Yellow River Delta. The second source comprises several rivers
along the coastline in the vicinity of Tangshan, including the Luan River and Su River,
which contribute a considerable amount of sediment. Upon entering the sea, the water flow
from these rivers experiences a notable reduction in velocity, which results in the gradual
deposition of sediment and other materials on the seabed. This study demonstrates that
when ocean currents flow into the northern Tangshan offshore island group in Bohai Bay
and the southern Yellow River Delta area, the flow velocity increases. The two regions have
developed into discrete areas of elevated suspended sediment concentration as a result of
the prolonged deposition of considerable quantities of sediment transported by the Yellow
River, the Luan River, and the Su River.

Figure 8 illustrates the distribution of SSC during the flood and ebb tide periods for
the surface, middle, and bottom layers at the wind turbine foundation sites in the study
area in 2023. In consideration of these observations, it can be postulated that the suspended
sediment concentration in the wind farm area is predominantly influenced by the elevated
suspended sediment concentration region of the Yellow River Delta.
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Figure 8. Annual average SSC distribution in the 2023 simulation. ((a—c): flood tide, (d—f): ebb tide,
surface, middle, bottom layers).
3.4. Suspended Sediment Transport

The annual sediment discharge in the study area is substantial, and the sediment
conditions are complex. The interaction of coastal, tidal, and ocean currents gives
rise to the transportation, deposition, and redistribution of sediment on the seabed,
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which has a significant impact on the research and subsequent maintenance of monopile
foundations [16]. In accordance with the preceding analysis, the study area is subject
to higher ocean current velocities during the summer months. Figure 9 illustrates the
fluctuations in SSC throughout the flood and ebb tide phases in August 2023.
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Figure 9. SSC sequence during the spring tide in August 2023 simulation.

As illustrated in the diagram, during the periods of flood and ebb tides, the ocean
current in the vicinity of the shorelines at Dongying Port and Yellow River Port converges,
with flow speeds exceeding 1.0 m-s~!. This results in local scouring and a notable increase
in the SSC in the northern Dongying Port region. The direction of the flood and ebb tides in
the eastern Dongying Port area is from south-west to west-north-west. During the period
of flood tide, the center of the SSC is situated on the north-western side of the northern
Dongying Port area, with concentrations reaching up to 800 mg/L, which then spread in
a north-westerly direction to reach approximately 400 mg/L. During the period of ebb
tide, the center of the SSC shifts in a southeasterly direction in accordance with the tidal
flow, and the concentration typically decreases to below 400 mg/L. In comparison to the
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flood and ebb tidal currents directions, the SSC at the wind farm sites is more susceptible
to fluctuations in flow speed. This is likely attributable to the fact that the primary source
of suspended sediment is the movement of sediment caused by flow velocity, rather than
direct input from the high-concentration SSC centers.

3.5. Seabed Stability Analysis

Figure 10 illustrates the measured annual erosion and sedimentation intensity in the
vicinity of the wind farm from 1991 to 2022. Figure 11 depicts the simulated annual erosion
and sedimentation intensity for the study area. The annual erosion and sedimentation
variation map indicates that, with the exception of the northern offshore area of Dongying
Port, where the annual erosion depth reaches 0.2 m, and the northeastern side of Dongying
Port, where the annual sedimentation depth reaches 0.3 m, the majority of the study
region experiences seabed annual erosion and sedimentation changes within 0.02 m. This
corroborates the hypothesis that the annual erosion and sedimentation variation at the
wind farm sites is negligible, within 0.01 m. During the ebb and flood tides, the ocean
current along the shorelines of Dongying Port and Yellow River Port converges, with flow

-1

speeds exceeding 1.0 m-s™, resulting in intense scouring and a notable increase in the

suspended sediment concentration in the northern Dongying Port area.
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Figure 10. Measured annual erosion and deposition changes.
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Figure 11. Simulated annual erosion and deposition changes.

Table 2 presents the results of the measured and simulated annual scour and deposition
changes at the wind turbine foundation sites, designated S1 to S9.
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Table 2. Annual erosion and deposition changes (m).

Site Measured Simulated
S1 0.0016 0.0027
S2 0.0021 0.0027
S3 0.0054 0.0540
S4 0.0035 0.0035
S5 0.0024 0.0032
S6 0.0078 0.0063
S7 0.0085 0.0103
S8 0.0088 0.0087
S9 0.0022 0.0048

4. Local Scour Around Wind Turbine Foundation Piles
4.1. Governing Equations

FLOW-3D (Version 11.2) is three-dimensional fluid dynamics simulation software
based on the finite volume method. It provides flexibility and practicality for porous media
flow and a simple setup for complex structures [24]. It has powerful multi-scale, multi-
physics coupling capabilities and accurately and efficiently solves coupled problems [25].

The governing equations include the continuity equation and the RANS equation. The
continuity equation is expressed as follows:

dp  9(pu)  9(pv)  I(pw) _
" ox oy T O (18)

The RANS equation is expressed as follows:

d o . d

(gtu) + div(putt) = div(pgrad(u)) — % +F, (19)

a(pv) , I _dp
o T div(pvit) = div(pgrad(v)) 3y +F (20)
Apw) + div(pwit) = div(pgrad(w)) — % + Ey (21)

ot 0z
div(it) = % + g; + %—ZJ (22)

d d d

grad() = % + a(y) + % (23)

In the equation, p is the fluid density, t is time, and u, v, and w are the velocity
components in the x, y, and z directions, respectively. p is pressure, F,, F,, and F, are the
components of the external forces in the x, y, and z directions, U is the fluid velocity vector,
and p is the dynamic viscosity coefficient.

The FLOW-3D methodology for determining sediment entrainment involves the
evaluation of critical shear stress. The Shields parameter is calculated using the Soulsby—
Whitehouse formula, which is expressed as follows:

0.3
O = T 124 +0.055[1 — exp(—0.02d,)] (24)
T e
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In light of the impact of the actual bed slope on sediment entrainment, the following
modification is made to Equation (24):

(tan2 pcos®B — sin®ysin®B)0° + cosy - sinf

(26)

O%r = O tang

In the equation, d. is the dimensionless particle diameter parameter; ds is the median
particle diameter of the sediment; p is the fluid density; ps is the sediment density; y is
the dynamic viscosity coefficient; g is the acceleration due to gravity; ¢ is the underwater
repose angle of the sediment, typically assumed to be 32°; B is the bed slope; and ¢ is the
angle between the flow direction and the upslope direction of the bed.

When the local Shields parameter 6; exceeds the critical Shields parameter 6., sedi-
ment particles will be entrained. The equation for calculating the local Shields parameter 6;

is expressed as follows:
T

g ldilei —p)

In the equation, T is the bed shear stress; d; is the particle diameter of the i-th sediment

(27)

i

class; and p; is the density of the i-th sediment particle.

4.2. Turbulence Model

The presence of pile foundations has been observed to increase turbulence around
the piles, generating turbulence that is characterized by high-frequency oscillations and
vortices of varying energy levels. In their analysis of horseshoe vortex turbulence, Dey
et al. observed that as the scour hole develops, the core area of vertical velocity increases,
accompanied by a rise in both the core turbulence intensity of the horseshoe vortex and
the Reynolds stress [26]. Turbulence gives rise to localized high shear forces at the bed,
which drive sediment motion and increase the suspended load of sediment. Zhang et al.
demonstrated that the RNG k-¢ turbulence model is highly accurate and can significantly
reduce computation time [27]. Omara et al. asserted that the accurate calculation of
near-wall shear stress is essential for predicting sediment scour [28]. They demonstrated
the effectiveness of the RNG k-¢ model in estimating maximum scour depth. Jalal et al.
compared the RNG k-¢ model with experimental data, finding that the error rate for the
maximum scour hole depth was 10% [29]. Nazari et al. employed the RNG k-¢ model
to solve the turbulence field, noting that large eddy simulation might provide superior
results [30], but at the cost of longer computation times [31]. Nielsen et al. employed
the RNG k-¢ vortex model in FLOW-3D and observed that the simulated fluid velocity
distribution, shear stress distribution, and scour protection layer settlement were in good
agreement [24]. The RNG model demonstrates efficacy in scour simulations, particularly in
scenarios where turbulence is generated by fluid flow through control structures.

The RNG k-¢ model was derived by Yakhot et al. through the application of the
Gauss statistical method to the unsteady Navier—Stokes equations in the equilibrium state,
resulting in the formulation of new turbulence equations [32,33]. The model takes into
account the non-uniformity and anisotropy of the flow in terms of turbulence kinetic energy
and its dissipation rate, thereby enhancing its adaptability to different flow conditions.

The equations for turbulence kinetic energy and its dissipation rate are as follows:

ok 1
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In the equation, kr is the turbulent kinetic energy, Vr is the fluid volume fraction,
Ay, Ay, and A; are the components of the fluid fraction in the x, y, and x directions,
respectively, u, v, and w are the components of the velocity vector in the x, y, and x
directions, respectively, Pr is the turbulent kinetic energy production term, ¢ is the default
value in the Cartesian coordinate system, which is 0, Gt is the buoyancy production
term, DIf fi, is the turbulence diffusion term for kt, DIf f. is the turbulence dissipation
diffusion term, v is the turbulence viscosity coefficient, C;, is the empirical constant, taken
as 0.0845, et is the turbulence kinetic energy dissipation term, and TLEN is the turbulence
length scale.

4.3. Physical Model Validation

This study employs the RANS equations, the Reynolds—Gaussian k-¢ turbulence
model, and the VOF algorithm to solve for three-dimensional incompressible viscous
fluid flow.

Flow model validation is conducted based on the physical experiments of Roulund
et al. on flow around vertical cylindrical pile foundations [34]. The findings of experimental
studies conducted by Chiew et al. indicate that the impact of side walls can be disregarded
when the width of the computational domain exceeds 8D [7]. The computational domain is
defined with dimensions of 20.0 m by 10.0 m by 0.6 m, and the mesh size is set to 0.025 m.
The water depth is 54.0 cm, the pile diameter is 10.0 cm, and the average flow velocity is
32.6 cm. Figure 12a illustrates the horizontal flow velocity around the pile, while Figure 12b
depicts the vertical flow velocity around the pile, both of which demonstrate satisfactory
validation results.

165



J. Mar. Sci. Eng. 2025, 13, 180

A (a) ' ' ® Uexp | (b) ' ' ' ® Uexp

z=10.0 cm

1

z=20.0 cm|

-2 -1 0 2 1 -2 -1 0 2 i
x/D x/D

Figure 12. Velocity validation around the pile—(a) Comparison of horizontal velocity in the
X direction; (b) Comparison of vertical velocity in the Z direction.

The physical experiment for validating local scour is conducted in a computational
domain with grid dimensions of 8.0 m x 2.0 m x 0.5 m, with a minimum grid size of
0.5 cm. The water depth is 40.0 cm, the pile diameter is 10.0 cm, the average flow velocity is
28.6 cm-s~ 1, the critical Shields number is 0.05, and the median grain size is 0.29 mm. The
local scour depth verification in Figure 13 shows excellent agreement between the model
and experimental data, indicating high precision and reliability.
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Figure 13. Cylindrical local scour model validation.
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4.4. Wind Turbine Pile Foundation Model Parameter Setup

In this study, the RANS equations, RNG k-¢ turbulence model, and VOF algorithm
are utilized to solve for three-dimensional incompressible viscous flow. The wind turbine
foundation has a pile diameter of 9.8 m, and the computational domain extends 150.0 m in
width, where the effects of boundary walls are negligible. To ensure a stable flow velocity
profile with a logarithmic distribution in front of the pile, the distance from the pile center
to the velocity inlet is 600.0 m, and the distance from the pile center to the lateral boundaries
is 140.1 m. The water depth at the wind farm site is 23.02 m, and the computational domain
dimensions are 800 m x 150 m x 25 m. The inlet boundary on the left is set as a wave
boundary condition, while the right side is designated as an outflow boundary. The lateral
and bottom boundaries are wall boundary conditions, and the top boundary is a symmetry
condition. The model boundary conditions are depicted in Figure 14, and the local scour
model parameters are listed in Table 3.

Pressure BC —» «— Outflow BC

Symmetry BC —» Fluid Symmetry BC

Za Wall BC

¥ Wave BC

Figure 14. Schematic of model boundary conditions.

Table 3. Local scour model condition parameters.

Condition Parameter

Water Depth (m) 23.02
Pile Diameter (m) 9.8
Average Flow Velocity (m-s~1) 1.13
Wave Period (s) 7.71
Wave Height (m) 4.28
Critical Shields Number 0.04

Bed Roughness Height (m) 0.0011

Median Particle Diameter dsg (mm) 0.0115

4.5. Monopile Surrounding Flow Field Characteristics

The vortex system in the vicinity of the wind turbine pile foundation represents the
fundamental mechanism of local scour [4]. The application of LDV and PIV has enabled the
in-depth and comprehensive study of the turbulent flow field around the pile foundation,
with the identification of four specific types of turbulent flow: downward flow, horseshoe
vortices, wake vortices, and contracted streamlines [35-37]. Figure 15 illustrates the local
flow fields in the XY bottom layer, XZ, and YZ cross-sections of the pile foundation,
elucidating the distribution of downward flow, horseshoe vortices, wake vortices, and
contracted streamlines around the pile.
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Figure 15. Monopile surrounding flow field in the XY, XZ, and YZ sections.

4.6. Local Scour and Protection Process Characteristics

The critical Shields parameter 0. is an important physical quantity related to sediment
movement and flow velocity. Soulsby et al. proposed a method for calculating the critical
Shields parameter 6., and the formula is as follows [38]:

1/3
D, = dg [(% - 1)g/v2] (37)
Bor = — 290 1 0.055[1 — exp(—0.020D,)] (38)
«=1i12D, PRt
2
g— POV 39)

- F’g(%s - )d50
Cp = {K/[In(zos /h) +1]}2 (40)

In the equation, ds is the median particle diameter of the sediment, p; is the particle
density of the sediment, p is the water density, v is the kinematic viscosity, and « is the
Karman constant, taken as 0.4. zos = d50/12. By substituting the parameters into the
formula above, the critical Shields parameter 6. < 0 is obtained, indicating live-bed scour.
The equilibrium scour depth is reached when the amount of sediment removed from the
scour hole equals the amount entering the hole. This process occurs more quickly than the
equilibrium under clear-water scour conditions [39].

In consideration of scour protection measures, the collar protection is selected in this
section due to its extensive application, straightforward structure, and minimal mainte-
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nance costs. The collar has been demonstrated to significantly reduce the scour effect by
weakening the horseshoe vortex and the wake vortices around the foundation, thereby
reducing the scour depth around the foundation. Bazilevs et al. investigated the influence
of collar protection on the evolution of scour times [40]. The study demonstrated that, in
addition to reducing the maximum scour depth, the collar also delays the lateral devel-
opment of the scour hole. Zhu et al. investigated the equilibrium scour conditions with
collar protection and determined that the efficacy of the protection is primarily contingent
upon the installation height and outer diameter of the collar [41]. She et al. conducted
experimental research which demonstrated that collars with a diameter exceeding three
times that of the pile were ineffective in preventing sediment scour [42]. The optimal
protection effect was observed when the collar was positioned slightly below the seabed
surface. When the outer diameter of the collar was 2.3 times the diameter of the foundation,
the protection effect reached its optimal value. This ratio is employed in this study.

Figure 16 depicts the variation curve of the maximum scour depth in the vicinity of
the pile foundation. The scour depth on the upstream side undergoes a two-stage change
over time, comprising a rapid scouring phase and a subsequent stabilization phase. The
aforementioned process is influenced by a number of factors, including the dimensions of
the pile foundation, the distribution of sediment particles, and the velocity of the flow. The
figure illustrates that following approximately 1000 s, the scour depth reaches equilibrium,
with approximately 80% of the scour occurring during the initial 500 s. In the absence
of collar protection, the maximum scour depth for the wind turbine pile foundation is
4.23 m. In contrast, with collar protection, the maximum scour depth is reduced to 2.12 m,
indicating that the collar protection effectively reduces the original scour depth by 50%.
The results clearly demonstrate the significant protective effect of the collar, indicating its
effectiveness in reducing scour. Nevertheless, the overall tendency of scouring remains
unchanged, indicating that the collar’s influence on the initial stages of scouring still has
some limitations.
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Figure 16. Scour depth process curve for the monopile foundation.

Figure 17a,b demonstrate the local scour conditions at the equilibrium scour stage
with and without collar protection. In this study, the scour condition is characterized as a
dynamic bed scour, whereby the sediment carried by the flow does not accumulate behind
the pile foundation, but rather is swept away with the flow. The greatest depth of scouring
is observed on both sides of the pile foundation, particularly in the vicinity of the upstream
side. This phenomenon can be attributed to the formation of a dominant horseshoe vortex,
which is a consequence of the strong flow and results in an increased scour rate. In the
wake zone of the pile foundation, the formation of separated vortices may result in the
emergence of smaller vortices. It is hypothesized that the movement of these small vortices
may be a contributing factor to the expansion of the scour region. The application of collar
protection results in a notable shift in the position of the maximum scour depth, with the
outer diameter of the collar becoming the new focal point. This shift demonstrates that
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the collar not only reduces the scour depth, but also effectively guides the flow, thereby
altering the distribution of the scour area and optimizing the protection effect of the pile
foundation. To provide a more intuitive representation of the morphology and location
of the local scour hole around the pile foundation, Figure 18 presents a three-dimensional
illustration of the local scour around the pile foundation with and without collar protection
at the equilibrium stage.

40
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—40 =20 0 20 40-40 =20 0 20 40
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Figure 17. Local scour around the monopile foundation at equilibrium time: (a) without collar
protection; (b) with collar protection.
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Figure 18. Three-dimensional local scour around the monopile foundation at equilibrium time:
(a) without collar protection; (b) with collar protection.

5. Conclusions

This study employs a multidisciplinary approach, integrating numerical simulations
and an analysis of ocean currents, sediment transport, and monopile scour. This compre-
hensive and in-depth analysis provides insights into the current and sediment background
in the study area, as well as the scour protection characteristics of monopile foundations.
The specific results of the analysis are as follows:

The analysis of tidal currents reveals that, with the exception of the areas in the vicinity
of the Old Yellow River mouth and Dongying Port, where the tidal current speed ranges
from 0.7 to 1.0 m-s~! due to geographic conditions, the monthly average tidal current speed
in the majority of the study region is below 0.6 m-s~!. The monthly average surface tidal
current speed at the location of the wind farm pile foundation is approximately 0.4 m-s~ 1.
The flood tide direction is around 300°, and the ebb tide direction is around 110°.

From the perspective of sediment transport, the Yellow River is responsible for the
substantial delivery of sediment into the ocean through its mouth, where it continues to de-
posit and accumulate. The sediment is notably loose in consistency. This demonstrates that
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the suspended sediment concentration at the wind farm site is predominantly influenced
by the elevated suspended sediment concentration regions in the vicinity of the Yellow
River mouth. The concentration of suspended sediment is typically below 100 mg/L. In
the majority of locations within the study region, the annual seabed erosion and deposition
changes are within 0.02 m, with minimal annual erosion and deposition variations. The
wind farm site exhibits an annual erosion and deposition change of less than 0.01 m.

The analysis of local scour around the pile foundation indicates that approximately
80% of the scour occurs in the initial stage. In the absence of collar protection, the maximum
scour depth of the wind turbine pile foundation is observed to reach 4.23 m. However,
the implementation of collar protection has been observed to result in a reduction in the
maximum scour depth to 2.12 m, effectively decreasing the scour depth by 50%. This
evidence illustrates the substantial protective impact of the collar in mitigating scour.
Nevertheless, the prevailing trend of scouring remains consistent, suggesting that the collar
still exhibits certain constraints in regulating the early-stage scour process. The application
of collar protection results in a notable shift in the location of the maximum scour depth,
with the outer diameter of the collar becoming the primary area of concern. This alteration
demonstrates that the collar not only diminishes the depth of scour but also effectively
channels the flow of scour water, modifying the distribution area of the scour and thereby
optimizing the protection of the pile foundation. Furthermore, it is possible that the collar
may result in an expansion of the scour area, potentially due to vortex shedding in the wake
zone of the pile foundation, where larger vortices break into smaller ones. It is possible
that these larger vortices may be a contributing factor to the observed expansion of the
scour area.
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Abstract: The subsurface chlorophyll maximum depth (SCMD) is an indicator of the spa-
tial activity of marine organisms and changes in the ecological environment. Ubiquitous
mesoscale eddies are among the important factors regulating the Kuroshio-Oyashio con-
fluence region. In this study, we use satellite altimeter observations and high-resolution
reanalysis data to explore seasonal variations in the SCMD and its responses to different
types of eddies based on methods of composite averaging and normalization. The results
show that variations in the SCMD induced by the evolution of the eddies were prominent
in the summer and autumn. The monopoles of the SCMD exhibited internally shallow
and externally deep features in the cyclonic eddies (CEs), while the contrary trend was
observed in the anticyclonic eddies (ACEs). The SCMD was positively correlated with the
intensity of the eddies and sea surface temperature, and was negatively correlated with
the depth of the mixed layer. These correlations were more pronounced in the CEs (sum-
mer) and ACEs (autumn). Both the CEs and ACEs prompted the westward transport of
chlorophyll-a (Chl-A), where ACEs transported it over a longer distance than the CEs.

Keywords: eddies; subsurface chlorophyll maximum depth; evolution; Kuroshio—Oyashio
confluence region

1. Introduction

The Kuroshio—Oyashio confluence region features complex changes in the dynamic
environment of the ocean and strong sea—air interactions [1,2]. The intense mixing result-
ing from the convergence of cold and warm currents is conducive to marine life, because of
which this region is a key fishing ground for cephalopods [3]. The subsurface chlorophyll
maximum depth (SCMD) is an important indicator for assessing the primary productiv-
ity of the ocean, as well as the spatial activity of marine organisms and changes in their
ecological environment. The SCMD of seawater is primarily influenced by dynamic pro-
cesses, in addition to the natural conditions of photosynthesis. Mesoscale eddies are a
common form of movement of seawater in the Kuroshio—Oyashio confluence region, and
influence the position of the thermocline, supply of nutrients, and distribution of algae to
the SCMD through their dynamic effects [4]. Their internal vertical circulation regulates
the vertical structure of the local environment through mixing and pumping [5,6]. Cyclonic
eddies (CEs) mostly originate from the Oyashio meanders and carry productive subarctic
water, while anticyclonic eddies (ACEs) originate from the Kuroshio meanders and carry
oligotrophic subtropical water [7]. ACEs are more frequent than CEs, and have a longer
lifetime [8]. The large amount of kinetic energy carried by the nonlinear movement of
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the eddies promotes the horizontal transport and redistribution of marine materials and
resources [9,10]. A comprehensive analysis of the response-based relationship between
the SCMD and the spatiotemporal evolution of these eddies can provide a firm scientific
basis for understanding the dynamic mechanisms of marine ecosystems and changes in
fishing grounds.

The concentration of chlorophyll-a (Chl-A) in seawater reflects the primary productiv-
ity of marine areas. A key focus in the relevant research is on its interactions with dynamic
processes in the ocean. Recent studies have revealed that about half of all Chl-A is trapped
by eddies in the global ocean [11]. The rotational characteristics and advection of eddies
play an essential role in stirring the horizontal distribution of Chl-A [12,13]. Mesoscale ed-
dies influence the distribution of Chl-A through vertical pumping, Ekman pumping, eddy
advection, and submesoscale pumping [5]. The upwelling in CEs transports nutrient-rich
water to the euphotic zone to enhance Chl-A photosynthesis and promote the growth of
marine phytoplankton. This can increase primary productivity by 10% to 50%. By contrast,
the downwelling in ACEs moves surface water away from the euphotic zone, resulting
in reduced productivity [14-17]. Mesoscale eddies generally influence changes in Chl-A
through multiple mechanisms [6,13,18-20].

Chl-A exhibits a vertical distribution, and its maximum values typically occur in the
subsurface layer [21-23]. The mechanisms sustaining the subsurface chlorophyll maxi-
mum (SCM) include the local rate of maximum growth of phytoplankton, their adapta-
tion to light, and swimming behavior [24]. The concentration of Chl-A within the SCMD
accounts for 30-70% of the primary productivity of the entire water column. As a major
dynamic factor influencing it, mesoscale eddies have complex and significant effects on
the SCMD. CEs tend to reduce the SCMD, which results in an increased vertical gradi-
ent of Chl-A, while ACEs have the opposite effect on it [25-27]. Most relevant research
has relied on observations from ships or BGC-Argo to investigate variations in the SCMD
within individual eddies because only a limited number of observational profiles of Chl-A
are available. Research has shown that the average SCMD increases by 15 m in CEs and
decreases by 20 m in ACEs [28]. Moreover, the maximum Chl-A concentration in CEs is
62% higher than the background level, while it constitutes only 54% of the background
in ACEs [25,28]. Some studies have used composite analysis to demonstrate that CEs can
enhance subsurface chlorophyll concentrations and the biomass of deep phytoplankton by
providing optimal conditions of light and nutrients at a global scale [29].

Physical-biogeochemical models and data for objective reanalysis have proven to be
valuable tools in recent years for analyzing the response of subsurface Chl-A to different
types of eddies [30]. The composition of communities of phytoplankton varies significantly
with different types of eddies, and in different stages of eddy movement [4]. Therefore,
further investigation is needed to examine the vertical structure of Chl-A and the response
of the SCMD to the evolution of eddies. In this study, we use high-resolution reanalysis
data on Chl-A to discuss the spatiotemporal variations in the SCMD under the evolution
of different kinds of eddies in the Kuroshio—Oyashio confluence region. The remainder of
this paper is structured as follows: we detail the data and methods used in this research
in Section 2. Section 3 describes seasonal variations in Chl-A and the SCMD in different
stages of the evolution of eddies, and the response relationship between the latter and the
SCMD. The characteristics of the maximum Chl-A induced by the evolution of the eddies
are discussed in Section 4, while the conclusions of this study are summarized in Section 5.
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2. Data and Methods
2.1. Data

We used data on five clusters of materials in this study: sea surface currents, sub-
surface Chl-A content, sea level anomalies (SLAs), sea surface temperature (SST), and
potential temperature. All datasets were obtained from the Copernicus Marine Service
(http://marine.copernicus.eu/ (accessed on 3 November 2023)). Data on the daily sea sur-
face current were obtained at a spatial resolution of 0.25° x 0.25° by inverting satellite
altimeter observations, and were used to detect mesoscale eddies. The daily reanalysis
products of the subsurface Chl-A relied on a physical-biogeochemical model based on the
Nucleus for European Modeling of the Ocean (NEMO) version 3.6, and the biogeochemi-
cal Pelagic Interaction Scheme for Carbon and Ecosystem Studies (PISCES) model (https:
//data.marine.copernicus.eu/product/ GLOBAL_MULTIYEAR _BGC_001_029/services ( ac-
cessed on 16 November 2023)). Previous studies have compared observational data with
the chlorophyll profiles generated by this model, and their results have shown that it can
accurately reflect the seasonal characteristics of chlorophyll in the ocean [31]. It has also
been used to examine the relationship between eddies and primary productivity [32]. This
product has been validated against climatic data and subjected to root mean-squared error
testing [33]. It has a spatial resolution of 0.25° x 0.25°, and spans over a vertical range of
0.5 to 5902 m, divided into 75 layers with unequal intervals.

Data on the SLA and SST were obtained from the same source as the data on the cur-
rents. The daily potential temperature used to compute the mixing layer depth (MLD) was
sourced from the reanalysis products provided by the dynamic model of the ocean (https:
//data.marine.copernicus.eu/product/ GLOBAL_MULTIYEAR_PHY_001_030/services ( ac-
cessed on 7 January 2024)) at a spatial resolution of 0.083° x 0.083°. The MLD was de-
fined as the depth of the ocean at which the density increased in comparison with that
at a depth of 10 m, and corresponded to a decline of 0.2 °C in the temperature under
standard atmospheric pressure [4,34]. We used data from the Kuroshio-Oyashio conflu-
ence region (145° E-170° E, 35° N-45° N) spanning from 1 January 2009 to 31 December
2022. Figure laillustrates the bathymetric topography and background system of currents,
while Figure 1b shows the spatial distribution of sea surface currents corresponding to sur-
face Chl-A content on 3 June 2020.
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Figure 1. Research area (a) and sea surface current corresponding to Chl-A on 3 June 2020 (b). The
black frame in panel (a) denotes the research area. Blue and red arrows and circles represent CEs
and ACEs, respectively.
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The BGC-Argo-based observational profiles of Chl-A were derived from the China
Argo Real-time Data Center (https://www.argo.org.cn/ ( accessed on 10 December 2024)).
A total of 2609 profiles were collected for the study area, and were subjected to data process-
ing and quality control at the China Argo Real-time Data Center [35]. Data on the location
and time of each eddy were used to match the vertical profiles obtained from Argo floats
within the eddies. Data from the Argo floats were normalized into a standard vertical pro-
file in different seasons, and this provided the characteristics of the distribution of Chl-A
within the eddies in the Kuroshio—Oyashio confluence region.

2.2. Methods
2.2.1. Detection of Mesoscale Eddies

We used the flow vector method, proposed by Nencioli et al. [36], to detect and iden-
tify mesoscale eddies. This technique is based on the geometric characteristics of the veloc-
ity field of the eddy. The eddy centers are determined by the following four constraints:
(1) The velocity component v along the east-west (EW) section should have opposite nu-
merical signs on either side of the eddy center, and its magnitude should increase away
from the center. (2) The velocity u component along the north-south (NS) section should
have opposite numerical signs on either side of the eddy center, its magnitude should in-
crease away from the center, and the sense of rotation of u needs to be identical to that of v.
(3) The magnitude of velocity has a local minimum at the eddy center. (4) The directions of
the velocity vectors around the eddy center must change with a constant sense of rotation,
while the directions of two adjacent velocity vectors must lie within the same quadrant or
in adjacent quadrants.

The boundaries of the eddy were defined as the outermost closed streamline sur-
rounding its center, and its radius was assumed to be the average distance between each
edge point and the eddy center. Mesoscale eddies were detected every day. We recorded
the number of eddies, their types, the position of the eddy center, its mean radius, and the
position of its boundary. We used the method developed by Liu et al. [37] to calculate the
curves of average variations in the radius of the eddy, eddy kinetic energy (EKE), vorticity,
and rate of deformation in the research area during the normalized lifetime of the eddy.
The lifetime of each eddy was normalized and systematically divided into three stages of
evolution: a developmental stage (the first 30% of its lifetime), a stable stage (30-70% of its
lifetime), and a decay stage (the final 30% of its lifetime) [37,38].

We used the radius of the eddies, the division of their evolutionary stages, and their
horizontal motion to focus only on eddies with a lifetime exceeding 14 days. The physical
characteristics of the tracked eddies were analyzed, and their corresponding amplitude
(APD) was defined as the difference between the mean SLA along the edge of the eddy (/)
and the eddy center (h.):

APD = o~ hc | M)

2.2.2. Composite Analysis of Chl-A and SCMD

To eliminate differences in the Chl-A concentration across eddies of different types
and spatiotemporal scales, we normalized and averaged the Chl-A content within the spa-
tial scale of the eddies [13,39]. We first normalized their spatial scale. The Chl-A concentra-
tion of mesoscale eddies was first normalized based on their mean radius (R). To identify
each eddy, we extracted a circular area from its center that was three times its radius (3R),
and projected it onto a uniform grid with a spatial scale ranging from —3 to 3 in both the
meridional and zonal directions (the region within 3R also facilitated a comparison high-
lighting the differences between the center of the eddy and its outer edge). Following this,
we composited snapshots of the Chl-A concentrations of all the normalized eddies to obtain
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their mean spatial distribution. The temporal scale of the eddies was normalized based on
their lifetime. The relative lifetime (T) on each day (D) during the evolution of each eddy
was determined by Formula (2). Finally, the Chl-A concentration of each layer was super-
imposed and averaged, according to different stages of its normalized lifetime, over the
3R spatial scale. We used the surface radius to match the data obtained from deep below
the ocean surface. The composite of the SCMD was obtained by using a similar method:

T = (D - Dmin)/(Dmax - Dmin) (2)

where T is the normalized lifetime of the eddy, D is the ordinal of its lifetime, and D,,;,,
and D,y represent the times of generation and extinction of the eddy, respectively.

The Chl-A concentration in the ocean typically exhibits significant seasonal variations,
because of which calculating anomalies in the Chl-A concentration can reveal the influence
of the eddies on it [30]. We used the average Chl-A concentration inside a rectangular re-
gion within 5R as the background concentration, and then calculated the difference at this
depth on each day. This yielded in the difference between the internal Chl-A concentration
of each eddy and the background. We also conducted a composite analysis of all eddies
according to their evolutionary stages, with the aim of revealing the relative changes in
their evolution.

2.2.3. Monopole of SCMD

The primary dynamic mechanisms that influence the distribution of Chl-A in eddies
include their stirring, trapping, pumping, and eddy-Ekman pumping [5,13]. All these
mechanisms are expected to generate monopole-like anomalies in Chl-A, with the excep-
tion of eddy stirring [25]. The anomalies in Chl-A are predominantly positive in CEs and
negative in ACEs [13]. In case of the stirring of the eddy, its interior Chl-A generally ex-
hibits an asymmetric structure. Therefore, the structure of Chl-A trapped by eddies can be
viewed as the superposition of a monopole and a dipole [5,19,25]. Extraction of monopole
eddy structure is equivalent to performing a radial average based on the distance from the
eddy center, with the aim of highlighting the differences in SCMD between the eddy core
and its periphery. We first applied polar coordinate transformation to obtain the relative
distance between the SCMD and the eddy center, and then decomposed the SCMD into a
monopole corresponding to different types and stages of evolution of the eddy:

SCMDy, ¢) = SCMDy, 3)

where r is the relative distance between the eddy center and the SCMD within the normal-
ized composite region, and 0 is the angle of rotation in the polar coordinate system. The
overbar denotes the radial average, and we obtained the composite average of each part
of all eddies.

2.2.4. Transport Distance of SCM

We used the calculated physical parameters of the eddies to divide the evolution of
each into three stages. The position of the eddy center on the first day was used as the
starting point of each stage, while the coordinates of the eddy center on the last day were
used as the endpoint. The relative azimuth and transport distance were then calculated.
The SCM trapped by each eddy was assumed to be the average value within the average
radius of the given stage. To comprehensively assess the distribution and movement of
the mesoscale eddies, we divided the directions of their movement into 16 azimuths, with
each direction separated by 20 km. We then used these azimuths to divide the study area
into several grids. Finally, we calculated the average SCM of all eddies within each grid.
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3. Results
3.1. Properties of Chl-A Induced by Eddy Evolution

Owing to the dynamic differences in eddy evolution, the properties of Chl-A induced
by different types of eddies in varying stages of evolution varied significantly. We iden-
tified a total of 725 CEs and 1115 ACEs with lifetimes exceeding 14 days. The CEs were
most common in the summer, while the ACEs tended to form in the spring and summer
(Figure 2). A majority of the CEs had a lifetime of two to four weeks, while the ACEs gen-
erally had a longer lifetime, with 510 of them lasting over four weeks. The seasonal APD
was the strongest in the summer, on average.

Number of eddies

—
[

Spring Summer Autumn Winter
Seasons

Figure 2. The number of eddies generated in different seasons.

The anomalies in Chl-A were obtained by subtracting the spatial average within the
region of the eddy (Figure 3). Both the CEs and ACEs exhibited significant changes in Chl-
A at depths of 0-40 m, with anomalies ranging from —0.03 to 0.03 mg/m3. The anomalies
in Chl-A exhibited a horizontal distribution that was characterized by “higher in the north
and lower in the south.” This was consistent with the results of comparison of the BGC-
Argo profile reported by Chen et al. [40]. By contrast, the anomalies in Chl-A below 40 m
were higher in the south and lower in the north, and had a more uniform distribution
(—0.015-0.015 mg/m?3). The increase in Chl-A within 1R reached its peak around 60 m.
During the evolution of the eddies, the spatial differences in Chl-A concentration in the
stable stage were more pronounced than those in the developmental and decay stages at
depths shallower than 100 m.

High values of positive anomalies in Chl-A (higher than 0.01 mg/m? on the surface,
0.015 mg/m? at a depth of 20 m, and higher than 0.01 mg/m? at a depth of 40 m) gradually
expanded from the edges of the eddy to its center at a depth shallower than 40 m from
the developmental to the stable stage of evolution of CEs (Figure 3(al-a3)). This tendency
weakened in the stage of decay of CEs. The vertical distribution of positive anomalies in
Chl-A expanded in a roughly counterclockwise manner in each stage of evolution of the
CEs, which reflected their nonlinear rotational characteristic. The high values of positive
anomalies in Chl-A at 040 m (higher than 0.015 mg/m? on the surface, 0.015 mg/m?® at a
depth of 20 m, and higher than 0.015 mg/m? at 40 m) gradually expanded from the center
of the eddy to its northwest edge for the ACEs (Figure 3(b1-b3)). This expansion spanned
from the edge of 1R to 2R from the surface to a depth of 20 m. The anomalies in Chl-A over
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3R at 60 m exhibited a more pronounced positive increase compared with those in the CEs.
Moreover, the range of anomalies in Chl-A that were higher than 0.005 mg/m? continually
decreased during the evolution of the ACEs at 80-100 m, and were gradually concentrated
between 2R and 3R in the southern part of the eddy.
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Figure 3. Anomalies in Chl-A over an area three times the radius of the eddy during different stages
of its evolution. (al-a3) represent anomalies in Chl-A corresponding to the stages of development,
stability, and decay of CEs, while (b1-b3) represent the corresponding anomalies for ACEs. The
solid black line represents the mean radius of the eddy, and the dashed black line represents twice
its radius. The eastward and northward directions were set as the positive axes of the longitude

and latitude, respectively. The anomalies in Chl-A concentration were obtained by subtracting the

spatial average value within the region of the eddy, to obtain the composite average of each part for

all eddies.
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Figure 4 shows the structure of the composite section of Chl-A along the meridian
in response to seasonal variations. The vertical distributions of Chl-A in CEs and ACEs
were similar to each other: Its concentration was the highest in spring, followed by win-
ter and summer, with the lowest concentrations occurring in autumn. The highest Chl-A
concentration in spring was >0.85 mg/m?, with a uniform distribution at a depth of 0-20 m
within the eddy owing to surface mixing (Figure 4(al,b1)), and gradually decreasing with
the depth. The vertical distribution of Chl-A in winter was similar to that in spring, except
that the mixing of the upper layer deepened to 60 m. High values of Chl-A were identified
at depths of 30-70 m in the summer and autumn.
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Figure 4. The south—north sections of Chl-A concentration along the meridians of centers of the
CEs (al-a4) and ACEs (b1-b4) in different seasons. The positive radius is directed northward and
the negative radius southward. The solid and dashed lines represent the mean radius and twice the
mean radius, respectively.

High values of Chl-A concentration were distributed in the north of the CEs within
3R in winter (Figure 4(a4)). Similarly, higher Chl-A concentrations were identified in the
north of the center of the ACEs within 2R-3R (Figure 4(b4)). Curves of the contour lines of
Chl-A moved downward to 40 m at the center of the CEs, reflecting the increase in higher
values of Chl-A deeper below the surface (Figure 4(al,a4)). By contrast, the contour lines
of Chl-A at the center of the ACEs exhibited a slight increase, with low values of Chl-A
increasing closer to the surface (Figure 4(b1,b4)). Both the CEs and ACEs yielded the max-
imum Chl-A concentration (>0.38 mg/m?) in the subsurface layer (30-50 m) in the sum-
mer (Figure 4(a2,b2)). Higher Chl-A values were concentrated in the north of the eddies.
The SCM (>0.3 mg/m3) was approximately in the range of depths of 50-70 m in autumn
(Figure 4(a3,b3). The vertical change in the Chl-A concentration was thus more pro-
nounced than that in the summer.

3.2. Properties of SCMD Induced by Eddy Evolution

Figure 4 shows that the SCMD within the CEs and ACEs exhibited significant sea-
sonal variations, while Figure 5 shows the spatiotemporal features of the composite SCMD
within an area three times the radius of the eddy. The SCMD was 40-50 m in the summer,
which is shallower than that in autumn (48-60 m), and was shallower in the spring and
winter by 10 m. Its spatial distribution within the eddies typically followed a pattern of
deeper in the south and shallower in the north across the four seasons. The maximum
depths were concentrated in the south of the eddies, between 2R and 3R, and were par-
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ticularly pronounced during summer and autumn. By contrast, the range of the SCMD
in the ACEs was greater than that in the CEs. The mean SCMD of ACEs shows no sig-
nificant difference compared to that of CEs in both summer (Figure 5(a2,b2)) and autumn
(Figure 5(a3,b3)). The SCMD within CEs was spatially distributed in the upper layers of

seawater in spring and winter (<6 m).
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Figure 5. Spatial distributions of the SCMD in CEs and ACEs in different seasons. (al-a4) show the
horizontal distribution of the SCMD of the CEs, and (b1-b4) show the horizontal distribution of the
SCMD of the ACEs. The solid black lines represent the mean eddy radius and the dashed black lines
represent twice the eddy radius. (c1-c4) show the vertical profile of the average Chl-A concentration
within the mean eddy radius. The dashed blue and red lines denote the SCMDs in the CEs and
ACEs, respectively. (d1-d4) show the observed chlorophyll profiles in the eddies. “N” indicates the
number of profiles.
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The average profile of Chl-A within 1R shows that it attained its maximum value be-
low the sea surface in the summer and autumn (Figure 5(c2,c3)). The vertical changes in
Chl-A were particularly pronounced in the summer, when it initially increased and then
decreased with an increase in depth from 20 to 60 m. The SCMD was about 37 m in the
CEs, with the Chl-A concentration exceeding 0.45 mg/m?, while it was deeper in the ACEs
(~41 m). There was a significant increase in the Chl-A concentration at 30-80 m in the au-
tumn, with maximum values of 0.35 mg/m3 at 51 m in the CEs, and 0.36 mg/m3 at52 m
in the ACEs. The changes in Chl-A concentration were similar to those in the tempera-
ture during winter and spring. Its concentration was mixed at a depth of 20 m in spring
(>1 mg/m?), while its distribution was more uniform, and above 60 m in winter (0.4 mg/m?3).
Due to the limited number of BGC-Argo observations, the mean Chl-A profile within the
eddies shows significant vertical variability (Figure 5(d1-d4))). In summer, the SCMD in
CEs is typically around 40 m, with SCM averaging about 1 mg/m3. In contrast, ACEs have
a deeper SCMD of approximately 60 m and a slightly lower SCM of around 0.8 mg/m3
(Figure 5(d2)). Notably, at depths shallower than 50 m, CEs exhibit significantly higher
Chl-A concentrations compared to ACEs. However, at depths greater than 50 m, this
trend is reversed, with ACEs showing higher Chl-A concentrations than CEs. In autumn,
the SCMD in both CEs and ACEs is generally around 40 m (Figure 5(d3)). Chl-A concen-
trations shallower than 60 m in CEs exceed 1.2 mg/m3 in winter, while in ACEs, Chl-A
concentrations range from 0.4 to 0.5 mg/m3 (Figure 5(d4)).

Figures 6 and 7 show that the SCMD was more pronounced in summer and au-
tumn, and exhibit the variations in the SCMD during the evolution of the eddies. The
SCMD gradually became shallower from south to north during the evolution of the
CEs (Figure 6(al-a3,c1-c3)), where this is consistent with the average spatial distribution
shown in Figure 5. The SCMD of the CEs decreased first and then gradually rose with the
evolution of the eddies in summer, and reached the minimum depth in the stable stage
(Figure 5(a,b)). It increased first and then decreased in autumn, with the largest value oc-
curring in the stable stage of eddy evolution (Figure 6(c1-c3,d1-d3)). The high values of
the SCMD on the southern side of the eddy expanded northward, from the edge of 2R-3R,
from the stage of development to that of stability of the CEs in autumn. The radially aver-
aged monopole structures reflected significant spatial disparities in the SCMD within the
CEs: in summer, the SCMD was internally shallow and externally deep, with a pronounced
gradient of depth that increased from the center to the edge of the eddy (Figure 6(b1-b3)).
The three stages of evolution of the CEs in autumn resembled their pattern in the summer,
with the SCMD being internally shallow and externally deep. Compared with those in the
summer, changes in the SCMD were more pronounced at the center in autumn during the
stable period (Figure 6(d2), with the contour lines of the SCMD more densely distributed
within the average radius of the eddy). This was different from its pattern of increase from
the center to the edge of the eddy, with its maximum value occurring between 1R and 2R.
Changes in the SCMD were smaller than 10 m during the evolution of the CE within 3R.
The mean SCMD ranged from 42.6 to 43.6 m in summer, and from 51.8 to 53.4 m in autumn.
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Figure 6. Spatiotemporal distributions of the SCMD of the CEs in summer (al-a3,b1-b3) and autumn
(c1-¢3,d1-d3) in different stages of eddy evolution. (al-a3,c1-c3) show the distributions of the SCMD
in the stages of development, stability, and decay of the eddy, while (b1-b3,d1-d3) show the radially
averaged monopoles of the SCMD.

The SCMD within the ACEs also exhibited a pattern whereby it was deeper in the
south and shallower in the north (Figure 7(al-a3,c1-c3)). The high SCMD gradually ex-
panded from the southern side toward the eddy center from the stage of development to
that of stability of the ACEs, although this trend weakened in the stage of decay. The SCMD
in the ACEs increased first and then decreased with the evolution of the eddies, reaching
its highest values in the stable stage (Figure 7(b1-b3,d1-d3)). The values of SCMD at the
eddy center were 44.3 m, 45.2 m, and 44 m in the stages of development, stability, and
decay of the eddies, respectively, in summer. It had a distinctly high value that gradually
decreased from the inside to the outside of the eddies (Figure 7(b1-b3)). The monopole
structures show that the SCMD was deeper near the eddy center and shallower along its
edges in the stages of stability and decay (Figure 7(d2-d3)). Compared with the CEs in sum-
mer, the monopole structure of the ACEs exhibited the opposite characteristics, whereby
the internal SCMD was more uniform. The SCMD in the ACEs was slightly deeper than
that in the CEs during their evolution in summer, which is consistent with the structures
of the profiles shown in Figure 5.
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Figure 7. Spatiotemporal distributions of the SCMD of the ACEs in summer (al-a3,b1-b3) and au-
tumn (c1-c3,d1-d3) in different stages of eddy evolution. (al-a3,c1-c3) show the distributions of the
SCMD in the stages of development, stability, and decay of the eddy, while (b1-b3,d1-d3) show the
radially averaged monopoles of the SCMD.

3.3. SCMD Response to Eddy Evolution

The time series of the SCMD, APD, sea surface temperature (SST), and mixing layer
depth (MLD) in Figure 8 attest to the influence of the evolution of the eddies on the SCMD.
The SCMD, SST, and MLD exhibited significant seasonal variations within the eddies, and
the intensity of ACEs also exhibited prominent seasonal differences (Figure 8(b1)). It repre-
sents occasional, abrupt changes occurring due to the scarcity of eddies and their short life-
times in the Kuroshio—Oyashio confluence region (Figure 8(al)). The values of the SCMD
corresponding to both the CEs and ACEs were positively correlated with the APD and SST,
and were negatively correlated with the MLD. The SCMD was predominantly located in
shallower layers of water from February to April of each year, corresponding to a lower
SST (<15 °C) and a deeper MLD (>75 m). Conversely, significant ocean warming occurred
from July to October, with the SST exceeding 18 °C. The SCMD reached its maximum
values of 40-70 m during this period, when the MLD decreased to above 25 m. Mean-
while, the APD of the ACEs exceeded 0.03 m as the SST and MLD remained large and
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stable. The maximum SCMD in the ACEs was about 50 m, slightly smaller than that in the
CEs (>60 m).
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Figure 8. Time series of the SCMD, APD, SST, and MLD within the mean radius of the eddies on each
day. (al,a2) show the sequences of parameters of the CEs, while (b1,b2) show those of the ACEs.

Table 1 lists the correlation coefficients of the SCMD, APD, SST, and MLD. Consis-
tently with the characteristics shown in Figure 8, we noted a strong positive correlation be-
tween the SCMD and the SST in the CEs (0.83) and ACEs (0.873). The SCMD was strongly
negatively correlated with the MLD, with a value of —0.622 for CEs and —0.687 for ACEs.
The correlation coefficient between the APD and SST of the CEs was 0.335 and that of
the ACEs was 0.312. These results show that the SCMD was primarily controlled by the
temperature, with additional effects stemming from the dynamic mixing associated with
the eddies.

Table 1. Correlation coefficients of the SCMD, APD, SST, and MLD within eddies.

CEs ACEs
SCMD APD SST MLD SCMD APD SST MLD
SCMD 1 0.171 0.83 —0.622 1 0.144 0.873 —0.687
APD 0.171 1 0.335 —0.06 0.144 1 0.312 —0.056
SST 0.83 0.335 1 —0.508 0.873 0.312 1 —0.632
MLD —0.622 —0.06 —0.508 1 —0.687 —0.056 —0.632 1

To preserve the integrity of the table and facilitate comparative analysis, non-significant correlation coefficients
are retained.
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In light of seasonal variations in the SCMD, Figure 9 shows the curves of variations
in the SCMD, APD, SST, and MLD within the average radius of the eddies in the summer
and autumn (June to November), to explore the response of the SCMD to eddy evolution.
Figure 9 shows the positive correlation of the SCMD with the APD/SST, as well as its nega-
tive correlation with the MLD. These correlations were more pronounced in the CEs in the
summer (Figure 9(al); Table 2) and the ACEs in the autumn (Figure 9(b1); Table 3). ACEs
with a long lifetime and a large radius were the dominant feature of the Kuroshio—Oyashio
confluence region. They had a higher SST, and their values of the APD in the summer and
autumn were greater than those of the CEs, while they had a deeper MLD, as well.
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Figure 9. Changes in the SCMD, APD, SST, and MLD within the mean radius of the eddies during
their evolution in summer (al,b1) and autumn (a2,b2). (a) shows the CEs and (b) shows the ACEs.
Table 2. Correlation coefficients of the SCMD, APD, SST and MLD during the evolution of eddies
in summer.
CEs ACEs
SCMD APD SST MLD SCMD APD SST MLD
SCMD 1.000 0.035 0.723 —0.252 1.000 0.464 0.626 —0.360
APD 0.035 1.000 0.157 0.166 0.464 1.000 0.489 0.134
SST 0.723 0.157 1.000 —0.293 0.626 0.489 1.000 —0.062
MLD —0.252 0.166 —0.293 1.000 —0.360 0.134 —0.062 1.000

To preserve the integrity of the table and facilitate comparative analysis, non-significant correlation coefficients
are retained.

The SCMD first decreased and then increased in the ACEs in summer (Figure 9(b1))
and the CEs in autumn (Figure 9(al)). The maximum SCMD of the ACEs in summer
was slightly deeper (>45.5 m), owing to a higher intensity of the eddies and a higher SST
(Figure 9(b1)). A similar variation was observed in the CEs in autumn, but with a higher

187



J. Mar. Sci. Eng. 2025, 13, 24

maximum SCMD (>52.5 m). This shows that the impact of the type and intensity of the
eddies on the SCMD exhibited seasonal differences. Changes in the SCMD and SST were
highly consistent from 20% to 80% of the lifetime of the CEs. The SST and SCMD exhibited
significant fluctuations throughout the lifetime of the CEs in summer, where this was in-
fluenced by the instability and energy of the eddies (Figure 9(al)). As the CEs evolved in
autumn (Figure 9(a2)), the MLD gradually deepened (enhanced mixing), and exhibited a
similar trend in variation to those of the APD and SST. Two distinct increases in the value
of the SST, at about 30% and 65% of the lifetime of the CEs, corresponded to a deepening
SCMD and arise in the MLD. This phenomenon highlights the positive effect of the SST on
the SCMD, moderated by the eddies, as well as the negative effect of seawater mixing on it.
We also observed instances of sea surface cooling and an increase in the MLD at 60% of the
lifetime of the eddies while the SCMD decreased. That is, the SST had a more significant
influence on the SCMD than the MLD. The MLD was relatively shallower from 30% to 70%
of the lifetime of the ACEs in summer (Figure 9(b1)) than in autumn, while both the SST
and SCMD first increased and then decreased. The SCMD varied within a range of 2 m,
with a maximum value of 45.8 m. By contrast, the environmental parameters of the ACEs
remained relatively stable during autumn (Figure 9(b2)), with the SCMD ranging from 48
to 50 m. Compared with that in the CEs, stronger mixing within the ACEs led to a slightly
lower SCMD.

Table 3. Correlation coefficients of the SCMD, APD, SST, and MLD during the evolution of eddies
in autumn.

CEs ACEs
SCMD APD SST MLD SCMD APD SST MLD
SCMD 1.000 0.763 0.748 —0.372 1.000 —0.134 0.582 —0.687
APD 0.763 1.000 0.842 —0.401 —0.134 1.000 0.401 —0.056
SST 0.748 0.842 1.000 —0.394 0.582 0.401 1.000 —0.632
MLD —-0.372 —0.401 —0.394 1.000 0.308 0.395 0.381 1

To preserve the integrity of the table and facilitate comparative analysis, non-significant correlation coefficients
are retained.

4. Discussion
4.1. Impact of Eddy Evolution on SCM

The subsurface Chl-A maximum (SCM) is an important indicator of the primary pro-
ductivity of the ocean. Figure 10 shows the composite distribution of the SCM in different
evolutionary stages of the eddies. Our temporal analysis revealed a downward trend in
the SCM for both CEs and ACEs throughout their evolution. The SCM exhibited a pattern
whereby it was high in the north and low in the south of the study area during the stages
of development and stability of the eddies (Figure 10(al,b1l,a2,b2)). Combining the distri-
butions of the SCMD (Figure 6(al-a3,c1-c3) shows that a high Chl-A concentration in the
northern region was located in shallow waters, and peaked at 0.62 mg/m?3, while the south-
ern SCM was approximately 0.06 mg/m3 lower, and was located in deep waters. Moreover,
the horizontal gradient of the SCM within the mean radius of the eddy was relatively low
in its stages of development and stability. There were significant variations in Chl-A in the
CEs and ACEs during the decay stage, and might have been related to the differences in
eddy energy (Figure 10(a3,b3)).

By contrast, the SCM in the CEs was lower than that in the ACEs during their
evolution. It had a high value (>0.6 mg/m?) inside the CEs during their development.
Once the CEs had stabilized, the corresponding SCM decreased. A low-value center
(~0.49 mg/m3) was positioned about 2R east of the eddy center in the stage of decay of the
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CEs. Figure 10(b1-b3) show that the SCM outside the ACEs (from 1R to 3R) was higher
than that at the eddy center during the stages of development and stability. When the
ACEs decayed, the SCM exhibited a notable horizontal disparity that was characterized
by two low-value centers in the southwest and northeast.
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Figure 10. Spatial distributions of the SCM in the stages of development, stability, and decay of eddy
evolution. (al-a3) CEs. (b1-b3) ACEs.

Although upwelling and downwelling in the stages of formation of the CEs and ACEs
likely lead to an increase and a decrease in the primary productivity of the ocean surface,
respectively [5,13,30], the intrinsic properties of water masses carried by eddies are also
important for the concentration of deep chlorophyll [7]. CEs are mostly generated in the
northern regions of the study area, while many ACEs originate from the Kuroshio Exten-
sion. However, some are formed in the Sea of Okhotsk, the Bering Sea, and the Alaskan
Stream [41-43]. Due to differences in their mechanisms of formation, there are signifi-
cant variations within the ACEs in this region. Studies of the 3D structure of eddies have
verified the presence of ACEs with a cold and saline core. Moreover, some ACEs with a
distinct, warm core in the upper layer have a cold and fresh core in the lower layer [44].
This suggests the need to comprehensively explore the mechanism whereby eddy evolu-
tion influences the SCM, by integrating the 3D temperature and salinity of the eddy with
the transport of the water mass [11,20,45].

4.2. Transport of SCM Due to Eddies

Hundreds of eddies exhibit distinct differences in regulating the transport of Chl-A
due to their generation, movement, and lifetime in the Kuroshio-Oyashio confluence re-
gion [46]. The structure of eddies in the region has been investigated, and the results have
shown a general trend of westward strengthening in them [45,47,48]. Figure 11 shows the
spatiotemporal transport of the SCM by the CEs and ACEs based on the mean transport
distances of Chl-A along 16 cardinal directions. Overall, the eddies in this region generally
prompted the westward transport of the SCM. Long-distance SCM transport was predom-
inantly observed in the range of 225-315°. The ACEs had a more pronounced effect, and
achieved a maximum transport distance of 260 km. However, the volume of transported
water varied with the type and stage of development of the eddy. For CEs (Figure 11a), the
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transport distance of high SCM (0.9-1.8 mg/m?) ranged from 40 to 120 km in the stage of de-
velopment, and increased to 60-180 km in the stable stage of their evolution. In the stage of
eddy decay, the distance to which the SCM was transported by the CEs decreased along all
directions and became more uniform. The ACEs had the greatest influence on SCM trans-
port in their developmental stage (Figure 11b), and this led to the transport of a high SCM
(0.9-1.2 mg/m3) over 220-260 km along the 270-315° direction. Compared with those in
the stages of their development and decay (Figure 11(b1,b3)), the ACEs exhibited a distinct
characteristic of westward transport while they were stable, and the transport of the SCM
was approximately equal in all directions within a distance of 100 km (Figure 11(b2)). The
westward transport of the SCM intensified during the decay of the eddy, with a high SCM
(>0.9 mg/m?) concentrated in the range of 80-120 km within a range of angles of 67.5-203°.

(al) developmelagal of CEs
338° __oum

(a2) slab%)eo of CEs (a3) decayueod of CEs

o SCM (mgm ™)
18
1.65

450 SCM (mgm )
1.8

203° 15%° istance (km)
(b1) developmental of ACEs
338“/‘; 225°
B 45°  SCM (mg-m_J)
1.8

180°

(b3) decayed of ACEs
0°

338° o 22.5°

0

‘ 0
2480 113°
225° 135°
180°

203°\l }5 8° distance (km)

Figure 11. Spatiotemporal transport of the SCM by the CEs (a) and ACEs (b) during their evolution.
(al-a3) represent SCM transport during the stages of development, stability, and decay of the CEs,
while (b1-b3) show the corresponding results for the ACEs. The direction of the polar coordinates
was divided into 16 azimuthal angles, and the radius was assumed to be the relative distance from
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the eddy center.

4.3. Comparison of Observed Chlorophyll Profiles

Reanalysis datasets do not always perfectly replicate the observed features that
rapidly change. Therefore, in situ data are needed to validate the results in general. Many
researchers have explored the relationship between eddies and Chl-A concentrations by
using BGC-Argo [28,29]. However, recent studies have focused on either vast oceanic ar-
eas or continuous observations from specific buoys [29,35]. Owing to the limited num-
ber and distribution of data on BGC-Argo profiles, we were unable to present the 3D
structure of Chl-A during the evolution of the eddies based solely on observational data.
Following the approach reported by Wang et al. (2023) [49], we supplemented the aver-
age vertical structure of Chl-A profiles inside the eddies in different seasons, as shown
in Figure 5(d1-d3). The observed and analyzed data showed similar seasonal patterns:
the Chl-A concentrations in the subsurface layer reached significant maximum values in
the summer and autumn, with the peak typically occurring in the range of depths of 30 to
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60 m (Figure 5(d2,d3)). In winter, the Chl-A concentrations were higher in the water layers
above 60 m in both the CEs and ACEs. Owing to the limited number of available profiles,
Chl-A concentrations shallower than 60 m were significantly higher in the CEs than in
the ACEs during winter. We noted differences in the magnitudes of Chl-A concentrations
between the observed and analyzed data.

This study includes a total of 725 CEs and 1115 ACEs for analysis, with each eddy
lasting anywhere from fourteen days to over a hundred days. Given the large number of
samples, the SCMD differences across different stages of eddy evolution are reduced, due
to the averaging effect and the background gradient distribution within the study area.
As a result, these differences are less pronounced compared to those observed in in situ
profiles (e.g., BGC-Argo). Additionally, although the Chl-A data used in this study are
daily-averaged, they are reanalysis data derived from a biological model. The filtering
process removes some real-time information, and the multi-year composite averaging fur-
ther diminishes the differences in SCMD between CEs and ACEs.

5. Conclusions

In this study, we considered 725 CEs and 1115 ACEs in the Kuroshio-Oyashio con-
fluence region with lifetimes exceeding 14 days from 2009 to 2022, and used them in con-
junction with the composite and normalization analyses of high-resolution reanalysis data
to investigate seasonal changes in the SCMD and its responses to the evolution of eddies.
Mesoscale eddies can cause spatiotemporal changes in the vertical distribution of Chl-A in
each stage of the evolution of eddies. The SCMD primarily occurred in the summer (at a
depth of 30-50 m) and autumn (40-70 m), due to the mixing of the upper layer of seawater.
The SCMD within the eddies was deeper in the south and shallower in the north. BGC-
Argo-based observational data showed similar seasonal patterns, with only a difference in
the magnitude of the Chl-A concentration.

Within the same season, the SCMD difference between CEs and ACEs is relatively
small. It first decreased and then increased as the CEs evolved, and recorded its maximum
depth in the stable stage of their evolution in autumn. The deeper SCMD horizontally ex-
tended from the edge of the CEs (2R-3R) toward their center. The monopoles of the SCMD
in the CEs were internally shallow and externally deep. Higher SCMD values in the ACEs
expanded from the south to the center during their stages of development and stability,
and weakened as they decayed. The monopoles showed that the SCMD in the ACEs was
deeper near the eddy center and shallower along its edges. Compared with that in the
CEs, the spatial distribution of the SCMD within 1R of the ACEs was relatively uniform.
The SCMD exhibited a positive correlation with the SST (0.83 for CEs and 0.873 for ACEs),
and a negative correlation with the MLD (—0.622 for CEs and —0.687 for ACEs). This was
influenced by seasonal variations over the long term. Time-series analyses showed that
the ACEs had higher values of the APD, SST, and MLD. Variations in the SST and SCMD
within the CEs were more pronounced, due to their stability and energy. The maximum
SCMD within the CEs (>60 m) was marginally deeper than that in the ACEs (~50 m). This
verifies that the intensity of the CEs enhanced the SCMD. The positive correlation between
the SCMD and APD was more pronounced in the ACEs in summer (0.464) and the CEs in
autumn (0.763), as the eddies evolved. The SST had more a significant effect on the SCMD
than the dynamic eddies. A higher intensity of the ACE, as well as a higher SST in the sum-
mer, led to a deeper SCMD, while stronger mixing resulted in a slightly shallower SCMD.
This relationship needs to be analyzed in greater detail by considering the intensity of pho-
tosynthesis and the biomass of phytoplankton in the SCM layer [29,35,50,51].

Finally, we examined the distribution of the SCM within the eddy and its spatiotem-
poral transport due to eddy movement. The results showed that in the stages of devel-
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opment and stability during the evolution of the eddy, the northern SCM was larger and
concentrated in the upper, shallower layers, while the southern SCM exhibited the oppo-
site characteristics. It decreased, and had a prominent horizontal gradient in the stage of
eddy decay. The transport of the SCM followed a pattern of westward intensification, with
a majority of its long-distance transport concentrated in the range of 225° and 315°. The
ACEs transported the SCM over a longer distance than the CEs, but the mean volume of
transport of the SCM in CEs was higher than that in the ACEs. The seasonal changes in the
SCMD and its responses to mesoscale eddies were then discussed, based on the composite
average. Future research in the area needs to examine the mechanism of action of different
types of eddies on the SCM in relation to their 3D structure and material transport. Fur-
ther investigation is also needed to explore the real-time responses of Chl-A, SCMD, and
local environmental parameters to the movement of eddies. This requires a large number
of high-resolution observations from within these eddies.
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Abstract: The oceanic fronts play an important role in marine ecosystems and fisheries. This study
investigates the seasonal variability of sea surface temperature (SST) fronts in Zhoushan and its
adjacent seas for the period 1982-2021. The influences of various underlying dynamic processes
on the fronts are also discussed. The horizontal gradient of SST is calculated as frontal intensity,
and a threshold value of 0.03 °C/km is set to count the frontal frequency. The fronts in Zhoushan
and its adjacent seas show significant seasonal variability, with high (0.1 °C/km and 60-90%) and
low (0.03 °C/km and 30-60%) frontal activity in winter and summer, respectively. In summer, the
fronts along Jiangsu and the north of the Changjiang River Estuary show higher frontal intensity and
frequency, which is mainly influenced by the Changjiang diluted water and southerly wind, and
fronts around Zhoushan Island are highly related with Zhoushan upwelling. In winter, the fronts
strengthen into regular bands offshore and parallel to the coast, which are mainly influenced by
coastal currents. Frontal intensity and frequency show a more significant long-term increasing trend

in winter than in summer.

Keywords: sea surface temperature fronts; seasonal variability; dynamical processes; frontal detec-
tion; Zhoushan

1. Introduction

Ocean fronts typically occur in a narrow strip with a high horizontal gradient in phys-
ically, chemically, or biologically relevant properties and often form between two water
masses with significantly different characteristics, such as temperature, salinity, and den-
sity [1-3]. Frontal waters typically contain abundant nutrients [4], which are beneficial
in promoting phytoplankton growth [5], increasing marine primary productivity, provid-
ing abundant bait for fish and other species, and further affecting marine fisheries and
marine ecosystems [6-8]. Fronts also play an important role in marine pollution. In the
frontal zone, the convergence of seawater is commonly enhanced, which can concentrate
substances, such as oil pollution, microplastics, and heavy metals, posing a threat to the
ecosystem [9-11]. The strong non-linear properties of mesoscale and submesoscale fronts in
the ocean further increase the heat flux coefficient, enhancing heat exchange at the air-sea
interface and tuning air-sea interactions [12-15]. Therefore, understanding the variability
and the dynamic mechanisms of the main fronts in offshore and nearshore waters is of
considerable importance.

In recent decades, high-resolution remote sensing data have been widely used in the
study of variability in regional ocean fronts on multiple spatial-temporal
scales [16-18]. Various studies have shown that frontogenesis involves many different
dynamic processes [19,20]. Strong western boundary currents, such as the Kuroshio and
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Gulf Stream, intersect with low-temperature and low-salinity continental shelf waters to
form major ocean fronts [21]. Coastal upwelling is another important driver of ocean
fronts, which brings low-temperature bottom water to the sea surface [22,23]. Topogra-
phy is also an important factor in front generation, and sloping terrain can easily induce
front formation [24-26]. Some studies have found a significant correlation between sea
surface temperature (SST) fronts and wind, suggesting that an increase in the wind-driven
upwelling increases the frequency of fronts [22,27]. Meanwhile, global climate change
would have a profound effect on large-scale oceanic fronts, resulting in several degrees of
latitudinal shift [7,28].

Numerous previous studies focus on the detection methods, characteristics, and mech-
anisms of ocean fronts near the East China Sea (ECS) and pay attention to the influence of
ocean fronts on the biochemical environment. The types of ocean fronts in ECS have been
systematically summarized based on hydrological observations from 1934 to 1988, along
with the seasonal variations in the Kuroshio front and the coastal front in Zhejiang [29,30].
He et al. (1995) [31] identified five types of fronts, namely shelf-break front, thermohaline
front, estuarine front, tidal front, and upwelling front, using satellite SST and altimeter data
and presented the locations of eight main frontal zones in eastern China Seas. Ning et al.
(1998) [32] pointed out that SST data are more suitable for distinguishing and identifying
water masses and fronts in ECS during winter, while water color data are more effective
in detecting the fronts during summer and fall. Hickox et al. (2000) [33] and Park et al.
(2006) [34] calculated the front frequency to approximate the distribution of the main fronts
in the Yellow Sea, ECS, and northern South China Sea and analyzed the seasonal variation
in the frontal intensity.

However, the majority of the above-mentioned studies focus on large- to meso-scale
fronts near the China seas and are based on relatively short-term satellite observation data.
Zhoushan and its adjacent seas, as a special part of ECS, are located in the coastal area of
Zhejiang, China. Major surface features surrounding Zhoushan Island can be found in
the previous studies, including those in the ECS. The SST isotherms are mostly parallel to
the isobaths, with a southwest-northeast orientation [35-37]; they are mainly dominated
by a monsoon with a northerly wind during winter and southerly wind during summer,
and the alongshore component of wind stress can drive coastal upwelling during the
summer [35]. Along the 20 m isobaths, from the north to the east and south of Zhoushan
Island, two major southward coastal currents, namely, the Yellow Sea coastal current and
ECS coastal current, persist along the Jiangsu and Zhejiang coasts [38]. These currents can
be enhanced by the discharge of Changjiang River and weakened by the southerly summer
wind. The inshore branch of the Taiwan Warm current, a northward coastal current, flows
near the 50 m isobaths off the southeast of the Zhejiang coast. Changjiang River carries
a substantial amount of freshwater and terrestrial materials passing through Zhoushan
Island [33,39,40]. The ocean fronts in this area show great diversity and are influenced
by numerous physical processes of ocean dynamics. However, few direct studies have
been performed on the frontal variability around the Zhoushan Island, and the underlying
mechanisms of frontogenesis remain to be extensively discussed.

This study aims to investigate the variability in the fronts in Zhoushan and its adjacent
seas based on 40 years of high-resolution SST data. The influences of oceanic dynamics
on the front are discussed in different seasons. This study will comprehensively describe
the characteristics of seasonal evolution of fronts and their underlying mechanisms in this
area. The remainder of this paper is organized as follows: Section 2 describes the data
and methodology used in this study, Section 3 analyzes the results, Section 4 provides a
comprehensive discussion, and Section 5 presents the conclusions.

2. Materials and Methods
2.1. Study Area

Zhoushan and its adjacent seas are located in the east of Zhejiang Province, China,
bounded by the Changjiang River Estuary and Hangzhou Bay to the north, ECS to the east,
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and Fujian offshore to the south (Figure 1). The coastal bathymetry is primarily northeast—
southwest, shallower than 100 m, and has relatively rapid changes in the depth of the water
in the east of the Zhoushan Island, as shown by the isobaths in Figure 1. The study area
had abundant fishing resources. However, the occurrence of marine heatwaves poses a
threat to the marine ecosystem, resulting in alterations in the productivity of marine fish
catching and the structure of the community.
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Figure 1. Bathymetry of Zhoushan Island and its adjacent seas. The topography, bathymetry,
and shoreline data come from 2-minute Gridded Global Relief Data (ETOPO2) v2, National Geophys-
ical Data Center, NOAA. https://doi.org/10.7289/V5]1012Q (accessed on 1 October 2024).

2.2. Data
2.2.1. SST Data

The global Operational SST and Sea Ice Analysis (OSTIA) reprocessed analysis product
used in this study was obtained from the Copernicus Marine Environment Monitoring
Service (CMEMS) [41]. This product provides daily gap-free maps of foundation SST
and ice concentration (referred to as an L4 product). This product is a satellite and in
situ foundation SST analysis created using the OSTIA system using reprocessed ESA SST
CCI, C3S EUMETSAT, and REMSS satellite data and in situ data from the HadIOD dataset.
The product is available from 1 October 1981 on a global regular grid at 0.05° x 0.05°
resolution. The time range of the OSTIA SST data used in this study is from 1 January 1982
to 31 December 2021. Data can be found at DOI (product): https://doi.org/10.48670/moi-
00168 (accessed on 4 June 2023).

Since the OSTIA SST is a product that has already been well quality controlled and
provided by CMEMS, these data have been pre-processed for analysis of seasonal and spa-
tial variability based on the calculation of climatological monthly mean SST and SST fronts.
The climatological monthly mean SST is calculated from the daily SST data. For example,
the monthly mean SST of January each year is calculated first, and then the mean SST
of January each year from 1982 to 2021 is used to calculate the monthly mean SST of the
climate state. The same method is used for the other months. Then, the horizontal gradient
of the climatological monthly mean SST is calculated to analyze the spatial distribution
characteristics of the SST fronts.
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2.2.2. Current Data

The current data were obtained from the GLORYS12V1 reanalysis product, which
is also designed and implemented in the CMEMS framework. GLORYS12 is a global
ocean eddy-resolving oceanic numerical model output on a standard regular grid at 1/12°
(approximately 8 km) and at 50 standard levels from 1993 to the present. The model
is largely based on the current real-time global forecasting CMEMS system. The model
component is the NEMO platform driven at the surface by ECMWEF ERA-Interim, followed
by ERA5 reanalysis for recent years. Observations are assimilated by means of a reduced-
order Kalman filter. Along-track altimeter data (sea level anomaly), satellite SST, sea ice
concentration, and in situ temperature and salinity vertical profiles are jointly assimilated.
This product includes daily and monthly mean files for temperature, salinity, currents, sea
level, mixed layer depth, and ice parameters from the top to the bottom. The monthly
climatology is downloaded directly and used in this study. This data can be accessed from
DOI (product): https://doi.org/10.48670/moi-00021 (accessed on 28 December 2023).

2.2.3. Wind Data

The wind data were obtained from ERA5 monthly averaged data on single levels from
1940 to the present. The ERAS5 is the fifth-generation ECMWF reanalysis for the global
climate and weather. The reanalysis involves model data with observations from across
the world into a globally complete and consistent dataset using the laws of physics. This
study used monthly data with a spatial resolution of 0.25°, and a period from January 1982
to December 2021 were used. The climatological monthly average wind was obtained by
averaging the corresponding monthly data from 1982 to 2021.This data can be accessed at:
https:/ /doi.org/10.24381/cds.f17050d7 (accessed on 10 October 2024).

2.3. Methods
2.3.1. Front Detection

The fronts in Zhoushan and its adjacent seas were detected by calculating the horizon-
tal gradient of the SST. The gradient magnitudes are treated as frontal intensity and are

calculated as follows:
grad () = \/gmdx2 + gmdyz, (1)

where grad,, ) is the horizontal gradient at the SST data grid point (x,y), and grady and
grad,, are the gradient components in the x and y direction as follows:

1T-Gx
grady = ;— =, 2)
1T- Gy
rady = ———=, (©)]
8 y 4 d]/
in which
- T(x—l,y—H) T(x,y—l—l) T(x+1,y+1)
T= T(x—l,y) T(x,y) T(x—l—l,y) ’ (4)
Ta-1y-1) Tay-1) Tariy-1)
-1 0 1 -1 -2 1
Gx=|-2 0 2{;Gy=10 0 0f. (5)
-1 0 1 1 2 1

In Formula (5), the Sobel operators Gx and Gy, consisting of two 3 x 3 convolution
kernels, are used to calculate the gradients grad,, ;) in the x and y directions, respectively.
And Gy is Gx rotated by 90° counter-clockwise. The Sobel operator is known as a simple
and effective way of enhancing the visibility of edges in digital images [42,43] and is widely
used in a variety of applications. Meanwhile, this operator is easy to use and not only
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produces good detection results, but also has a smooth suppression effect on noise. T is
equal to the SST data T in a 3 x 3 convolution kernels composed of the Sobel operator
(as shown in Formula (4)). In Formulas (2) and (3), dx is the distance in the x direction
between points (x —1,y) and (x + 1,y), and dy is the distance in the y direction between
points (x,y — 1) and (x,y + 1). The magnitude of the horizontal SST gradient computed
by Formulas (1)-(5) is described as the frontal intensity in this study.

2.3.2. Frontal Frequency

After detecting the daily SST gradients based on the daily SST data, the frontal fre-
quency (Fp) can be calculated in each daily gradient map as a ratio of the number of fronts
(Nfront) to the number of valid data (Nygi4) during a given time period [44,45]. The Fp is
calculated as follows:

N front

F =
P Nvalid

(6)

A gradient threshold (0.03 °C/km) for the occurrence of coastal fronts is determined
based on the results of reprocessing analyses of daily SSTs from OSTIA over a 40-year
period, from 1982 to 2021, rather than a pre-defined threshold. Thus, a gradient greater
than 0.03 °C/km is considered to be a place or event where an SST front occurred in this
study. This threshold is of similar magnitude to the thresholds (0.028 °C/km) used in
previous studies [38].

3. Results
3.1. Seasonal Variability

Monthly climatological SSTs are calculated for the period 1982-2021, and the spatial
pattern of monthly SST variability is shown in Figure 2. The SST around Zhoushan Island
and its adjacent seas show significant monthly variations. In spring (from March to May),
the SST isotherms trend from the southwest to the northeast. In March and April, the north
is dominated by cold water, which mainly comes from the remnants of winter. In May,
the 18 °C isotherm began to converge around Zhoushan Island, indicating that a cold central
area caused by upwelling began to form. In summer (from June to August), the average
SST in the study area reaches its maximum. However, an evident cold-water center is
observed in this study area due to the influence of upwelling. The temperature difference
between the center and the periphery of the cold water mass is less than 0.5 °C in June,
but exceeds 0.5 °C in July and August. In autumn (from September to November), when
the summer upwelling enters the stage of subsidence, the cold-water mass gradually
disappears. In September, weak cold-water masses still remained in the center of the
study area. Meanwhile, in October and November, the temperature of near-shore water in
Zhejiang gradually dropped, and the isothermal distribution returned to the southwest-
northeast direction. In winter (from December to January), the isotherms of the mean SST
are parallel to the coast of Zhejiang province and the densest in four seasons. The SST
gradually increases from the west to the east surrounding the sea waters of Zhoushan
Island due to the mixing of cold coastal waters from the north (offshore of Jiangsu) and
warm currents from the south (offshore of Zhejiang). The difference in SSTs between the
east and west of the study area reaches its maximum throughout the year, indicating that
mixed water is conducive to the growth of temperature fronts.
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The SST fronts in Zhoushan Island and its adjacent seas also show significant sea-
sonal variability from the spatial distribution of the fronts in each climatological month
(Figure 3). In spring, strong temperature fronts are observed along the coast of Zhejiang
and the northern part of the Changjiang River Estuary, with an intensity of 0.04 °C/km.
However, the intensity of the temperature fronts along the coast of Zhejiang gradually
decreased from March to May. Meanwhile, the intensity of temperature fronts in the
northern portion of the Changjiang River Estuary shows an increasing trend. In summer,
strong temperatures persist on the northern side of the Changjiang River Estuary, and the
intensity of the temperature front along the coast of Zhejiang gradually decreases. However,
the upwelling front near Zhoushan Island gradually intensifies, and the front intensity
reaches more than 0.04 °C/km in July and August. In autumn, the temperature front along
the coast of Zhejiang and the northern portion of the Changjiang River Estuary gradually
intensifies, while the upwelling front in Zhoushan gradually weakens and disappears.
In November, the study area is dominated by the Zhejiang-Fujian coastal front, which
forms a coastal front area with an intensity of more than 0.04 °C/km. In winter, the coastal
front of Zhejiang-Fujian is the strongest among the four seasons, with a front intensity
of more than 0.1 °C/km. This coastal front strengthens from December to January and
gradually weakens from February.
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The high frequency of the front indicates that frontal events are frequently developed,
and the sea-water mixing activity is strong. This study used 0.03 °C/km as the frontal
threshold. The SST frontal frequency for the climatological month around the Zhoushan
Island and adjacent seas is shown in Figure 4. The study area consistently exhibits a
high frontal frequency in each month. A significant seasonal variability is also observed.
The frontal frequency is highest along the coastal seas in winter (above 90%), and the spatial
distribution is similar to the frontal distribution. The frontal activity began to weaken in
spring. Two areas with strong frontal activity are separated by the Zhoushan Island in
April, May, and June. In the northwest portion of the Zhoushan Island, near the Changjiang
River Estuary, the frontal frequency is greater than 60%, with a maximum reaching over
90%. In the southeast of the Zhoushan Island, the total frontal frequency is approximately
60%. The frontal frequency around the Zhoushan Island began to increase in July and
August, but it decreased in September and October. The frontal frequency in September and
October also reaches a minimum during the year and began to strengthen in November and
reached its maximum in winter. The spatial distribution characteristics of frontal activity
are also diverse. The frontal frequency is high in the coastal area around the Zhejiang and
Changjiang estuaries and low in the offshore area of ECS. In the north of the Changjiang
River Estuary, the frontal frequency in spring and summer is higher than in autumn and
winter. In the seas around Zhoushan Island, the frontal frequency in summer and winter is
higher than that in spring and autumn. The underlying reasons of this phenomenon will be
discussed in next section. In the coastal area of Zhejiang-Taizhou, the frontal frequency also
shows prominent seasonal variability and is always associated with high frontal activity.
The spatial distribution of the frontal frequency and the corresponding frontal intensity is
similar, confirming that Zhoushan and its adjacent seas have high frontal activities.
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The analysis of the spatial distribution of the SST frontal intensity and frequency
indicated that the SST frontal intensity and frequency in the study area have significant
seasonal characteristics. The differences in the seasonal characteristics of the front are
influenced by different underlying dynamic processes, especially in the summer and in
the winter. However, spring and autumn belong to the transitional season, and the frontal
characteristics are the result of alternating and integrating different dynamic processes
in summer and winter. Taking summer and winter as the representative seasons, this
study analyzes the characteristics of seasonal variability in the fronts around Zhoushan and
its adjacent seas and discusses the underlying influencing mechanisms. The climatology
of frontal intensity and frequency in summer and winter shows significantly different
characteristics (Figure 5). The strong frontal zone in the summer is distributed in different
areas of the sea with a distinct regional diversity. Meanwhile, the strong frontal zones in
the winter show as a regular band. The frontal zone is roughly divided into three subareas
(indicated by the dotted lines in Figure 5) based on the intensity and frequency of the frontal
zone in summer and winter. Area Al refers to the north of the Changjiang River Estuary
and the coastal waters of Jiangsu, area A2 indicates the southeast of Hangzhou Bay and the
seas around the Zhoushan Island, and area A3 denotes the coastal area of Taizhou, which
is also part of the coastal waters of Zhejiang. The different potential dynamic processes are
not consistent. Consequently, the frontal characteristics in the three defined areas exhibit
significant differences, especially in summer. In area A1, the frontal intensity (more than
0.06 °C/km) and the frontal frequency (more than 60%) are concentrated along the coastal
areas of Jiangsu in summer. In winter, the maximum frontal intensity (more than 1 °C/km)
and frontal frequency (more than 90%) are observed around the Changjiang River Estuary.
In area A2, the summer frontal intensity is greater than 0.03 °C/km, with a summer frontal
frequency of about 30-70%. Meanwhile, the frontal frequency in the northeast portion
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of A2 reaches over 60%. In area A3, a strong frontal zone is located near the coast of
Taizhou, with a frontal intensity of about 0.03 °C/km and a frontal frequency near 60% in
summer. In winter, the frontal intensity is more than 0.09 °C/km, with a frontal frequency
of about 90%.
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Figure 5. Spatial distribution of the climatological (a) summer frontal intensity, (b) summer frontal
frequency, (c) winter frontal intensity, and (d) winter frontal frequency from 1982-2021.

3.2. Trends in Summer and Winter Fronts

This study aims to further investigate the long-term trends in frontal intensity and
frontal frequency in the three subareas in both winter and summer. The annual mean
anomalies (annual mean minus multiyear mean) are calculated for each area, and the
long-term linear trend from 1982 to 2021 is analyzed (Figure 6). In area A1 (Figure 6a,b), the
frontal intensity and frontal frequency show an increasing trend both in summer and winter,
but they are more significant in winter. For example, the linear increasing rates of frontal
intensity in summer and winter are 2.5 x 10~° °C/km/year and 1.6 x 10~* °C/km/year,
respectively, but the latter is significantly higher than the former. The linear increasing rates
in frontal frequency for summer and winter are 0.05%/year and 0.23%/year, respectively,
while the latter is only more than four times that of the former. In area A2, the long-term
trends in frontal intensity and frontal frequency in summer and winter are similar to those
in region A1, with some differences in specific values. However, the frontal intensity and
the frontal frequency in area A3 show a decreasing trend in summer, while they show
an increasing trend in winter. In the same region, the long-term trends show significant
differences across the different seasons. The trend in winter is larger than that in summer,
and the difference in frontal intensity is much larger than the difference in frontal frequency.
The regional differences are also evident for the same season. The frontal intensity and
frequency in summer show an increasing trend for Al and A2, but the latter is larger, while
A3 shows a decreasing trend. However, the frontal intensity and frontal frequency in winter
show an increasing trend in all three regions, but the differences between the specific values
are not as significant as those in summer.
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Figure 6. Long-term trends in summer (orange dashed—dotted line) and winter (blue dashed—dotted
line) frontal intensity in (a) A1, (c) A2, and (e) A3 and frontal frequency in (b) A1, (d) A2, and (f) A3
from 1982 to 2021.

Figure 7 shows the spatial distribution of the long-term trends in frontal intensity and
frequency in summer and winter from 1982 to 2021, where the black dots represent the grid
points that passed the 95% significance test. Whether in summer (Figure 7a,b) or winter
(Figure 7c,d), the spatial distribution of the black dots that passed the 95% confidence
test for frontal intensity and frequency is highly consistent, indicating a local increase in
frontal intensity, which leads to a corresponding increase in frontal frequency. The frontal
intensity and frontal frequency show an increasing trend in the three sub-areas; however,
their specific values are higher in the winter than in the summer, with significant differ-
ences in different areas. In Figure 7a, the trend in summer frontal intensity throughout
the year is statistically significant around Zhoushan Island, where the cold boundary of
the summer also rises. The trend values of the summer frontal intensity vary between
—4 x 107*°C/km/year and 6 x 10~* °C/km/year, with the highest trend along Zhoushan
Island being greater than 6 x 10~* °C /km/year. The trend values for the winter frontal in-
tensity ranged from 5 x 10~* °C/km/year to 1 x 1073 °C/km/year, with the highest trend
in the Changjiang River Estuary greater than 1 x 1072 °C/km/year. However, the frontal
intensity in some areas decreased during the period 1982-2021 (Figure 7c).

The spatial distribution of the long-term frontal frequency in Al, A2, and A3 is
similar to the frontal intensity (Figure 7c,d) because the appearance of frontal activity
determines the magnitude of frontal frequency and then influences the frontal intensity.
In A1, an increasing trend in summer is mainly located in the Changjiang River Estuary;
however, in winter, it occurs primarily in the coastal areas of Jiangsu. The increased rate
in winter is higher than that in summer. In A2, the areas with a significant increase in
frontal intensity and frequency tendencies are located mainly in the area surrounding
the Zhoushan Island in both summer and winter. In A3, there is a stronger increasing
trend observed in winter than in summer, with a double band of increasing trends in the
near-shore and offshore areas.
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Figure 7. Spatial distribution of the long-term trend of the (a) summer frontal intensity, (b) summer
frontal frequency, (c) winter frontal intensity, and (d) winter frontal frequency from 1982 to 2021.
Black dots represent grids that passed the 95% significance test.

The analysis above indicates that the SST fronts around Zhoushan and its adjacent seas
have significant seasonal characteristics and spatial differences. Figure 8 shows the spatial
distribution of the summer SST frontal intensity from 1982 to 2021. SST frontal intensity in
the summer of the three subareas also significantly varies from year to year. For example,
the frontal intensity of Al in 1984, 1988, 1994, and 1998 are significantly stronger than that
in other years, with a frontal intensity of more than 0.05 °C/km. In 1986 and 1989, only a
few regions demonstrated a positive intensity of 0.03 °C/km. The frontal intensity in area
A2 reached 0.03 °C/km in most years and even 0.05 °C/km in 1995, 2006, 2013, and 2018,
while in area A3, it was lower in most years.
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Figure 8. Spatial distribution of the summer SST frontal intensity from 1982 to 2021.

The spatial distribution of the SST frontal frequency in summer from 1982 to 2021
in the three regions also has different interannual characteristics (Figure 9). In area Al,
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the frontal frequency of more than 60% occupied most of the area in 1984, 1988, 1998, 2011,
and 2014, even with a high frontal frequency of more than 90% even in 1998. Area A2 had
a higher frontal frequency in 1984, 1988, 1994, 1995, 2009, and 2018, with the lowest frontal
frequency in 1988. The frontal frequency in area A3 is approximately between 30% and
60% during the period 1982-2021. Although the spatial distribution of summer SST frontal
intensity and frequency shows large variability, the spatial distribution of winter SST frontal
intensity and frequency in each year from 1982 to 2021 is very similar to the climatological
spatial distribution of winter SST frontal intensity (Figure 5¢) and frequency (Figure 5d).
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Figure 9. Spatial distribution of the summer SST frontal frequency from 1982 to 2021.

Long-term trends in SST frontal intensity and frequency can be closely related to
climate change. SST in ECS is closely related to El Nifio/Southern Oscillation (ENSO).
ENSO also modulates precipitation and monsoon over ECS, which further affects the
discharge of the Changjiang River, coastal upwelling, and coastal currents. However,
the trends in different subareas are not the same. This is due to the frontal activities in each
subareas are dominated by different physical processes in different seasons. For example,
in summer, area Al is mainly influenced by the Changjiang River, area A2 by the Zhoushan
upwelling, and area A3 by the Zhejiang coastal currents. In winter, all three subareas are
mainly influenced by coastal currents. These influences are discussed in the next section.
For frontal activities in winter are more frequent and stronger than those in summer,
the increase trend in SST frontal intensity and frequency in winter is significantly larger
than that in summer. This implies that climate change may have a greater influence on the
physical processes controlling winter fronts.

4. Discussion

This study analyzes the seasonal characteristics of SST fronts around Zhoushan Island
in ECS during 1982-2021. Similar to most previous studies, the SST fronts in Zhoushan
and its adjacent seas have significant seasonal variation, with a spatial distribution of
frontal frequency similar to that of Cao et al. (2021) [38]. However, the results in this study
show higher frontal frequency, especially in summer. The major SST front distributions
agree well with Hickox et al. (2000) [33], and the SST gradient aligns with the findings of
Cao et al. (2021) [38]. Given that the threshold (0.03 °C/km) of the SST fronts in this study
is different from previous studies, the magnitude of the frontal frequency is also different.
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The thresholds of 0.1 °C/km and 0.028 °C/km are considered as the threshold in He et al.
(2016) [37] and Cao et al. (2021) [38], respectively.

The formation and evolution of oceanic fronts are typically considered to be the results
of the interactions between multiple dynamic processes in the ocean and atmosphere.
The SST fronts in Zhoushan and its adjacent seas are subjected to the influences of multiple
dynamic processes, such as monsoons, coastal upwelling, Changjiang River discharge,
and coastal currents. Therefore, the underlying physical mechanisms of the summer and
winter fronts in the study area are briefly discussed below, focusing on the influence of
wind, summer upwelling, Changjiang River discharge, and coastal currents.

4.1. Influence of Wind on Fronts

Numerous studies suggest that the wind can induce frontal activities through multiple
dynamics, and wind-induced coastal upwelling is one of the most well-known factors
driving frontogenesis [3,46].

The summer and winter climatological wind patterns are shown in Figure 10 and
present a clear characteristic of the monsoon, with southerly wind dominating in summer
and northerly wind dominating in winter. Wind-driven upwelling is dominant in the
fronts around Zhoushan Island (A2) in summer [38], where the south winds are conducive
to Ekman pumping, resulting in significant upwelling and arousing the evolution of the
fronts. Ma et al. (2004) [47] suggested that the coastal ocean fronts along Jiangsu (A1) are
highly correlated with the alongshore wind. In winter, the north wind could accelerate
high-latitude cold coastal water from the north flow south, improving the mixing and
interactions with warm water on the shelf in ECS, which is favorable for frontal generation.

(b) Jul (c) Aug

h
121°E 123°E

0 1 2 a 4 5 & 7 8

Figure 10. Monthly climatology of the wind (1982-2021). (a) June; (b) July; (c) August; (d) December;
(e) January; (f) February. The white contour lines indicates the threshold (0.03 °C/km) of the
SST gradient.

The spatial distribution of the frontal intensity and frequency in winter (Figure 5)
shows a much higher intensity and frequency than in other seasons. This phenomenon can
also be partly explained by the strong north wind in winter. Given that the wind speed in
winter is higher than that in other seasons, it can also enhance surface cooling and water
mixing in shallow water. However, the research of Cao et al. (2021) [38] demonstrated
that the fronts on the shelf in the east of Zhejiang are not completely determined by the
wind pattern. He et al. (2016) [48] revealed that there is no obvious relationship between
wind stress and front position shift, while the wind can increase the frontal intensity on the
nearshore front (A3).
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4.2. Influence of Upwelling on Fronts

Upwelling brings cold seawater from the bottom to the upper ocean layer, typically
forming a cold central area at the sea surface. When cold seawater collides with the
surrounding warm seawater, it always generates upwelling fronts. The frontal intensity
and frontal frequency of the upwelling-induced front are directly related to the intensity of
the upwelling. The Zhoushan upwelling is an important and famous coastal upwelling in
ECS. A number of studies have focused on the Zhoushan upwelling due to the importance
of the Zhoushan fishing grounds. Research on Zhoushan summer upwelling was first
published in the early 1960s [49]. To date, numerous studies have verified the existence of
Zhoushan upwelling using in situ observation data [50] and satellite remote sensing data,
and have also analyzed the characteristics of upwelling [51,52].

However, the mechanisms behind the generation of upwelling in Zhoushan are viewed
from different perspectives. The remnants northward of the Kuroshio current and the
Taiwan Warm Current play an important role in the upwelling of the Zhejiang coastal
seas. The non-linear effects of tides and topography can also cause upwelling [53-55].
Early studies have shown that upwelling occurs along the Zhejiang coast in winter [50,56],
but no significant low-temperature zone is observed in winter, based on the distribution
characteristics of the SST. In this study, the temperature front in area A2 in summer is
mainly caused by upwelling, with the intensity and frequency of the front being closely
related to the upwelling. In winter, the upwelling current on the eastern side of area A2 is
the most closely related to the coastal current.

4.3. Influence of Changjiang River on Fronts

River discharge is an important dynamic factor in estuarine frontogenesis.
The Changjiang River contributes approximately 79.7% of the total freshwater input to
ECS [32], with a significant seasonal variability in discharge, ranging from approximately
10,000 m3/s in winter to 500,000 m3/s in summer [57]. Shelf mixing water plays a key role
in the distribution and variation of the fronts due to a significant differences in temperature
and salinity between rivers and seas [30]. When rivers discharge large amounts of fresh-
water into the ocean, strong mixing occurs between river water and seawater, and these
interactions can easily generate temperature fronts and salinity fronts in the estuary.

In the northern hemisphere, when rivers flow into the sea, the freshwater is deflected
to the right of the flow direction due to the Coriolis force. Accordingly, diluted water from
the Changjiang River should flow south to the seas of Hangzhou Bay and Zhoushan Island.
However, in summer, Changjiang diluted water mainly influences the south wind, causing
large volumes of freshwater to flow to the north and northeast, reaching the Jiangsu coastal
areas. This phenomenon explains why the summer frontal intensity and frequency are high
in the north of the Changjiang River Estuary and the coastal waters of Jiangsu (area A1).
In winter, Changjiang diluted the flow of water south to the seas of Hangzhou Bay and
Zhoushan Island, influenced by the Coriolis force and the north wind in the study area.
This phenomenon is an important reason for the weak front in the coastal region of Jiangsu
in winter.

4.4. Influence of Coastal Currents on Fronts

The Taiwan Strait Current flows from the southwest to the northeast throughout the
year in the research area, characterized by high temperature and salinity, mainly outside the
50 m isobaths [39,58].

In summer, the coastal currents in the study area are mainly the warm currents from
the Taiwan Strait that move northward. These currents pass through Zhoushan Island and
intersect with the cold water caused by the Zhoushan upwelling, which is conducive to the
formation of a front around the sea area of the Zhoushan Island in summer (Figure 11a—c).
In the area A3, the intensity and frequency of the SST fronts reach 0.03 °C/km and 60%.
The frontal activities are mainly influenced by cold coastal waters from the northwest and
warm costal currents from the south.
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Figure 11. Monthly climatology of the coastal currents and SST (1982-2021). (a) June; (b) July;
(c) August; (d) December; (e) January; (f) February. The arrows indicate the coastal currents, filled
color represents SST, and the white contour lines are the same as in Figure 10.

In winter, the coastal currents in the study area mainly flow to the south from the
Jiangsu coast and invade ECS [59]. The coastal currents pass through the Changjiang River
Estuary and mix with the freshwater from the Changjiang River, resulting in characteristics
of low temperature and low salinity (Figure 11d—f). Low-temperature coastal currents
form a significant winter SST front with water from the shelf in ECS. Low-temperature
northerly winds can also strengthen low-temperature coastal currents and reduce surface
temperature, and also intensify the front [38]. Therefore, the winter SST fronts are mainly
influenced by coastal currents.

5. Conclusions

This study presents the seasonal variability in the SST fronts in Zhoushan and its
adjacent seas. The spatial and temporal variabilities in the monthly frontal intensity and
frequency display significant seasonal fluctuations. The fronts in the study area are further
divided into three sub-areas according to the spatial diversity of the fronts in summer and
winter: Al is the area along the Jiangsu coast and north of the Changjiang River Estuary, A2
is the area around Zhoushan Island and parts of Hangzhou Bay, and A3 is the area along
the coast of Zhejiang-Taizhou. The frontal intensity and frequency and the underlying
dynamic process of these areas can be summarized as follows.

Frontal intensity and frequency, along with the main underlying process, are especially
different in summer. In area Al, the frontal intensity reaches approximately 0.06 °C/km
and has more than 60% of the frontal frequency. In areas A2 and A3, the frontal intensity
and frequency reach up to 0.03 °C/km and 60%, respectively. The frontal activities in three
subareas are mainly controlled by different dynamic processes. The diluted Changjiang
water and the south wind are the primary drivers of the abundant frontal activity in area
Al. The Zhoushan upwelling is responsible for the frontal activities in the area A2, which
are also highly influenced by wind, unique topography, tide, and the northward remnants
of the Kuroshio and the Taiwan Warm Current. In area A3, the frontal activities are mainly
influenced by cold coastal waters and warm costal currents. The summer frontal intensity
and frequency show a weak spatial and temporal variation trend during 1982-2021.

In winter, the SST fronts in A1, A2, and A3 merge into a large-scale strong frontal zone,
which appears as a red band located in the offshore areas and almost parallel to the coast.
The frontal intensity and frequency of this strong frontal zone reach up to 0.1 °C/km and
more than 90%, respectively. The wind and cold coastal currents of the Jiangsu coast are the
main factors that influence the frontal activities in winter. The north wind strengthens the
cold coastal currents from the north and carries the diluted Changjiang water to the south.
The mixing of cold coastal currents and warm water in ECS generates this strong front
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zone. The frontal intensity and frequency in A1, A2, and A3 in winter exhibit an increasing
trend during the period 1982-2021, and the linear rate of increase is greater in winter than
in summer.

Oceanic fronts play an important role in marine pollution, air-sea interactions, marine
ecosystems, and marine fisheries. The analysis of the seasonal variability in the fronts
and the underlying dynamic process in Zhoushan and its adjacent seas is crucial for the
management of fisheries and coastal pollution. Due to the limited resolution of the SST
data, there are still some missing values in the coastal areas, which is not conducive to the
analysis of finer-scale frontal features in the coastal regions. It is recommended that high-
resolution and high-frequency field observations in the region be used in future studies.
Studies on the detailed mechanisms of frontogenesis and its vertical characteristics are still
lacking. The influence of other factors, such as topography, surface heat flux, and tides,
on the evolution of SST fronts in this region will be investigated in the future. Therefore,
numerical model experiments will be used in the future to verify the detailed mechanisms
of frontal formation.
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Abstract: The intensity change of Typhoon Songda (TY-0418) in the vicinity of the semi-enclosed
Sea of Japan (S]) was numerically investigated using 3D-WRF and UM-KMA models and GOES-
IR satellite images on 4 to 8 September 2004. After the typhoon originated in the Western Pacific
Ocean in August, it moved to the East China Sea. Following the north-eastward Kuroshio Warm
Current, it developed with horizontal and vertical asymmetrical wind and moisture patterns until
5 September. On 7 September, closing to the Kyushu Island, it was divided into three wind fields near
the surface due to the increased friction from the surrounding lands and shallower sea depth close to
the land, but it still maintained its circular shape over 1 km in height. As it passed by the Korea Strait
and entered the SJ, it became a smaller, deformed typhoon due to the SJ’s surrounding mountains,
located between the East Korea and Tsushima Warm Currents inside the SJ. Its center matched a high
equivalent potential temperature area, releasing significant latent heat through the condensation of
water particles over warm currents. The latent heat converted to kinetic energy could be supplied
into the typhoon circulation, causing its development. Moist flux and streamline at 1.5 km in height
clearly showed the moisture transportation via the mutual interaction of the cyclonic circulation of
the typhoon and the anti-cyclonic circulation of the North Pacific High Pressure from the typhoon’s
tail toward both the center of the S] and the Russian Sakhalin Island in the north of Japan, directly
causing large clouds in its right quadrant. Simultaneously, the central pressure decrease with time
could converge both transported moist air by the typhoon itself and water particles evaporated from
the sea, causing them to rise and resulting in the formation of large clouds and the rapid development
of the typhoon circulation. The strong downslope winds from the surrounding mountains of the
SJ to its center also produced a cyclonic vortex due to the Coriolis force to the right, enhancing the
typhoon’s circulation.

Keywords: typhoon intensity change; WRF and UK-KMA models; GOES-IR satellite images; equiva-
lent potential temperature; warm current; downslope wind

1. Introduction

In summer, typhoons, otherwise known as tropical cyclones or hurricanes, can be
responsible for severe impacts including loss of life, economic hardship, destruction of
dwellings, coastal erosion, inundation by floods, strong winds, and storm surges [1,2].
The classification of these systems varies across national institutions. The classification
by the Hong Kong Observatory (HKO) [3] consists of six categories, comprising super
typhoons, severe typhoons, typhoons, severe tropical storms, tropical storms, and tropical
depression in terms of maximum sustained wind speeds averaged over 10 min near the
center of the system, as suggested by the World Meteorological Organization (WMO) [4].
The Korean Meteorological Administration (KMA) [5] simplified the classifications into
four groups consisting of typhoons, severe tropical storms, tropical storms, and tropical
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depression, which use different surface atmospheric pressure and wind speed thresholds
near the center of the system.

Monaldo et al. [6], Cione and Uhlhorn [7], and Knauss [8] explained that surface
divergence of sea surface water due to cyclonic surface winds in a hurricane results in
upwelling of bottom colder water to the surface. Gilbes et al. [9] and Babin et al. [10]
showed that hurricane-induced phytoplankton blooms were supplied by nutrient-laden
waters upwelling colder bottom waters toward the sea surface. Willoughby et al. [11] pre-
sented a hurricane structure and evolution simulated by an axisymmetric, non-hydrostatic
numerical weather prediction model. They explained that the spiral band structure in
Hurricane Gert in 1981 was produced by convergence and divergence on the east and west
sides of the eye wall by the movement of the environmental flow through the vortex core
at the lower levels.

Using observational data, Marks et al. [12] analyzed an asymmetric wind pattern at
several vertical levels for Hurricane Norbert, and similarly, Franklin et al. [13] analyzed
these patterns for Hurricane Gloria. Including the research by Bender [14], their results
indicated that the relative environmental flow in the direction of the storm motion was most
important in Hurricane Norbert, while the cross-track component dominated in Hurricane
Gloria as the hurricane moved northwest. Elsner [15] and Jian and Wu [16] explained that
when a tropical cyclone approaches complex terrain during its landfall period, a more
complicated asymmetric wind structure causes the deflection of the typhoon track. Choi
and Lee [17] described the outbreak of cold sea surface temperatures near Cheju Island
in response to strong cyclonic winds and a positive geopotential tendency at sea level
following the track of a typhoon center based on the weather research and forecasting
model simulation.

Shen et al. [18] simulated the prediction of Tropical Cyclone Nargis using a global
mesoscale model. Xu at el. [19] investigated the impact of Tropical Storm Bopha on the
intensity change of Super Typhoon Saomai in the 2006 typhoon season. They demonstrated
that the existence of Typhoon Bopha and its increasing intensity would weaken Typhoon
Saomai at its intensifying stage in 2006, while intensifying Saomai at its weakening stage
was explained by the Fujiwhara effect [20]. Choi and Choi [21] numerically simulated
the multiple interactions of not only three typhoons but also a mid-latitude cloud band-
associated trough in the Northwest Pacific, showing their intensification and decay.

Yamasaki [22] examined the development of weak vortices and tropical cyclones by
varying the ice microphysics in numerical experiments, and Bu et al. [23] showed the
influences of boundary layer mixing and cloud-radiative forcing. Recently, significantly
improved spaceborne microwave sensors can penetrate clouds and provide detailed micro-
physical information regarding clouds and precipitation, greatly improving the detection
capability of fine cloud and rain structure inside tropical cyclones. Therefore, Wu et al. [24]
explained that the ice water content might be an important indicator for the estimation of
rapid intesification of tropical cyclones and the spatial structure of cloud and rain particles.
Another paper by Wu et al. [25] described in detail the interaction of cloud dynamics and
microphysics during the rapid intensification of Super-Typhoon Namadol (2022) based
on multi-satellite observations. Su et al. [26] and Tapiador et al. [27] applied satellite
observations, microwave data, and neural network techniques for predicting the rapid
intensification of tropical cyclones.

Bruneau et al. [28] explained the impact of ocean mesoscale temperature anomalies
on tropical cyclone size and AMS [29]. Tamamadin, et al. [30] showed that the area of
high equivalent potential temperature containing significant moisture corresponds to the
typhoon area. This is because latent heat released from the cloud cluster through the
condensation process via cooling moisture can be converted into significant kinetic energy
to be supplied into the typhoon system, resulting in typhoon intensification.

When most typhoons landfall and pass by the Korean Peninsula or Japan Island and
moved into the S, their circular structures are quickly destroyed and deformed into a low
pressure due to not only the increased friction by surrounding lands and the shallower
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sea depth close to the land, but also because there is an insufficient supply of moisture
over the land for maintaining its structure [5,21]. The development and decay of typhoons
are affected by many kinds of driving mechanisms based on micro-, meso-, and synoptic
scales, which are directly and indirectly associated with each other. Namely, it is not
appropriate to say which of them is the most important. However, our research focused
on the intensification of a smaller reformed typhoon in the SJ that has not been previously
explained its meso- and synoptic-scale horizontal and vertical structures dynamically and
thermodynamically in detail.

Thus, the intensity change of Typhoon Songda was investigated using numerical
simulations using both the WRF-3.6.1 model and UM-KMA model and evaluating wind
velocity, relative humidity, moist flux, streamline, atmospheric pressure tendency, equiv-
alent potential temperature, and sea surface temperature during the passage of Songda
from 5-8 September 2004. The typhoon track and its horizontal and vertical structures were
also analyzed using Geostationary Operational Environmental Satellite (GOES)-Infrared
cloud images with no index that could be only obtained at that time (2004), differently
from high-resolution images supplied by the Korean COMS satellite launched in recent
and surface weather charts supplied by the KMA. We compared these images with the
numerical simulation results of horizontal and vertical moist (relative humidity), wind and
equivalent potential temperature distribution, and so on.

2. Study Area

Figure 1a,b show the Northwest Pacific Ocean, including the South China Sea, the East
China Sea, the Yellow Sea, and the semi-enclosed Sea of Japan, as well as topographical
features surrounding the Korean peninsula, Russia, China, and Japan. More than 10 ty-
phoons originated in the Western Tropical Pacific Ocean near Guam Island and passed
through these areas from early summer (June) until late fall (November) 2004 in Figure 1c.
They made landfalls on the Chinese coast or penetrated the Korean peninsula or Japanese
islands, resulting in huge economic losses from flooding and destructive winds.

The sea depth from Okinawa Islands close to the East China Sea and South Sea of
Korea is much shallower than 200 m, different from the approximately 2000 m depth in
the West Pacific Ocean. Figure 1d shows the ocean currents that flow along the coasts
around the Korean Peninsula, China, and Japan, such as the Yellow Sea Warm Current,
the East Korea Warm Current, the North Korea Cold Current, the Liman Cold Current,
the Tsushima Warm Current, the Tsugaru Warm Current, the Soya Warm Current, etc. All
typhoons traveling to Northeast Asia develop or decay partially under the influence of the
ocean currents mentioned above.

The track of Typhoon Songda (TY 0418) formed in the Western Pacific Ocean is shown
in Figure 1c from 27 August to 10 September 2004. Figure 1d displays the ocean currents
flowing around the Korean peninsula, such as the Yellow Sea Warm Current, the East Korea
Warm Current, the North Korea Cold Current, the Liman Cold Current, the Tsushima
Warm Current, the Tsugaru Warm Current, and the Soya Warm Current, respectively.

Typhoon Songda passed by the East China Sea and the korea Strait and moved into
the Sj, where both the East Korea Warm Current (EK) and the Tsushima Warm Current
(TS) originated from the Kuroshio Current pass by the Korea Strait, consisting of a shallow
depth of about 100 m, to the deepest depth of the SJ, extending down to about 3800 m. The
SJ covers a three times larger area than the Yellow Sea, with a maximum depth of 74 m and
a mean depth of about 40 m. It is enclosed by the mountains of Korea (west), Hokkaido,
and Honshu islands of Japan (east) and Russia (north).
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Figure 1. (a) Map of Northeast Asia with seas and ocean, (b) topography surrounding the Korean
peninsula, China, and Japan, (c) track of TY Songda from 2 to 9 September, and (d) ocean currents
surrounding Korea (modified from Lee [31]). In (b), Ho, Hs, and Ks denote Hokkaido, Honshu, and
Kyushu Islands, and in (d), YE, EK, NK, Li, TS, TG, and SO denote the Yellow Sea Warm Current, the
East Korea Warm Current, the North Korea Cold Current, the Liman Cold Current, the Tsushima
Warm Current, the Tsugaru Warm Current, and the Soya Warm Current.

3. Numerical Method and Input Data

The three-dimensional Weather Research and Forecasting (WRF)-Version 3.6.1 model
released on 18 September 2014 [32] was adapted for the numerical simulation of wind
speed and direction, precipitation, atmospheric pressure tendency, potential temperature,
potential vorticity, etc., in Northeast Asia. In the numerical simulation, one-way triple nest-
ing from a coarse-mesh domain to a fine-mesh domain was performed using a horizontal
grid spacing of 27 km, covering a 91 x 91 grid square in the first coarse mesh domain.
The second (third) domain consists of a 9 km (3 km) horizontal grid interval of the same
number grid as the first domain.

As meteorological input data to the model, NCEP/NCAR reanalysis—final analyses
(FNL) 1.0° x 1.0° resolution data were used by interpolating and extrapolating the data at
each grid point onto the first model domain with vertical interpolation between the surface
and the upper boundary level of 100 hPa onto 36 levels, being more closely stacked in the
lower levels of the atmosphere [33]. The meteorological elements evaluated in the first
model domain were set up at each grid point of the second domain, and these values were
calculated again with a 30-second topography resolution for each grid point.

In the model, the WSM 6 scheme was used for heat and moisture budgets and mi-
crophysical processes in the atmospheric boundary layer, and the YSU PBL scheme was
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adopted for the planetary boundary layer. The Kain—Fritsch scheme (new Eta) was adopted
for cumulus parameterization, and the fifth thermal diffusion model was employed for
land surfaces. The RRTM long-wave radiation scheme and Dudhia short-wave radiation
schemes were used [21]. However, all the figures created using the model in this study
were shown in the first domain.

Another model, the British Unified Model (UM) [34] adopted and modified by the
Korean Meteorological Administration, is called the UM-KMA model (weather forecasting
model used by KMA at present), which consists of a software suite written in Fortran-90.
It uses initial input data provided by observations from satellites, ground-based weather
stations, marine buoys, data from radar, radiosonde weather balloons, wind profilers,
commercial aircrafts, and a background meteorological field derived from preceding model
runs. The UM-KMA model uses nesting techniques for horizontal grid domains of 1.5km
and 4 km for representing areas such as the size of a city, 12 km for regional-scale domains,
and 40 km for global-scale domains.

The streamline analyses, moisture flux fields, and equivalent potential temperature dis-
tribution at a 1.5 km height were evaluated to investigate how a typhoon can be intensified
through moisture and momentum transfer into its system through complex interactions
between moisture, wind, and temperature fields, as well as where the typhoon center exists.

4. Results
4.1. Wind Field before the Surface Split of TY-Songda

The Joint Typhoon Warning Center, USA (JTWC) reported a new area of convection at
11:00 UTC (20:00 LST = UTC + 09:00 LST (Korean Local Standard Time)), on 26 August 2004.
It continued to develop at 210 nautical miles northeast of Kwajalein and was first warned
as a tropical depression 22 W at 12:00 UTC, 27 August, with its center at 270 nautical miles
east of Eniwetak Atoll in the Pacific Ocean (Figure 1c). This depression was re-assigned
the name of Songda as a tropical storm with a maximum surface wind speed of 35 kts
(~18.5m/s) at 00:00 UTC, 28 August.

When it was located about 17 nautical miles north-northeast of Agrihan Island in the
Northern Mariana Islands at 18:00 UTC, it became a typhoon, with a maximum wind speed
of 95 kts (~47.5 m/s). After Typhoon Songda formed in the Western Pacific Ocean with a
central pressure of 950 hPa and maximum surface wind speed of 40 m/s (10 min average),
it maintained its track toward the northwest until 00:00 UTC (09:00 LST) on 5 September,
and the typhoon reached the East China Sea at 09:00 LST on 5 September, as shown in the
surface weather map including a square covering the WRF course-mesh model domain
and GOES-9-IR satellite images in Figure 2a,b.
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Figure 2. (a) Surface weather map (hPa) supplied by the Korean Meteorological Administration
(KMA) including a square area covered by the WRF course-mesh model domain at 09:00 LST,
5 September. (b) GOES-9 IR satellite image supplied by KMA at 09:01 LST, 2004.
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As shown in Figure 3, with the horizontal and vertical structure of the typhoon, the
typhoon became weak due to not only the geographical friction of surrounding lands
(China; west), Korean peninsula (north), and Kyushu Island (Japan; east)) but also the
increase in shallower bottom friction created by its moving over a 200 m shallower sea
on its left compared to a depth of about 1000 m on its right. Thus, the mutual interaction
among the reduction of surface wind speeds in the left quadrant of the typhoon center
due to the shallower bottom friction, the surface friction of surrounding lands, and the
northward moving speed of a typhoon can cause an asymmetry, with weaker winds in
the left than the right of the typhoon center, horizontally and vertically (Figure 3a—). The
typhoon eye, a small yellow circle with a 150 km diameter, has very weak wind or is calm
(x=43,y=3).
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)
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Figure 3. (a) Surface wind (m/s) at 10 m height at 09:00 LST, 5 September; (b) 3 km height; (c) vertical
profile of horizontal winds (m/s) on a line A-B (typhoon eye; E) of Figure 3a; (d) surface atmospheric
pressure tendency (—16h Pa/day) causing typhoon development. As it approaches the lands, there
are horizontal and vertical asymmetries of stronger winds to its right and increased sea bottom
friction in the East China Sea as well as surface friction from surrounding lands.

In Figure 3d, at 09:00 LST on 5 September, a negative rate of atmospheric pressure
change with time (dp/0dt) of —16 hPa/day for 12 h at the typhoon center reflected the

deepening (falling) atmospheric pressure, strengthening the typhoon’s cyclonic wind.

Hesselberg [35], Brunt and Douglas [36], Haurwitz [37], Gill [38], Choi [39], and AMS [40]
defined the contours of atmospheric pressure change in a horizontal distance with time
(atmospheric pressure tendency) as isallobars. The effects of friction on the ground and
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turbulence produce a flow of air across the isallobars toward falling pressure, proportional
to the isallobaric gradient, resulting in the convergence of airflow and resultantly the
uprising of air, causing the formation of clouds and severe weather.

Haurwitz [37] and AMS [40] showed mathematically that the isallobaric wind

Vis = k x Jl[aalf = —f%V H%—I; is defined in terms of the vertical unit vector (k), the Cori-

olis parameter (f), the local accelerations of geostrophic wind (aaltg), the specific volume

(00), and the horizontal spatial variation (V H%—’: ; % (%—’;) + % (%—f)) of atmospheric pres-

sure tendency (%—’t’). The resulting surface wind is made up of geostrophic winds blow-
ing parallel to the isobars, with an added component directed into the isallobaric low.
Consequently, if the absolute value of negative atmospheric pressure tendency increases
(lop/otl; | =16 hPa/day ), the isallobaric wind increases, causing the convergence of
airflow to rise up and the rapid development of the typhoon circulation.

TY Songda was on a northerly track by 09:00 LST, 6 September in Figure 4a,b. At
this time, the edge of the typhoon became torn by surrounding land masses like China,
Korea, and Japan, and its circulation was prohibited owing to both the greater frictions
of the adjacent lands in Eastern China, Southern Korea, and Southwestern Japan and the
shallower sea depths of the East China Sea to the left of its eye in Figure 5a.
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Figure 4. (a) Surface weather chart (hPa) at 09:00LST, 6 September, 2004; (b) GOES-9 IR satellite
image before TY-Songda reached the Korea Strait and the west of Kyushu Island.

This kind of geographical and topographical feature causes the horizontal wind
pattern to be asymmetric, and a vertical cross-section of the horizontal wind on a straight
cutting line (A-typhoon eye-B) in Figure 5a,b shows that the horizontal wind is asymmetric
(E; an ellipse of about 200 km in the x-axis and 300 km in the y-axis). This corresponds to
the vertical asymmetry of the horizontal winds of 20 m/s (21 m/s) near the surface in the
left of the typhoon eye compared to 26 m/s (37.2 m/s) at a 1.5 km height in its right. This
asymmetry is attributed to a weakening of the surface winds from the increased friction
created by both the surrounding lands and the shallower sea depth closer to the land.

In Figure 6a,b, the majority of moist fluxes over 80% relative humidity took place
at levels of 900~850 hPa (about 1~1.5 km height) in the right quadrant of the typhoon
eye, from its tail in the East China Sea toward Honshu Island, Japan under the influence
of strong southerly wind in Figure 5a,b. This kind of moist transport is clearly seen in
the figure of relative humidity at a 3 km height in Figure 6a, and the vertical transport
of moisture over 80% relative humidity extended from the sea surface (about 100 m) to a
9.5 km height in the right side of the typhoon eye in Figure 6b, in contrast to the vertical
limitation of moisture to a 2 km height in its left side, showing an asymmetric distribution
of the cloud.
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Figure 5. (a) Surface wind (m/s) at 10 m height; (b) vertical profile of the horizontal wind (m/s)
along the line A-B (across the typhoon eye; E) in (a) based on WRF model simulation at 09:00 LST,
6 September 2004, showing the asymmetrical deformation of the typhoon circulation.
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Figure 6. (a) Relative humidity (%) with wind speed (m/s) at 3 km height; (b) relative humidity (%)
with wind (m/s) from 0 m to 13 km height along a line A-B in (a); refer to Figure 5b.

In the area containing significant moisture with a large cloud cluster in the vicinity of
the typhoon center, it is easily expected that more latent heat released from the cloud cluster
forming by cooling the moisture can be converted into more kinetic energy to be supplied
into the typhoon system, resulting in the production of stronger winds in the right quadrant
of the typhoon circulation, horizontally and vertically. Thus, the transport of momentum
(wind) and moisture (relative humidity) in the right-hand side of the typhoon center can
drive stronger cyclonic circulation of the typhoon in its right, intensifying TY Songda.

Figure 7a indicates that even if the deepened negative surface pressure tendency of
—12.9 hPa/day on 6 September was less than —16 hPa/day on 5 September, the typhoon
was still strengthened. Figure 7b shows that the area of high equivalent potential tem-
perature (EPT) (357 K) contains much more moisture where the typhoon is located. It is
expected that the latent heat released from the cloud cluster through the condensation
process via significant moisture cooling can be converted into more kinetic energy to be
transferred into the typhoon system, resulting in typhoon intensification, as referred to by
Tamamadin et al. [30] and AMS [29]. Thus, it can be seen that the typhoon moves into the
high equivalent potential temperature area.
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Figure 7. (a) Surface pressure tendency (dp/dt; hPa/day) for 12 hrs at 10 m height based on WRF
model simulation; (b) equivalent potential temperature (EPT; K) at 1.5 km height (850 hPa) based
on UM-KMA model simulation at 09:00 LST, 6 September 2004. The typhoon center corresponds to
—12.9 hPa/day and a 367 K area.

4.2. Intensification of a Smaller Typhoon Split by the Surrounding Mountains of the SJ

At 09:00 LST, 7 September, Typhoon Songda was located between the west of Kyushu
Island, Japan and the South Sea of the Korean Peninsula (Figures 8 and 9).
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Figure 8. (a) Surface weather chart (hPa) at 09:00 LST; (b) GOES—9—IR satellite image at 09:01 LST,
7 September 2004.

According to the numerical simulation using the WRF model, as shown in Figure 9a,b,
the typhoon was divided into three wind fields near the surface of 10 m over the Yellow Sea
(I), the South Sea near Japan (II), and the Japan Sea (III) due to the increased friction from
the surrounding lands of the moving typhoon and shallower sea depth approaching the
lands. In particular, the vertical distribution of the horizontal winds showed a reinforced
asymmetric structure with a maximum wind speed of 44.1 m/s at 1.5 km height at 09:00
LST, 7 September, in contrast to 37.2 m/s on 6 September. The vertical extension of the
strong horizontal wind band was in the right of the typhoon eye, much higher than its left,
still showing calm and weak wind in its eye (Figure 9b).
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Figure 9. (a) Surface wind (m/s) at 10 m height at 09:00 LST, 7 September; (b) vertical profile
horizontal wind (m/s) along the line A-B (E; the typhoon eye) from the surface to 13 km height in
(a) based on WRF model simulation; (c) wind (m/s) at 1 km height, still maintaining a circular shape.

However, at a 1 km height, in Figure 9c, the typhoon structure still has a circular shape
with a maximum wind speed in its right quadrant. This is because the friction effect of
the land’s topography at an upper altitude was greatly reduced compared to the surface,
so the typhoon could have still a circular shape. Thus, it is very important to recognize
that although the edges of the circular typhoon are somewhat torn, it still maintains its
circular structure at altitudes above 1 km. Namely, the intensification of vertical flow can
draw more moisture from the sea surface to the atmosphere, which can be cooled to form
large cloud clusters through the condensation process vertically on the right side of the
typhoon eye.

Further consideration was given to moist flux and streamline at 850 (hPa; about 1.5 km
height) at 09:00 LST, 7 September, in Figure 10a,b. The majority of moisture transportation
took place in the right quadrant of the typhoon, from its tail toward Kyushu Island and the
center of the SJ, pulling significant moisture via mutual interactions between the cyclonic
circulation by TY Songda and the anti-cyclonic circulation by the North Pacific High
pressure (H) between 40 N and 20 N.

Thus, the merging area of the moisture corresponds to an area of significant amounts of
latent heat being released through the moisture condensation to form clouds. Sequentially,
the heat should be converted into sufficient amounts of kinetic energy to be supplied to the
typhoon circulation, causing greater intensification of the typhoon.
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Figure 10. (a) Moist flux (0.1 m/s); (b) streamline and isotach (wind speed > 25 kt (green color and
50 kt (yellow color) at 850 (hPa; approximately 1.5 km height) based on UK-KMA model simulation
at 09:00 LST, 7 September 2015. H denotes the North Pacific High pressure. The majority of moisture
flux and streamline occurred in the right quadrant of the typhoon center, from its tail toward the right
of Kyushu Island into the SJ (Japan), pulling significant moisture via mutual interactions between the
cyclonic typhoon and the anti-cyclonic H from 40 N to 20 N.

In Figure 11a, the surface pressure tendency in its center changed from —12.9 hPa/day
at 09:00 LST, 5 September to —6.0 hPa/day in the Korea Strait and —8.1 hPa/day to the
left of Kyushu Island at 09:00 LST, 7 September. This may be attributed to the increased
friction of the shallower sea depth and surrounding lands, as the typhoon passed by the
Korea Strait with less than 100 m depth. Thus, its circulation should be prohibited to be
slightly weakened compared to the one at 09:00 LST on 6 September.
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Figure 11. (a) Surface pressure tendency (hPa/day) for 12 hours at a 10 m height based on WRF
model simulation; (b) equivalent potential temperature (EPT; K) at 1.5 km height (850 hPa) based
on UM-KMA model simulation at 09:00 LST, 7 September. The typhoon center corresponds to
—8.1 hPa/day and a 355 K area.

Figure 11b displays the EPT (K) at a 1.5 km height (850 hPa) at 09:00 LST on 7 Septem-
ber 2004. Even if the EPT in the typhoon center slightly decreased from 357 k to 355 k, the
area of high EFT still contains significant moisture, and latent heat released from the cloud
condensation process via cooling of the air parcel can be converted into significant kinetic
energy to be transferred into the typhoon system, enhancing its circulation. Thus, we can
recognize the moving track of the typhoon, where significant energy exists.
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As shown in Figure 12a,b, at 21:00 LST, 7 September, when TY-Songda entered the SJ,
passing the Korea Strait, the original Songda was reformed into a smaller split typhoon
with a circular shape, located in the central part of the S] between the East Korea Warm
Current and Tsushima Warm Current, closer to the west of Honshu Island, Japan, as shown
in Figures 1d and 12a.
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Figure 12. (a) Surface weather chart (hPa) at 21:00 LST; (b) GOES-9 IR satellite image at 21:00 LST,
7 September 2004. Red frame in (b) denotes a coarse domain of the model.

Its intensification was detected at heights of 10 m, 1 km, and 3 km at 21:00 LST,
7 September in the mid part of the SJ (Figures 13a and 14a,b). When TY Songda passed by
the Korea Strait and entered the semi-enclosed S] with a maximum depth of 3800 m near its
center, it was blocked like the Japan Sea (III) wind field, and a small split typhoon could be
intensified due to the channeling effects of cyclonic rotating winds from a shallow sea depth
of the Korea Strait into the SJ’s center and the surrounding high terrain of Korea, Japan,
and Russia, as well as sharp increasing sea depths of the SJ from the coast to its center.

Another effect of its intensification was the intrusion of a strong downslope wind from
the Japan western coastal high mountains of Honshu and Hokkaido islands toward the
SJ’s center in Figure 1b, which could be changed into cyclonic winds due to the Coriolis
force to the downslope wind at 90 degrees toward the right in the northern hemisphere,
resulting in the strengthening of the smaller deformed cyclonic circulation like a small split
typhoon in Figures 13a and 14a.

Figure 15a,b display horizontal relative humidity (%) at a 3 km height and vertical
relative humidity (%) with wind (m/s) from 0 m to 13 km height along a line A-B in
Figure 13a at 21:00 LST. The horizontal relative humidity (%) at a 3 km height and its
vertical distributions correspond to the wind fields in Figures 13b and 14b.

As shown in Figure 16, major moisture flux and streamline at a 1.5 km height occurred
in the right quadrant of the typhoon center from its tail toward the right of Kyushu
Island, Japan, pulling significant moisture via mutual interactions between the cyclonic
TY Songda and the anti-cyclonic North Pacific High pressure (H) from 40 N to 20 N.
Thus, the combination of the moisture transported by the typhoon itself and the moisture
evaporated from the sea was cooled to form large clouds to its right, and the significant
latent heat released from the clouds was converted into kinetic energy to drive its circulation
intensification and the asymmetric structures of wind and moisture.
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Figure 13. (a) Wind velocity (m/s) at 10 m height; (b) vertical distribution of horizontal wind (m/s)
on a black line in Figure 13a at 21:00 LST, 7 September 2004. When TY-Songda moved to the semi-
enclosed S, the typhoon reformed as a smaller typhoon, still maintaining a circular shape with
asymmetric wind patterns horizontally and vertically.
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Figure 15. (a) Horizontal relative humidity (%) at a 3 km height; (b) vertical relative humidity (%)
with wind (m/s) from 0 m to 13 km height along a line A-B in (a) at 21:00 LST, 7 September, showing
the moisture asymmetries corresponding to the wind structures in Figures 13b and 14b.
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Figure 16. (a) Moist flux (0.1 m/s); (b) streamline and isotach (wind speed > 25 kt (green color) and
50 kt (yellow color) at 850 (hPa; about 1.5 km height) based on the UK-KMA model at 21:00 LST.

Strong moisture flux between the cyclonic typhoon and the anti-cyclonic North Pacific High pressure
(H) occurred from south to north.

In Figure 17, the deepened negative change in atmospheric pressure with time (isallo-
bar) had from —8.1 hPa/day to —17.6 hPa/day for 12 h at the typhoon center, enhancing
the convergence of moist air rising up and causing the formation of large clouds and rain.
As the pressure tendency deepens, severe weather like typhoons can develop.
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Figure 17. (a) Surface pressure tendency (hPa/day) at 10 m height based on WRF model simulation;
(b) equivalent potential temperature (EPT; K) at a 1.5 km height (850 hPa) based on UM-KMA model
simulation at 21:00 LST. The typhoon center corresponds to the area of —17.6 hPa/day and 349 K.

At the same time, the reformed typhoon center was detected at a high equivalent
potential temperature (349 K), which contained significant amounts of moisture to be
cooled down to form clouds, and the latent heat leased from the cloud could be converted
into kinetic energy to induce the intensification of its circulation. The typhoon center in
the SJ was closer to the west of Honshu Island, Japan, along which the Tsushima Warm

Current had a higher SST than the east of the Korean peninsula, as shown in Figures 1d
and 18a—c.
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Figure 18. (a) Daily mean sea surface temperature (SST; °C) (GOES-9 MCSST) near the Korean
peninsula on 4 September; (b) 7 September, and (c) weekly mean SST (1 to 7 September). The red

square includes Jeju Island. The typhoon center corresponds to 24 °C area near the SJ center, closer
to the Tsushima Warm Current in Figure 18c. The northeastward Kuroshio Warm Current flows
from the eastern seas of Philippine and Taiwan toward the southern and eastern seas of Japan Island
(28 °C) in Figure 18c.

Figure 18 shows the daily and weekly mean sea surface temperatures (SST; °C) in the
vicinity of the Korean peninsula on 4 and 7 September. The SSTs on 4 September before
Typhoon Songda moved into the Sea of Japan (SJ) were higher than the ones on 7 September
after it entered. Typhoon Songda, following the Kuroshio Warm Current and passing by
the East China Sea, could be continuously developed until 5 September. In particular, on
7 September, the SSTs in the Yellow Sea and the East China Sea were higher than ones in
the 5], but high SSTs existed in the path of the Tsushima Warm Current in the west coast of
Honshu Island, shown in Figure 1c (ocean current map).

Thus, the split typhoon located between the East Korea Warm Current along the
eastern coast of Korea and the Tsushima Warm Current along the west coast of Honshu
Island could be developed through the thermal convection of moist air parcels, resulting in
significant amounts of kinetic energy being converted from latent heat through the cloud
condensation process with significant moisture. In Figure 18c, the weekly mean SSTs in the
Yellow Sea and the East China Sea from Sept 1 to 7 were higher than ones in the SJ, but the
SSTs were near the Tsushima Warm Current flowing along the west coast of Honshu Island
compared the northeastern sea of the SJ. Thus, the intensification of the split typhoon in
the SJ was greatly attributed to thermal convection over the warm currents, as shown in
Figure 1c.
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5. Conclusions

In summary, the change in intensity of a split typhoon originating from TY-Songda
was investigated in the vicinity of the semi-enclosed Sea of Japan (SJ) using 3D-WRE-3.6.1
and UM-KMA numerical models, GOES-IR satellite images, and sea surface temperature
distribution. This research provided the following results.

(1) After the typhoon developed in the Western Pacific Ocean in late August, it moved
to the East China Sea along the northward Kuroshio Warm Current. It continu-
ously developed, showing horizontally and vertically asymmetrical wind patterns on
5 September.

(2) Asitturned to the northeast to the west of Kyushu Island, Japan on 6 September, it
began to weaken, owing to the increased friction due to both the shallower seafloor
of the East China Sea and the surrounding topography (China, Korea, and Japan),
resulting in a tropical depression.

(3) As the typhoon approached Kyushu Island, it was deformed into three divided wind
fields over the Yellow Sea (I), the South Sea near Japan (II), and the SJ (III) near the
surface, unique from its circular shape at a 1 km altitude.

(4)  As the split typhoon (III) from Typhoon Songda entered the SJ and changed into a
small circle-shaped typhoon between the East Korea Warm Current and Tsushima
Warm Current, it was located in an area of very high equivalent potential temperature
of the air parcel, with significant amounts of kinetic energy being converted from the
latent heat released from the cloud condensation process of water vapors evaporated
from the warm current surface. The moisture was accompanied by the typhoon itself,
from its tail to the SJ and the Russian Sakhalin Island.

(5) The majority of moisture flux and streamline occurred in the right quadrant of the
typhoon center, from its tail toward the right of Kyushu Island, Japan, pulling sig-
nificant moisture via mutual interactions between the cyclonic TY Songda and the
anti-cyclonic North Pacific High pressure (H) on 40 N to 20 N.

(6) The significantly deepened atmospheric pressure tendency in the typhoon center can
cause a convergence of air, which can induce its ascension, forming large clouds and
generating severe weather such as the development of a typhoon.

(7)  Simultaneously, as the strong downslope winds from the surrounding high mountains
of the SJ into its center were deformed by the Coriolis force to cyclonic winds, the
circulation of the split Songda inside the SJ could be intensified until 21:00 LST,
7 September.
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