remote sensing

Article

Evaluation of the Operational Global Ocean Wave Forecasting
System of China

Mengmeng Wu 123, Juanjuan Wang 2%, Qiongqiong Cai %3, Yi Wang 23, Jiuke Wang > and Hui Wang 2/3-*

check for
updates

Citation: Wu, M.; Wang, J.; Cai, Q.;
Wang, Y.; Wang, J.; Wang, H.
Evaluation of the Operational Global
Ocean Wave Forecasting System of
China. Remote Sens. 2024, 16, 3535.
https://doi.org/10.3390/
rs16183535

Academic Editor: Yukiharu Hisaki

Received: 10 August 2024
Revised: 13 September 2024
Accepted: 18 September 2024
Published: 23 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, China;
wumm@nmefc.cn

National Marine Environmental Forecasting Center, Beijing 100081, China; wangjj@nmefc.cn (J.W.);
caigqg@nmefc.cn (Q.C.); wangyi@nmefc.cn (Y.W.)

Key Laboratory of Marine Hazards Forecasting, National Marine Environmental Forecasting Center,
Ministry of Natural Resources, Beijing 100081, China

Key Laboratory of Ministry of Education for Coastal Disaster and Protection, Hohai University,

Nanjing 210098, China

School of Artificial Intelligence, Sun Yat-Sen University, Zhuhai 519000, China; wangjk57@mail.sysu.edu.cn
*  Correspondence: wangh@nmefc.cn

Abstract: Based on the WAVEWATCH III wave model, China’s National Marine Environmental
Forecasting Center has developed an operational global ocean wave forecasting system that covers
the Arctic region. In this study, in situ buoy observations and satellite remote sensing data were used
to perform a detailed evaluation of the system’s forecasting results for 2022, with a focus on China’s
offshore and global ocean waters, so as to comprehensively understand the model’s forecasting
performance. The study results showed the following: In China’s coastal waters, the model had
a high forecasting accuracy for significant wave heights. The model tended to underestimate the
significant wave heights in autumn and winter and overestimate them in spring and summer. In
addition, the model slightly underestimated low (below 1 m) wave heights, while overestimating
them in other ranges. In terms of spatial distribution, negative deviations and high scatter indexes
were observed in the forecasting of significant wave heights in semi-enclosed sea areas such as the
Bohai Sea, Yellow Sea, and Beibu Gulf, with the largest negative deviation occurring near Liaodong
Bay of the Bohai Sea (—0.18 m). There was a slight positive deviation (0.01 m) in the East China
Sea, while the South China Sea exhibited a more significant positive deviation (0.17 m). The model
showed a trend of underestimation for the forecasting of the mean wave period in China’s coastal
waters. In the global oceanic waters, the forecasting results of the model were found to have obvious
positive deviations for most regions, with negative deviations mainly occurring on the east coast and
in relatively closed basins. There were latitude differences in the forecasting deviations of the model:
specifically, the most significant positive deviations occurred in the Southern Ocean, with smaller
positive deviations toward the north, while a slight negative deviation was observed in the Arctic
waters. Overall, the global wave model has high reliability and can meet the current operational
forecasting needs. In the future, the accuracy and performance of ocean wave forecasting can be
further improved by adjusting the parameterization scheme, replacing the wind fields with more
accurate ones, adopting spherical multiple-cell grids, and data assimilation.

Keywords: evaluation; ocean wave forecasting; wave height; wave period

1. Introduction

Wave forecasting originated in the 1940s from the need for landing operations. In the
following decades of research since that time, wave forecasting has been highly valued
around the world, and its needs have gradually expanded from military activity support in
the early stage to ocean development and construction, ocean transportation, ocean man-
agement, ocean disaster prevention and reduction, and so on. In the 21st century, economic
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globalization has made ocean issues important parts of national strategies. Wave forecast-
ing continues to provide important technical support for the safeguarding of marine rights,
protection of marine resources and environment, and rational development and sustainable
use of marine resources. Against the backdrop of global efforts to address climate change,
protect the environment, conserve energy, and reduce emissions, as an inexhaustible source
of renewable and clean energy, coastal wave energy has become a way for humanity to
help solve the energy crisis. In addition, the study of wave mechanisms itself will promote
the research on mass, momentum, kinetic energy, heat exchange processes, and phase
transition at the air-sea interface, thus helping to gain an in-depth understanding of the
properties of air-sea boundaries and deepen our scientific understanding of related fields.

Considering the needs of ocean wave forecasting in various aspects such as the na-
tional economy, society, environment, and military, the ocean wave numerical forecasting
model—based on the close combination of oceanography, fluid mechanics, and compu-
tational mathematics—has developed rapidly. After three generations of mainstream
numerical models, the precision and accuracy of forecasting have been greatly improved.
The ocean wave forecasting models can now basically meet the needs of various ocean
wave forecasting and are currently the most important methods for ocean wave forecasting.
The third-generation ocean wave numerical models, such as WAM [1,2], WAVEWATCH
III [3,4], and SWAN [5], are widely used by many meteorological and ocean business cen-
ters, including the European Center for Medium-Range Weather Forecasts (ECMWF) [6-8],
the National Centers for Environmental Prediction (NCEP) [9-12], Météo-France [13], Met
Office [14], Indian National Center for Ocean Information Services (INCOIS) [15], and
China’s National Marine Environmental Forecasting Center (NMEFC) [16-18]. These mod-
els have been used to achieve satisfactory results in wave forecasting operations at global,
regional, and coastal scales.

Any business center involved in wave forecasting should conduct some form of qual-
ity monitoring on its products [19]. In 1995, under the coordination of the ECMWE, an
international comparison project for ocean wave forecasting was established [20-22]. Later,
the ECMWF, Met Office, the U.S. Navy’s Fleet Numerical Meteorology and Oceanography
Center (FNMOC), the Meteorological Service of Canada (MSC), NCEP, and other institu-
tions successively joined the cause to achieve the following: quantitatively evaluate the
global and regional skills, advantages, and disadvantages of different wave forecasting
systems; analyze the potential causes of model errors by collecting buoy observation data
from different sea areas, and conducting a horizontal comparison of wave model data from
different operational agencies; and identify potential areas for improvement. Moreover,
business institutions in some countries have also carried out extensive validations and
scientific assessments of their wave forecasting systems, thereby ensuring the reliability of
wave forecasting. By evaluating two sets of wave forecasting systems of the Met Office—
that is, the global GS512L4EUK and regional AMM15SL2—Valiente et al. showcased the
compelling benefits of spherical multiple-cell (SMC) grids [23]. This approach bolsters
computational efficiency, while also ensuring that the model’s predictive prowess remained
uncompromised at both global and coastal scales. The authors also discussed how incorpo-
rating wave—current interactions and improving the resolution of wave model and wind
forcing can enhance the accuracy of wave field simulations. Environment Canada’s global
ocean wave forecasting system had undergone several improvements to its regional system,
including increasing the horizontal and spectral resolutions of the wave model; incorpo-
rating ice field forcing; upgrading the physics package and atmospheric forcing, which
addressed the long-standing issue of poor wave predictions in the Northeast Pacific; and
improved wave forecasts under tropical cyclone conditions [24]. The Copernicus Marine
Environment Monitoring Service (CMEMS) Mediterranean wave forecasting system (Med-
waves) considered the sensitivity of Mediterranean wave dynamics to the nesting with the
Atlantic, along with the influence of surface currents on wave refraction, and compensated
for the underestimation of wind in this region by adjusting the dissipation function to
reduce energy loss caused by whitecaps, thereby providing reliable Mediterranean wave
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forecasts [25]. The INCOIS conducted a comprehensive evaluation of its Indian Ocean wave
forecasting system, and the model provided reliable simulations of waves during monsoon,
cyclonic, and swell events. Further adjustments to the parameterization schemes within
the model will refine the simulation of wind waves during non-monsoon months [26].

China’s NMEFC is an operational center that provides ocean forecasting—a basic
public welfare service—to the public, sectors involved in maritime affairs, and government
agencies. It first published China’s offshore wave forecasts nationwide in 1966. Global
wave forecasting was an important business expansion of the NMEFC during the Eleventh
and Twelfth Five-Year Plan periods. The introduction of advanced foreign wave models
promoted the establishment of an operational global ocean wave forecasting system, and
the forecasting range was extended to the Arctic during the Thirteenth Five-Year Plan
period. This paper is the first to evaluate the NMEFC’s global ocean wave forecasts. In situ
observations and satellite data were used to validate the forecast wave fields, including
those in China’s coastal waters and various global oceans, to ensure their reliability in the
use of NMEFC business. The validation results will provide a reference basis for model
developers to further improve the model, and for wave forecasters to make subjective
forecasting decisions.

The organizational structure of this paper is as follows: Section 2 provides a detailed
description of the wave model, along with the data sources and methods used to evaluate
the performance of the model; Section 3 analyzes the validation results; Section 4 presents
the discussions; and finally, the conclusions are presented.

2. Wave Model, Data, and Method
2.1. Wave Model

The NMEFC’s global ocean wave forecasting system was constructed based on
the third-generation wave forecasting model WAVEWATCH 1II 6.07 [27] developed by
NOAA /NCEP, mainly considering physical processes such as wave generation in deep
water, nonlinear four-wave interactions, and wave dissipation. Tolman and Chalikov’s
source term package was used for input and dissipation physics. Discrete interaction
approximation (DIA) was chosen for the nonlinear interactions scheme. A third-order (UQ)
propagation scheme and the Tolman (2002) averaging technique were implemented with
GSE alleviation. A nested grid was used, with an outer sea area ranging from 0°-360°,
78°S5-78°N, a spatial resolution of 0.1°, periodic boundary conditions in the east-west
direction, and land in the north-south direction; with the inner Arctic region ranging
from 0°-360°, 60°N-87°N, and a spatial resolution of 0.1°. The calculation results of the
outer global waters provide boundary conditions for high-latitude Arctic waters. In the
two-dimensional spectral space of frequency and direction, the spectrum was divided
into 25 frequency bands, with an initial frequency of 0.04118 Hz, and the relationship
between each frequency band wasfn+1=11 x fn(n=0, 1, ..., 24). The wave direction
was divided into 48 directions according to a uniform grid. The bathymetric data of the
general bathymetric chart of the oceans (GEBCO) 15” were used as the topographic data.
NCEP/GFS global wind field forecasting data were adopted for forced wind fields. The
forced sea ice data in the Arctic region included the concentration and thickness of sea ice,
sourced from the Arctic Ice Ocean Prediction System (ArcIOPS), and the NEMO global
ocean forecasting system developed by the NMEFC. Figure 1 shows the flowchart of the
NMEFC'’s global ocean wave forecasting system.

sea ice
concentration
and thickness

NCEP GFS outer area inner area ocean
wind )| 0°-360°, =) 0°-360°, |E=)| wave
forcing 78°5-78°N 60°N-87°N forecast

Figure 1. The flowchart of the global ocean wave forecasting system.
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2.2. Data

Firstly, the model was validated using data from the China Ocean Monitoring Network
for 2022, taken from about 30 hydrometeorological buoys in China’s coastal waters. The
buoy observations were made at an interval of one hour, and the observation elements
included wind speed (Ws), wind direction, atmospheric pressure, air temperature, water
temperature, relative humidity, mean wave height, mean wave period (Tm), mean wave
direction, one-tenth wave height, one-tenth wave period, significant wave height (Hs),
significant wave period, maximum wave height, maximum wave period, and so on. The
position accuracy of the buoys was 0.01/, the observation accuracy of the Hs was 0.1 m,
and the observation accuracy of the wave period was 0.1 s. Prior to use, quality control
of buoy observations was carried out using the method proposed by Bidlot et al. [19] to
eliminate outliers.

Validation of global ocean waters was conducted using buoy data from the U.S.
National Data Buoy Center (NDBC). Jason-3 satellite altimeter’s along-track Hs data were
used for additional spatial validation to improve the assessment of the global ocean. Jason-3
was the successor satellite altimeter of Jason-2, and adopted the same track design, with a
track height of 1336 km, inclination angle of 66°, and track revisit period of 10 days. The
task of the Jason-3 altimeter was to provide continuous satellite altimetry data with the
same accuracy and spatial coverage, following the TOPEX/Poseidon, Jason-1, and Jason-2
altimeters. Yang et al. [28] evaluated Hs retrievals from the Jason-3 altimeter using NDBC
buoy data. Jason-3’s Hs data were consistent with the NDBC buoy data, with a deviation
(Bias) of 0.05 m, root mean square error (RMSE) of 0.23 m, scatter index (SI) of 13%, and
correlation coefficient (Corr) of 0.98.

For high-latitude Arctic waters, integrated satellite data products from the Copernicus
Marine Environment Monitoring Service (CMEMS) were used to evaluate the model pre-
diction performance. These data were based on the near-real-time mono-mission satellite
along-track significant wave height. Only valid data were included, based on rigorous
editing combining various criteria such as quality flags (surface flag, presence of ice) and
thresholds on parameter values. Such thresholds were applied on parameters linked to Hs
determination from retracking (such as Hs, sigma0, range, and off nadir angle). All the
missions were homogenized with respect to a reference mission (Jason-3 until April 2022,
Sentinel-6A afterwards) and calibrated on in situ buoy measurements. Finally, an along-
track filter was applied to reduce the measurement noise. This product was processed by
the WAVE-TAC multi-mission altimeter data processing system. It served, in near-real
time, the main operational oceanography and climate forecasting centers in Europe, as
well as worldwide ones. It processed operational data (OGDR and NRT, produced in
near-real time) from the following altimeter missions: Sentinel-6A, Jason-3, Sentinel-3A,
Sentinel-3B, Cryosat-2, SARAL/AltiKa, CFOSAT; and interim data (IGDR, delay of 1 to
2 days) from the HY-2B mission. Some studies [28-30] have confirmed that these altimeter
missions can provide high-quality Hs data, and were widely used in model evaluation, data
assimilation, and wave climatology construction [31]. The integrated satellite data prod-
ucts” quality information document (https:/ /catalogue.marine.copernicus.eu/documents/
QUID/CMEMS-WAV-QUID-014-001.pdf, last access: 1 August 2024) showed with the ab-
solute calibration, the altimetry measurements accurately reproduced in situ measurements
with a correlation of 0.98-0.99.

2.3. Method

To evaluate the model’s forecasting performance, satellite altimeters and buoy obser-
vation data were used to verify the operational global ocean wave forecasting results of the
WAVEWATCH III model, and statistics were made once a month. During the verification
process, for simplicity, results with a forecast time of 0-24 h were included into a statistical
group for error analysis. The meanings of the 24—48 h and 48-72 h forecasts were similar.
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The items of the test statistics were Bias, mean absolute error (MAE), RMSE, relative error
(RE), Corr, and SI, which were, respectively, defined by the following formulas:

Bias = %Zfil(ﬂ — Ol‘) (1)
MAE = SV |7~ ) @
1 N 2
RMSE = \/ N izt (P = 0) 3)
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where P; was the forecast value, O; was the observed value, and N was the number of
samples. When calculating RE, only Hs above 1 m were counted, while when calculating
the other five statistical items, all Hs were counted.

In the statistical process, temporal and spatial registration were first performed. With
the data 0.5 h before and after the hour of satellite as the data for that hour, the forecast
field at that time during the 0-24 h forecast period was read. According to the latitude and
longitude coordinates of the satellite data, the forecast data were bilinearly interpolated to
that point as a pair of observation—forecast verification data. All the forecast verification
data within a month were used as a basic statistical dataset. Similarly, test datasets such
as 24-48 h forecasts and 48-72 h forecasts could be formed. For each dataset, the fore-
casting performance of the model was quantitatively evaluated using the aforementioned
statistical methods.

3. Results

This section presents an analysis of the operational forecasts for 2022. The validations
of the Hs and Tm were conducted using Chinese offshore buoy data, and the spatial
validations in global ocean waters were carried out using the along-track Hs data of the
Jason-3 satellite altimeter. For high-latitude Arctic waters, due to the limited amount of
data from a single satellite, the fusion satellite Hs data from the CMEMS were used to
evaluate the model’s forecasting performance.

3.1. Evaluation of Forecasting Performance in China’s Offshore Areas

The forecasting results were tested using 29 offshore buoys in 2022, with the testing
elements including the Hs, Tm, and 10 m Ws of the wind forcing field. Figure 2 shows the
scatter plots of the 024 h forecast Hs, Tm, and Ws tests, and the values of each statistical
item are also marked in the graphs. The accuracy of the Hs and Ws forecasting was
relatively high, with a Bias of 0.02 m, RMSE of about 0.3 m, RE of about 16%, and Corr
of 0.95 for the 0-24 h Hs forecasting. According to the scatter distribution in Figure 2b,
the model tended to underestimate the Tm. Figure 3 shows that as the prediction period
increased, the accuracy of the Hs forecasting decreased. The 5-day forecasting deviations
were 0.02~0.06 m, MAE values less than 0.38 m, RMSE values within 0.54 m, RE values
16~26%, Corr values greater than 0.85, and SI values less than 40%. Compared with the
Hs, the accuracy of the Tm forecasting during the 5-day forecast period showed a smaller
decrease over time (note that the vertical coordinate ranges in Figure 4 were smaller than
those in Figure 3). Especially for the SI, during the 5-day forecast period, the SI values of
the Tm forecasts decreased by 3%, and those of the Hs forecasts decreased by 15%.
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Figure 2. Comparisons of China’s offshore buoy observations and 0-24 h model’s forecasting results.

(a) Significant wave height (Hs) inspection; (b) mean wave period (Tm) inspection; (c¢) 10 m wind

speed inspection. The magenta lines are diagonal lines, and the color codes represent the amounts

of data.
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Figure 3. Hs inspections for different prediction periods. (a) Deviation (Bias); (b) mean absolute error
(MAE); (c) root mean square error (RMSE); (d) relative error (RE); (e) correlation coefficient (Corr);

(f) scatter index (SI).



Remote Sens. 2024, 16, 3535

7 of 18

-0.7 1.2 1.3

c
-0.75 1.2
1.1

1.1

-0.85 /—9 1

-0.9 0.9 0.9
0 24 48 72 96 120 0 24 48 72 96 120 0 24 48 72 96 120

Forecasting Period (Hour) Forecasting Period (Hour) Forecasting Period (Hour)

Bias(s)
o)
@
MAE(s)
RMSE(s)

20— 1 20
19} d 0.9} © 18| f
° .;—-«»/""‘»-—“7 0.8 16
<17 3 2
@ 07 B 14
16
15 06 12

14 0.5 10
0 24 48 72 96 120 0 24 48 72 96 120 0 24 48 72 96 120
Forecasting Period (Hour) Forecasting Period (Hour) Forecasting Period (Hour)

Figure 4. Tm inspections for different prediction periods. (a) Bias; (b) MAE; (c) RMSE; (d) RE; (e) Corr;
(f) SL

Figures 5 and 6, respectively, show the error distributions of the monthly Hs and Tm
forecasts. Tables 1 and 2, respectively, provide statistics on the error parameters of the Hs
and Tm forecasts for each season, to shed light on the model’s forecasting performance
in different months and seasons. For the Hs forecasting, the forecast results of the model
were relatively underestimated in autumn and winter and showed a positive Bias in spring
and summer. This was consistent with the seasonal error characteristics exhibited by the
wind forcing field. The error of wave forecasting was closely related to wind forcing. The
GFS forecast wind field tested by the World Meteorological Organization (WMO) in 2022
also exhibited a slight negative Bias in the northwestern Pacific Ocean during winter, and
positive Bias during summer [32]. The MAE and RMSE of the Hs forecasts in autumn and
winter were greater than those in spring and summer. However, in autumn and winter,
China’s offshore areas were affected by cold air from Siberia and Mongolia, with a higher
wind strength and a greater average Hs than in spring and summer. The Corr, RE, and
SI of the Hs forecasts in autumn and winter were more accurate than those in spring
and summer. The SI of the Hs forecasts was the highest in summer (31.52%) and lowest
in winter (21.75%), which was consistent with the performance of the forced wind field
forecasting. The forced wind field forecasting also exhibited error characteristics, with a
lower SI in winter (20.17%) and higher SI (36.49%) in summer. In addition, for the big wave
events caused by cold air in autumn and winter, due to the relatively long cycle of weather
system changes and large spatial scale, the model achieved a good simulation effect on
cold air waves (with lower SI and higher Corr). In spring and summer, China’s offshore
areas were affected by typhoons or temperate cyclones, and the model was relatively poor
at simulating the big wave events caused by the rapidly changing weather system (with
higher SI and lower Corr). The model also showed obvious seasonal characteristics in the
Tm forecasting error. The underestimations of the Tm forecasts by the model in autumn
and winter were more pronounced than those in spring and summer, and the Corr and
SI of the Tm forecasts in autumn and winter were, overall, superior to those in spring
and summer.
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Table 1. Statistics of Hs forecasting errors in different seasons.
Entries ~ DUoYHs  WW3Hs  pcm  MAEm FME Rpw) Corr SI (%)
(m) (m) (m)
E;:;e 187,052 1.32 1.34 0.02 0.25 0.33 16.28 0.95 2541
Spring 47,092 1.12 1.19 0.07 0.23 0.31 16.49 0.94 26.53
Summer 47,693 0.96 1.03 0.07 0.23 0.31 19.37 0.91 31.52
Autumn 48,303 1.56 1.53 —0.03 0.25 0.34 14.44 0.96 22.14
Winter 43,964 1.64 1.59 —0.05 0.27 0.37 14.95 0.95 21.75
Table 2. Statistics of Tm forecasting errors in different seasons.
Entries B“‘Z)Tm W“(’:)Tm Bias(s) MAE(s) RMSE(s)  RE (%) Corr SI (%)
Ey“etie 125,361 5.52 473 —0.79 0.94 112 17.38 0.76 13.93
Spring 29,520 5.44 4.71 —0.73 0.89 1.09 16.65 0.75 14.50
Summer 30,650 5.25 4.65 —0.60 0.86 1.03 16.65 0.69 15.64
Autumn 34,203 5.78 4.88 —-0.90 1.00 1.21 17.65 0.75 13.80
Winter 30,988 5.59 4.67 —0.92 1.00 1.14 18.57 0.83 11.75

Next, the forecasting performance of the model within different Hs and Tm ranges
was analyzed, taking the 0-24 h forecasts as an example (Figures 7 and 8). From Figure 7,
the forecasting Bias values of the model were positive for most of the Hs ranges, and the
model only slightly underestimated the Hs below 1 m. Within the Hs range of 1-7 m, as the
Hs increased, the model’s overestimation of the Hs became increasingly severe. The Bias,
RMSE, RE, and SI of the high sea state forecasts above 7 m began to show a downward
trend. However, the Hs values in over 80% of China’s offshore areas during this statistical
year were less than 2 m, and there were only 54 Hs forecast values above 7 m. A small
amount of data may lead to a decrease in statistical credibility. For the Hs above 1 m, the
RE values of the model forecasts were all within 18%. When the Hs > 1 m, the SI values of
the model’s forecasting (9-22%) were significantly lower than those of the sea state below
1 m (about 40%), which were consistent with the conclusions of other studies [25,33,34].
When the weather conditions were clearer, the SI of the model’s forecasting tended to
be lower. For the Tm forecasting, the scatter plot test indicated that the model tended
to underestimate the Tm. According to Figure 8, as the Tm value increased, so did the
negative Bias, and the wave model showed a trend of underestimating the big wave period
even more.

Figures 9 and 10, respectively, show the error distribution of the Hs and Tm 0-24 h
forecasts at each buoy position in the offshore waters of China, while Tables 3 and 4,
respectively, summarize the error parameters of forecasting for different sea areas to explore
the spatial distribution characteristics of the model’s forecasting accuracy. In semi-enclosed
sea areas such as the Bohai Sea, Yellow Sea, and Beibu Gulf, the average Hs values observed
by buoys in 2022 were all slight waves below 1 m. The model showed a certain negative
Bias for Hs forecasting, with the largest negative Bias near Liaodong Bay of the Bohai Sea
(—0.18 m). The reason for the Hs underestimation of the model in these sea areas may lie
in the shallow water depths, while the influence of nonlinear interactions on wind wave
growth was more pronounced than in other sea areas. In areas with shallow water depths,
the terrain had a significant impact, but the terrain data used in the model were not accurate
enough for these semi-enclosed waters. In addition, when affected by cold air in winter, a
significant air—sea temperature difference in the northern sea areas was observed, and the
atmospheric stratification was unstable. Due to the failure to reflect the influence of the
atmospheric stratification stability on the growth rate of wind waves, the Hs forecasts in the
northern sea areas were often underestimated, which constituted another key reason. The
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RMSE values of the Hs forecasts in the Bohai Sea, Yellow Sea, and Beibu Gulf were within
0.3 m, and the RE values were less than 20%. However, the SI values of the Hs forecasts
were relatively high, reaching 37% in the Bohai Sea, and nearly 30% in the Yellow Sea and
Beibu Gulf. This was consistent with the performance of the driving wind field, which also
exhibited significant SI values in the Bohai Sea, Yellow Sea, and Beibu Gulf. In isolated
basins and coastal areas, the complex terrain also led to a decrease in the wave models’
performance. The average Hs values observed by buoys in the East and South China Seas
in 2022 were moderate waves of 1.5-2 m. The forecasting of the Hs in the East China Sea by
the model showed a slight positive Bias (0.01 m), RMSE within 0.3 m, relatively low RE
(approximately 14%), and SI within 20%. The forecasting of the Hs in the South China Sea
by the model showed a significant positive Bias (0.17 m), RMSE of 0.38 m, RE of 16%, and
SI of less than 20%.
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Figure 7. Distributions of Hs forecasting errors in different Hs ranges. (a) Bias; (b) RMSE; (c) RE;
(d) SL
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Figure 8. Distributions of Tm forecasting errors in different Tm ranges. (a) Bias; (b) RMSE; (c) RE;
(d) SI.
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Figure 9. Distributions of Hs forecasting errors at different buoy positions. (a) Bias; (b) MAE;
(c) RMSE,; (d) RE; (e) Corr; (f) SI.
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Figure 10. Distributions of Tm forecasting errors at different buoy positions. (a) Bias; (b) MAE;
(c) RMSE,; (d) RE; (e) Corr; (f) SI.

Table 3. Statistics of Hs forecasting errors in different sea areas.

Entries ~ DuoyHs  WWSHs  pocem MAE  RMSE - pro)  Corr  sI%)

(m) (m) (m) (m)
Bohai Sea 27,150 0.71 0.62 —0.09 021 0.28 19.10 0.88 37.57
Yellow Sea 50,668 0.95 0.87 ~0.08 021 0.27 17.22 091 28.02
East China Sea 41,579 1.54 1.55 0.01 0.22 0.29 14.07 0.93 19.45
South China Sea 60,295 1.79 1.96 0.17 0.29 0.38 16.05 0.96 18.33

Beibu Gulf 7772 0.92 0.87 —0.05 0.2 0.28 18.22 0.92 29.74
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Table 4. Statistics of Tm forecasting errors in different sea areas.

Entries  DuwoyTm WW3Tm  poc© MAEGs) “SE RE@%)  Corr  SI(%)

(s) (s) (s)
Bohai Sea 13,086 443 3.38 ~1.05 1.08 1.21 23.20 0.76 13.32
Yellow Sea 29,230 5.18 4.09 ~1.09 1.18 1.39 21.80 0.68 16.30
East China Sea 30,821 5.83 4.90 ~0.93 1.03 1.15 16.68 0.74 11.23
South China Sea 47,867 59 543 —0.47 0.70 0.84 12.00 0.74 1121
Beibu Gulf 4326 438 3.76 ~1.04 1.07 1.19 21.81 0.72 12.02

60°N

50°N

40°N

30°N

20°N

10°N

For the Tm forecasting, semi-enclosed sea areas such as the Bohai Sea, Yellow Sea,
and Beibu Gulf had the characteristics of less swell propagation, short fetch length, and
insufficient wave development compared to open sea areas. Influenced by continental
weather processes, wind waves in such areas were featured by fast growth and dissipation,
and most were short-period wind waves, with wave periods generally smaller than those
in open sea areas. The average Tm values observed by buoys in 2022 were around 5 s, and
the Tm forecasts by the ocean wave model showed more obvious underestimation and
greater forecasting errors than those in the East and South China Seas. In consideration of a
wide continental shelf and shadowing effect of peripheral island chains, the proportion
of short-period wind waves in the East China Sea was higher than the oceans. The South
China Sea had a greater depth and more swells. Viewed from various statistical items, the
model performed best in forecasting the Tm in the South China Sea, with a Bias of —047 s,
RMSE of less than 1 s, RE of 12%, and SI of 11.2%, followed by the forecasting performance
of the model in the East China Sea.

3.2. Evaluation of Forecasting Performance in Global Ocean Waters

We collected data from nearly 100 NDBC buoys to validate the forecasting performance
of the global ocean. Most of the buoys were located in the Pacific and Atlantic Oceans;
their positions are shown in Figure 11, and the test results in Figure 12. The model had a
strong forecasting effect in the global ocean, with an Hs prediction Bias of 0.15 m, RMSE of
0.45 m, RE of 18.5%, and Corr of 0.93. Further analyses were conducted on the statistical
results of different sea areas (Table 5); the model showed negative Bias values in the Gulf
of Mexico and the East Coast, a slight positive Bias (0.1 m) in the western Atlantic Ocean,
and significant positive Bias values (0.28 and 0.29 m) in the tests by using Pacific buoys
located on the West Coast and Hawaii. The SI values were larger in the Gulf of Mexico and
nearshore areas, and smaller in the offshore waters.

|
180°W

| |
150°W 120°W

Figure 11. Locations of buoys from National Data Buoy Center (NDBC).
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Figure 12. Comparisons of NDBC buoy observations and 0-24 h model’s forecasting results. The
magenta line is a diagonal line, and the color code represents the amounts of data.

Table 5. Statistics of Hs forecasting errors in different sea areas using NDBC buoys.

Bias (m) MAE (m) R?ESE RE (%) Corr ST (%)

Gulf of Mexico —0.08 0.22 0.31 16.88 0.91 28.98
East Coast —0.05 0.24 0.35 16.38 0.91 25.55
Atlantic Ocean 0.10 0.22 0.31 12.04 0.92 17.25
West Coast 0.28 0.43 0.56 21.15 0.91 26.04
Hawaii 0.29 0.33 0.42 15.91 0.92 19.75

The spatial validation of the model’s forecasting performance in global ocean waters
was conducted using the along-track Hs data of the Jason-3 satellite altimeter. The distribu-
tions of the Bias, RMSE, and RE are shown in Figure 13. According to the analysis results,
significant positive Bias values were observed in most of the global waters, especially in
the Southern Ocean (also with maximum RMSE), which were related to the swell events
generated by storms there. In the East Pacific Ocean and East Indian Ocean dominated by
swells, significant positive Bias values associated with excessive swell propagation from
the Southern Ocean were also observed. The RE values presented by the forecasts in these
regions were also relatively high. The reason for the overestimation of the wave model
may lie in the dissipation source function term, wind forcing, and unrecognizable terrain
such as islands and atolls [7,35]. The negative Bias values of the model mainly occurred on
the east coast and in relatively isolated basins, such as the Sea of Japan and Gulf of Mexico.
Compared to the west coast, these areas were less susceptible to the swell propagation
errors of the Southern Ocean, but more susceptible to strong fast weather processes such as
cold air outbreaks, cyclone disturbances, and frontal systems.

The RMSE distribution of the Hs forecasts showed that the model’s performance
varied in different latitude zones. Figure 14 further quantitatively analyzes the error
distributions of the model in Hs forecasting at different latitudes during the 5-day forecast
period. For high-latitude Arctic waters, due to the limited amount of data from a single
satellite, the forecasting performance in the Arctic waters was evaluated using the fusion
satellite Hs data from the CMEMS. The forecasting Bias values changed little with the
growth of the forecast period yet exhibited significant latitude differences. The Southern
Ocean (60°S-40°S, red line) showed a significant positive Bias of about 0.6 m, and the
highest RMSE of the Hs forecasts. The positive Bias values decreased toward the north, and



Remote Sens. 2024, 16, 3535 14 of 18

the Arctic waters (60°N—-87°N, cyan line) showed a slight negative Bias. The RMSE of the
Hs forecasts was the smallest in tropical waters (20°5-20°N, green line). The high-latitude
waters north of 40°N (magenta and cyan lines) showed high SI values for the forecasts after
72 h. Regardless of the statistical items, the accuracy of the Hs forecasting in the Arctic
waters decreased fastest with the increase in the validity period, especially after 72 h. On
the contrary, the forecasting accuracy of the model for tropical waters changed slowest
during the forecast period.

50°N
25°N

0° [

25°S

50°S
0° 120°E 180°W

50°N
25°N
00
25°8
50°S 5 gt S .
0° 60°E  120°E  180°W  120°W 60°W 0°

Figure 13. Global error distributions of Hs forecasting. (a) Bias distribution; (b) RMSE distribution;
(¢) RE distribution.
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Figure 14. Distributions of Hs forecasting errors in different latitude ranges. (a) Bias; (b) MAE;
(c) RMSE; (d) RE; (e) Corr; (f) SI.

4. Discussion

In this paper, in situ buoy observations and remote sensing data were used to perform
a detailed evaluation of the NMEFC’s operational global ocean wave forecasting results for
2022, to help comprehensively understand the forecasting model’s error characteristics and
provide important feedback on the forecasting quality for model researchers, users, and
operational forecasters.

According to the research findings, the forecasting results of the model showed a
certain degree of positive Bias in most global sea areas. Wu [36] found that the addition of
satellite data assimilation significantly improved the forecasting system Bias, especially in
areas dominated by swells. In the next phase of work, it is advisable to consider adding a
data assimilation system, and to replace the wind forcing field with a more accurate one. In
the offshore areas of China, such as the Bohai and Yellow Seas, the Hs had always been
underestimated. When affected by cold air in winter, a significant air-sea temperature
difference in the northern sea area was observed, and the atmospheric stratification was
unstable. Due to the failure to reflect the impact of the atmospheric stratification stability
on the growth rate of wind waves, the ocean wave model may underestimate the Hs. In an
alternate version of the wave forecasting system, by studying the impact of atmospheric
stratification stability changes caused by air-sea temperature differences on the growth
rate of wind waves, corrections were made in the model’s wind energy input term, to help
solve the problem of wave height underestimations in the northern sea areas during winter.
In isolated basins and complex waters adjacent to the shore, complex terrain may also
lead to a decrease in the performance of the wave model (high SI); thus, higher resolution
calculations are needed for these areas. In another version of the system, SMC [37-40]
multi-grids were applied to reduce the impact of complex terrain, so that multi-layer
resolution refinement could help to analyze small islands and fine coastline [23,41], thereby
further improving the forecasting level of nearshore sea waves. More consideration will be
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given to the study of ice-wave interactions for a further improvement in the forecasting
performance in Arctic waters.

5. Conclusions

China’s NMEFC has developed a global ocean wave numerical forecasting system
based on the WAVEWATCH III 6.07 wave model. In this paper, a detailed evaluation of the
operational forecasting results for 2022 was conducted using China’s offshore buoy obser-
vations and satellite remote sensing data to ensure the model’s reliability. The evaluation of
the forecasting performance in China’s offshore waters included two wave parameters—Hs
and Tm—and that in global ocean and Arctic waters focused on the Hs.

Overall, the Hs was accurately simulated by the model. The 0-24 h Hs forecasts
through China’s offshore buoy inspects showed a Bias of 0.02 m, RMSE of 0.3 m, RE of 16%,
and Corr reaching 0.95. As the forecast period increased, the accuracy of the Hs forecasting
decreased. The model tended to underestimate the Hs values in autumn and winter and
overestimate them in spring and summer. The Corr, RE, and SI of the Hs forecasts in
autumn and winter were superior to those in spring and summer. The forecasting Bias
values of the model were positive for most of the Hs ranges, and the model only slightly
underestimated the Hs below 1 m. Within the Hs range of 1-7 m, as the Hs values increased,
the model’s overestimation of them became increasingly severe. For high Hs values, the SI
forecast by the model tended to be lower. In terms of spatial distribution, negative Bias
values were observed in the Hs forecasts for semi-enclosed sea areas such as the Bohai
Sea, Yellow Sea, and Beibu Gulf, and high SI values were also observed, with the largest
negative Bias near the Liaodong Bay of the Bohai Sea (—0.18 m), a slight positive Bias in
the East China Sea (0.01 m), and a significant positive Bias in the South China Sea (0.17 m).

For the Tm forecasting in China’s offshore areas, the model had a negative Bias of
—0.79 s, tending to underestimate the Tm. Compared with the Hs, the Tm forecasting
accuracy during the 5-day forecast period showed a smaller decrease over time. The
model also exhibited obvious seasonal characteristics in the Tm forecasting error. The
underestimations of the Tm by the model in autumn and winter were more pronounced
than in spring and summer, and the Corr and SI of the Tm forecasts in autumn and winter
were also better overall. As the Tm value increased, the negative Bias increased, and the
wave model tended to underestimate the big wave period even more. In terms of regional
distribution, the Tm values in semi-enclosed sea areas such as the Bohai Sea, Yellow Sea,
and Beibu Gulf were more significantly underestimated than in the East and South China
Seas, also with greater forecasting errors. The model performed best in Tm forecasting for
the South China Sea, followed by the East China Sea.

According to the evaluation results, significant positive Bias values were observed
in most of the global waters, especially in the Southern Ocean, East Pacific Ocean, and
East Indian Ocean. The negative Bias values mainly occurred on the east coast and in
relatively isolated basins, such as the Sea of Japan and Gulf of Mexico, and the SI values
were larger in the isolated basins and nearshore areas, whereas they were smaller in the
offshore waters. The forecasting Bias values showed significant latitude differences. The
Southern Ocean showed a significant positive Bias of about 0.6 m, and the largest RMSE
for the Hs forecasts. The positive Bias values decreased toward the north, and the Arctic
waters showed a slight negative Bias. The RMSE of the Hs forecasts was the smallest in
tropical waters. The high-latitude waters north of 40°N showed high SI values for forecasts
after 72 h. The accuracy of the Hs forecasting in the Arctic waters decreased fastest with
the increase in the prediction period, especially after 72 h. On the contrary, the forecasting
accuracy of the model for tropical waters changed slowest during the forecast period.

In summary, the global wave model has high reliability and can meet the current
operational forecasting needs. The error distribution characteristics of the model found in
the evaluation will provide a reference basis for model research and improvement in the
future. The accuracy and performance of ocean wave forecasting can be further improved
through methods such as parameterization scheme adjustment and data assimilation.
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