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Abstract

In recent years, global sea surface temperature (SST) has risen steadily, with 2023 and
2024 breaking successive historical observation records, thus rendering marine heatwaves
(MHWs) an unignorable new marine disaster. To scientifically mitigate and assess the
impacts of MHW disasters on China’s coastal waters, this study developed a monitoring
and weekly forecast product for MHWs based on the OSTIA (Operational SST and Ice
Analysis) SST observational fusion data and SST numerical forecast data. Evaluation shows
the following: the quarterly average of the RMSE for the weekly MHWs intensity forecasts
is 0.52 °C; and the quarterly average score for the weekly MHW'’s category forecasts is 94.4.
Characteristic analysis of 2024 MHWs reveals 93.7% of China’s coastal waters and adjacent
areas experienced MHWs throughout the year, and the average monthly impact rate of
MHWs is 43.8%. High-value areas of total days and cumulative intensity are concentrated
in the central-eastern part of the Yellow Sea, which makes it the most severely affected area
by MHW disasters in 2024. The weekly MHW's forecast product developed in this study
provides deterministic weekly forecasts of MHWs intensity and categories for China’s
coastal waters. This product can serve as a guidance basis for MHW disaster prevention
and mitigation, and help reduce losses caused by MHWs to the marine environment and
marine economy.
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1. Introduction

Against the backdrop of global warming, the global ocean heat content has been
continuously increasing. The global SST set historical records for two consecutive years in
2023 and 2024. The State of the Global Climate 2023 report [1] points out that an average
of 32% of the world’s oceans were affected by MHWs every day. More than 90% of the
oceans experienced heatwave events throughout the year. In 2024, the global average
SST was 0.07 °C higher than that in 2023, setting a new high since the advent of modern
observational records [2]. The persistent warming of the oceans has led to more frequent,
longer-lasting, more intense, and wider-ranging MHWs [3,4].

MHWs are distinct extreme heat events in the ocean that persist for days to months. They
typically last from days to months or longer, and span hundreds to thousands of kilometers [5].
Extreme marine heatwave events have caused extremely destructive and irreversible impacts
on the marine environment [6-8], marine ecology [9-13], and marine economy [14]. These
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events have brought significant challenges to practitioners in marine industries, such as
aquaculture, fishing, and marine tourism, as well as marine resource managers [14].

Against this backdrop, timely and accurate MHW'’s forecasts have become an in-
dispensable tool for mitigating the multifaceted risks posed by these events. They assist
ecological managers in protecting heat-sensitive species, provide the fishing industry with a
basis for adjusting fishing grounds, and help coastal communities address indirect impacts
such as harmful algal blooms. Furthermore, forecasts support long-term planning, enabling
policymakers to enhance ocean resilience, reduce losses, and safeguard marine ecosystems
and sustainable development.

Multi-dimensional research in the field of marine heatwave forecasting has been
conducted. In terms of research, deep learning and numerical forecasting systems are
the two core directions. Regarding deep learning, Ding et al. [15] proposed a framework
integrating graph neural networks, imbalanced regression, and temporal diffusion, which
enables global-scale prediction of MHWSs with a lead time ranging from 10 days to 6 months.
Liu etal. [16] developed the “SST-MHWs-DL” model to predict SST data for the next 15 days
and detect MHWs. Mi et al. [17] employed multiple machine learning algorithms to forecast
the summer sea surface temperature anomalies (SSTAs) and MHWs in the South China Sea.

In the aspect of numerical forecasting systems, the system of the European Centre
for Medium-Range Weather Forecasts (ECMWF) is designed for seasonal forecasting of
large-scale thermoclines, achieving high prediction performance in the El Nifio area [18].
Hu et al. [19] evaluated the NUIST CFS1.1 system, which can accurately predict global
MHWs within a 25-day lead time. Additionally, Jacox et al. [20] developed a global marine
heatwave forecasting system with a lead time of up to one year by using a large multi-model
ensemble of global climate forecasts.

In terms of operational applications, several countries have launched forecasting prod-
ucts: France has released a 10-day marine heatwave forecasting product covering global
and European scales; New Zealand has rolled out a 7-day marine heatwave monitoring and
forecasting product for its coastal waters; China’s North Sea Forecast and Mitigation Center
has issued a 7-day single-point marine heatwave monitoring and forecasting product for
25 stations across the Bohai Sea and Yellow Sea; and China’s National Marine Environ-
mental Forecasting Center launched operational marine heatwave forecasting product for
China’s seas in 2024.

Current marine heatwave (MHW) forecasting spans seasonal, sub-seasonal, and
weekly time scales, with spatial coverage ranging from global and oceanic scales down
to coastal and single-point forecasts. From the end-user perspective, compared to the
overall predictive capability of MHWs for quarters or even annual periods, they are more
concerned with deterministic MHW's forecasts for specific regions, such as the specific start
and end time, the affected regional scope, and their intensity or category. For government
decision-making departments, deterministic MHW’s forecasts help them take targeted
response measures.

Considering that the magnitude, frequency, and duration of MHW events have a
heterogeneous distribution across the global oceans [21], developing customized MHW's
forecasting products for a particular marine area holds practical necessity. Therefore, using
observed and numerically predicted SST, this study investigates MHW monitoring and
short-term deterministic prediction in the coastal waters of China and their adjacent regions.
Additionally, based on monitoring results, it conducts an analysis of MHW characteristics
in China’s coastal waters for 2024.

https://doi.org/10.3390/atmos17010056


https://doi.org/10.3390/atmos17010056

Atmosphere 2026, 17, 56

30f16

2. Materials and Methods
2.1. Study Area

The study area shown in Figure 1 is within the scope specified in the Marine Industry
Standard of the People’s Republic of China (PRC) entitled Offshore Forecast Areas Zon-
ing [22]. The entire study area was divided into 18 sections, and the names are shown in
Table 1. Geographically, it covers four major sea areas: the Bohai Sea, the Yellow Sea, the
East China Sea, and the South China Sea. These four major sea areas each have distinct
characteristics in terms of ocean circulation, water temperature features, and topography
and geomorphology. Together, they form a complex and diverse marine environment
system in China’s offshore waters.

95°E 105°E 115°E 125 135%

Figure 1. Study area.

Table 1. Names of the 18 sub-regions of the study area.

No. No. Name No. Name
1 Bohai Sea (BhS) 7 Northeastern East China Sea 13 Northwestern South China Sea
2 Northern Yellow Sea 8 Southeastern East China Sea 14 Northeastern South China Sea
3 Central Yellow Sea 9 Taiwan strait 15 Midwest South China Sea
4 Southern Yellow Sea 10 East of Taiwan 16 Mideast South China Sea
5 Northwestern East China Sea 11 Bashi Channel 17 Southwestern South China Sea
6 Southwestern East China Sea 12 Beibu Gulf 18 Southeastern South China Sea

2.2. Data
2.2.1. SST Observation Data

OSTIA (Operational SST and Ice Analysis) [23] is a global high-resolution merged product
for SST (SST) analysis and intercomparison, developed by the UK Met Office based on multi-
source satellite and in situ observation data. The OSTIA product suite includes basic SST,
hourly skin temperature, and the Group for High Resolution SST (GHRSST) Multi-Product
Ensemble (GMPE). In compliance with the GHRSST data specifications, the data are provided
in NetCDF format, supporting both near-real-time access and historical reprocessing.

For this study, the Global Ocean OSTIA SST and Sea Ice Reprocessed (OSTIA _rep)
dataset from 1991 to 2020 was used to calculate the SST climatology, and the OSTIA _rep
dataset in 2024 was applied to the verification of SST numerical prediction products. This
dataset covers the global oceans with a horizontal resolution of 0.05° x 0.05°, spanning
the period from 1 October 1981 to 31 May 2022, and is released daily. The Global Ocean
OSTIA SST and Sea Ice Analysis (OSTIA_Ana) dataset was employed for the development
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of MHW’s monitoring products. Similarly, covering the global oceans with a horizontal
resolution of 0.05° x 0.05°, this dataset has been released daily since January 2007. For
more details about the OSTIA data products, please refer to https://ghrsst-pp.metoftfice.
gov.uk/ostia-website /index.html (accessed on 9 March 2022).

2.2.2. SST Forecast Data

This study focuses on developing MHW’s forecasting products using the high-
resolution SST forecasting products output by the Northwest Pacific Ocean Temperature-
Salinity-Current Numerical Forecasting System [24] developed by the National Marine
Environmental Forecasting Center based on the ROMS regional model. The system has
developed an assimilation frame for collaboratively assimilating observational data, such
as SST, sea surface height, and temperature-salinity profiles, based on the 3D variational
assimilation method, enabling the daily assimilation of observational data. The SST fore-
casting products output by the system covers the Northwest Pacific Ocean, and have a
horizontal resolution of 1°/20, 30 vertical layers, and a forecasting lead time of 7 days.

2.3. MHW's Indices

According to the definition proposed by Hobday et al. [6], an MHW is considered
to have occurred when the daily average SST (SST) exceeds the 90th percentile threshold
of the climatological sea temperature for 5 consecutive days. If the interval between two
MHW events is less than 2 days, they are regarded as a single continuous event.

In this study, the reprocessed SST observational fusion data from OSTIA_rep (Global
Ocean OSTIA SST and Sea ice Reprocessed) during 1991-2020 are used to calculate the
climatological SST. The 90th percentile within the climate baseline period is used as the
threshold for diagnosing the occurrence of MHWs.

MHWs have a set of metrics for describing their characteristics, and this study mainly
considers the following 3 indicators: mean intensity, cuamulative intensity, and total days.

2.4. MHW's Category

MHW events exhibit significant variations across different regions [25], and the im-
pacts of MHWs of varying magnitudes on the marine environment also differ markedly. To
describe MHW events of different severity in a simpler and more intuitive manner, Hobday
et al. [25] classified MHWs based on their intensity, defining the following;:

, Inaw ()

Nymuw (j) Too(7) — T (j) 1)
where Iygw(j) denotes the intensity of the MHWSs (°C); T},(j) denotes the climatological
SST (°C) calculated from the OSTIA_rep SST dataset from 1991 to 2020; Toy(j) denotes the
MHW’s threshold (°C), which is the 90th percentile of the climatological SST; and MHW's
categories are classified based on the value of Nyyw. When 1 < Nygw < 2, it is a moderate
MHW; when 2 < Nypw < 3, it is a strong MHW; when 3 < Nygw < 4, it is a severe MHW;
and when Nyyw > 4, it is an extreme MHW.

2.5. MHW's Forecast Framework

The forecast process of MHWs is shown in Figure 2. First, based on the previous day’s
OSTIA_Ana data and climatological SST, a diagnosis is conducted for each grid cell in
accordance with the definition of MHWs. It is determined whether the SST in the grid cell
exceeds the threshold, which is defined as the 90th percentile of the climatological SST. If it
does not exceed the threshold value, or exceeds it but the duration is less than 5 days, it
is diagnosed that no MHWSs have occurred. If it exceeds the threshold value and lasts for
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more than 5 days, an MHW is diagnosed as occurring, and its duration and intensity are
calculated to obtain the MHW's analysis field in the study area. Subsequently, the analysis
field is updated using the current day’s OSTIA_Ana data. For grid cells where no MHWSs
occurred in the analysis field, it is judged whether they meet the occurrence conditions
on the current day or remain in the state of no MHWs. For grid cells where an MHW has
occurred in the analysis field, it is judged whether they maintain the MHW's state or the
event has ended. For grid cells diagnosed with an MHW, the duration and intensity are
updated to obtain the MHW's monitoring field.
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Figure 2. MHW's Forecast Process.

MHW's forecasting is based on monitoring results. It updates the monitoring field
using the 7-day-ahead SST forecast data to obtain MHW's forecasting results. Specifically,
for the (1 + 1)-day forecast, it takes the monitoring field on day 7 as the foundation and
uses the SST grid forecast data for day n + 1 to determine the occurrence, persistence, or
dissipation of MHWs in each grid. For grids where MHWSs occur or persist, it calculates the
intensity, category, and duration of the events, thereby generating the (n + 1)-day MHW's
forecast field. For the (n + 2)-day forecast ahead, it takes the forecasting results of day
1 + 1 as the basis and updates them with the SST forecast data for day # + 2 to obtain the
(n + 2)-day forecast field. This process is repeated sequentially to generate the (n + 7)-day
MHW's forecast field. Since May 2024, the National Marine Environmental Forecasting
Center has released MHW's forecast products once a week. Based on the forecasting results
from day # + 1 to day n + 7, these products take the maximum values of the 7-day MHW'’s
forecast intensity and category for each grid as the MHW'’s forecasting results for the
coming week, and then produce the forecast products. Finally, the forecast field is verified
against the monitoring field.

2.6. MHW's Verification Method

For MHW's intensity forecasting products, the root mean square error (RMSE) is used
to verify their forecasting accuracy. For the MHW’s category forecasting products, the
scoring criteria [26] are adopted to evaluate their forecast effect, and the full score is 100.
The score formula for the categories forecast result is as follows:

Sfore =100 — 201 X1, IXI=0,1,2, (2)
Sfore = 40, IXI >3, 3)
X = Ai — Bj, (4)
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where Sfore denotes the score of Marine heat wave forecast; X denotes the difference
between the forecast category and the observed category; Ai denotes the forecast values
of no MHWSs, moderate, strong, severe, extreme MHWSs (i = 0, 1, 2, 3, 4), respectively;
and Bj denotes observed values of no MHWSs, moderate, strong, severe, extreme MHWSs
(G=0,1,2,3,4), respectively.

The final score for the MHW's categories assessment is the cumulative average of all
forecast sea areas.

In addition, accuracy rate, forecast positive rate, and forecast negative rate are used
to verify the accuracy of MHW's categories forecasts [26]. A forecast is considered correct
when the forecast category equals the observed category, and the accuracy rate (AR) is
calculated in accordance with Formula (5):

NA

AR =
NA+ NB+ NC

% 100%, (5)

where NA refers to the number of forecast categories equal to the observation; NB refers to
the number of forecast categories greater than the observation; and NC refers to the number
of forecast categories lower than the observation.
If the forecast category is greater than the observed category, it is a positive forecast,
and the forecast positive rate is calculated in accordance with Formula (6).
NB

FPR = 3 ipe X 100%, (6)

If the forecast category is lower than the observed category, it is a negative forecast,
and the forecast negative rate is calculated in accordance with Formula (7).

NC

FNR = AT NBI NC

x 100% (7)

The accuracy rate, forecast positive rate, and forecast negative rate of a single forecast
product are the accumulated averages of all forecast sea areas.

3. Results
3.1. Verification of MHWSs Forecast

Based on the monitoring results of MHW's intensity, the RMSE was employed to
verify the MHW's intensity forecast results. As shown in Figure 3, within the study area,
colored areas indicate regions where MHWSs occurred, while blank areas represent regions
where no MHWSs were diagnosed during the corresponding period.

In the first quarter (January-March), MHWSs mainly concentrated in the southern and
western South China Sea, as well as the eastern Yellow Sea and East China Sea. The spatial
average of the RMSE for MHW's intensity forecasts stood at 0.43 °C. Locally, the RMSE
was relatively large in the northern waters of Taiwan Island, with the maximum error
reaching over 2 °C. In the second quarter (April-June), the sea area affected by MHWs was
larger than that in the first quarter. Most of the South China Sea and the waters east of
Taiwan were affected by MHWsS; in addition, most areas of the Yellow Sea were also hit
by MHWSs. During this period, the spatial average RMSE for MHW's intensity forecasts
was 0.58 °C. Overall, the RMSE in the Yellow Sea was slightly higher than that in the South
China Sea, with local high-error zones in the Taiwan Strait and coastal waters of the South
China Sea. In the third quarter (July-September), almost the entire coastal waters of China
experienced MHWs, except for a few scattered areas where no MHWSs occurred. The RMSE
for MHW's intensity forecasts was 0.53 °C. Overall, the forecast error of the intensity of
MHWs in the Bohai Sea and Yellow Sea is slightly larger than that in the East China Sea
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and South China Sea. In particular, in the northeastern part of the Yellow Sea, the error is
relatively prominent. In the fourth quarter (October-December), MHWs still persisted in
the Bohai Sea, the Yellow Sea, and the eastern and northern parts of the East China Sea. In
the South China Sea, however, MHWSs were mainly concentrated in the central waters, and
their occurrence scope was significantly smaller than that in the second and third quarters.
The RMSE for MHW's intensity forecasts during this period was 0.53 °C. According to the
statistics on RMSE across the four quarters, the annual average RMSE for MHW's intensity
forecasts was 0.52 °C.

45°N T v T T T 45°N

18°N 18°N [

108°E 17°E 126°E 135°E 144°E 108°E 17°E 126°E 135°E 144°E

45N e 45°N
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108°E M7°E 126°E 135°E 144°E 108°E 17 126°€ 135°E 144
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Figure 3. RMSE maps for MHW's intensity forecast results in (a) the first quarter (January—March),
(b) the second quarter (April-June), (c) the third quarter (July-September), and (d) the fourth quarter
(October—December).

Based on the monitoring results of MHW's categories, this study adopts a scoring
method to evaluate the annual prediction performance of the forecast results (Figure 4).
According to statistics, the average scores of the MHW's categories forecast results for the
first to fourth quarters are 95.2, 94.7, 93.9, and 93.9, respectively. In general, the forecast
product shows significant differences in performance across different regions and seasons,
and in most sea areas, the annual forecast accuracy of this MHWs category forecast product
remains at a relatively high level.
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Figure 4. Score maps for MHW's category forecast results in (a) the first quarter (January-March);
(b) the second quarter (April-June); (c) the third quarter (July-September); and (d) the fourth quarter
(October—December).

In the vast low-latitude sea areas, including the northern South China Sea, the Luzon
Strait, and the waters east of the Philippines, the forecast scores remain high throughout the
year (generally above 85 points, corresponding to the red areas in the figure). This result
indicates that the forecast model has an extremely strong ability to predict MHWs in this
region, which is perennially controlled by warm water masses, and the forecast results are
highly reliable.

However, there are low-scoring areas (corresponding to the blue/green areas, with
scores ranging from 60 to 80) for forecasts in the coastal waters near the mainland or around
islands. This means that the complex sea conditions in coastal areas will affect the forecast
accuracy to a certain extent. Therefore, it is still necessary to further improve the forecast
product by combining the characteristics of coastal sea conditions.

The statistical results of the forecast accuracy rate (AR), false positive rate (FPR), and
false negative rate (FNR) for MHW'’s categories in 2024 are shown in Table 2. The forecast
accuracy rate performed best in January-March (93.4%) and was relatively the lowest in
July—September (80.0%). Overall, it showed a trend of high in early years, low in mid-years,
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and rising at the end of the year. The mean value of 84.7% shows that the overall annual
forecast accuracy of the MHW's categories is at a good level, but the quarterly fluctuation
is relatively obvious. The forecast positive rate was the highest in October-December
(13.2%) and the lowest in January-March (4.3%). Overall, it showed an upward trend over
time. The mean value of 9.3% indicates that false positives exist but are not very serious;
however, attention should be paid to the increased risk of false positives at the end of the
year. The forecast negative rate was the highest in July-September (9.0%) and the lowest
in January—March (2.3%). Its fluctuation trend has a certain reverse correlation with the
accuracy rate, which quarters with low accuracy often have high forecast negative rates.
The mean value of 6.0% shows forecast negatives are generally controllable, and the risk of
false negatives in early years is significantly lower than that in mid-years of 2024.

Table 2. Definitions of marine heat wave indices.

Indicator Definition Unit

Mean temperature anomaly

Mean intensity value during the MHW C
o . Sum of daily intensity o
Cumulative intensity anomalies during the MHWSs C-day
Total days The annual total MHW days Day

To sum up, the MHW'’s intensity and category forecast product developed in this
study demonstrate strong regional adaptability and seasonal stability in the coastal waters
of China. The product achieves extremely accurate annual forecasts for low-latitude core
heatwave areas, such as the South China Sea, and also shows reliable prediction capabilities
for heatwave events that expand northward with the seasons. The weak link of the forecast
may lie in the marginal areas of mid-latitude sea areas, and this finding provides clear
guidance for the optimization direction of the forecast product in the future.

3.2. MHWs Monitor Results in 2024
3.2.1. The Annual Characteristics of MHW s

The mean intensity is one of the key parameters for measuring the impact degree of
MHWs. According to the average value of the mean intensity of MHWs in China’s offshore
waters in 2024 (Figure 5a), it can be clearly seen that there are significant differences in the
mean intensity of MHWSs among different sea areas, showing an obvious decreasing trend
from north to south in China’s offshore waters.

8°N

96°E 104°E 112°E 120°E 128°E 96°E

(@) (b)

Figure 5. Spatial distribution of (a) the mean intensity and (b) the total days of MHWs in 2024.
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Specifically, the mean intensity of MHWSs occurring in the Bohai Sea and the Yellow
Sea is significantly higher than that in the East China Sea and the South China Sea. Among
them, the maximum mean intensity reaches 3.29 °C, and this peak value appears in the
southern part of the Yellow Sea, making it the area with the highest mean intensity of
MHWs in China’s offshore waters in 2024. The average value of the mean intensity of
MHWs in the Bohai Sea and the Yellow Sea is 2.5 °C, showing an overall situation of
relatively strong MHWs in this area.

In contrast, the mean intensity of MHWs in the East China Sea has decreased signifi-
cantly, with an average value of 1.7 °C, which is 0.8 °C lower than that in the Bohai Sea
and the Yellow Sea. It is worth noting that the mean intensity of MHWs in the coastal
areas of the northern South China Sea is at the same level as that in the East China Sea.
However, the mean intensity of MHWSs in other parts of the South China Sea (excluding
the aforementioned coastal areas of the northern part) is significantly lower than that in
the East China Sea. The average value of the mean intensity of MHWs in the entire South
China Sea is 1.4 °C. This fully confirms the distribution law that the mean intensity of
MHWs in China’s offshore waters gradually decreases from north to south.

The spatial distribution of total days in 2024 exhibits significant variations, as shown
in Figure 5b. Among all regions, the maximum total days reach 338, which is located in
the central-eastern part of the Yellow Sea. This indicates that approximately 92% of the
entire year in this sea area was affected by MHWs. Such a high proportion of MHW’s cov-
erage poses long-term and severe challenges to the stability of the local marine ecosystem,
the survival and reproduction of marine organisms, and the development of industries
surrounding the area that rely on marine resources. In addition, the total days in regions
such as the northeastern part of the East China Sea and the southwestern part of the South
China Sea are relatively high, approximately 250 days. From the perspective of the average
level across China’s four major sea areas, there is an obvious gradient in the total days of
MHWs in 2024. Specifically, the average total days of MHWs in the Bohai Sea is 117, which
is at a relatively low level among the four major sea areas. The Yellow Sea, with an average
of 193 days, has the highest total days of MHWs among the four major sea areas, further
highlighting the severity of the MHW problem in the Yellow Sea. The average values for
the East China Sea and the South China Sea are relatively close, at 162 days and 163 days,
respectively. Both are at a moderately high level, indicating that these two sea areas also
face non-negligible threats from MHWs.

The cumulative intensity of MHWs refers to the accumulated SST anomaly. It not
only focuses on “how hot” an MHW is (temperature deviation) but also on “how long” the
MHW lasts (duration in days). By combining the intensity and duration of an MHW event
into a single value, it measures the total thermal load of an MHW event.

The spatial distribution of the cumulative intensity of MHWSs in China’s coastal waters
in 2024 is presented in Figure 6a. Statistics show that the annual average cumulative inten-
sity of MHWs in these waters reached 294 °C-day in 2024. Notably, the maximum value
was recorded in the central-eastern part of the Yellow Sea, where the annual cumulative
intensity of MHWs surged to 1050 °C-day in the same year. Among China’s four major seas,
the Yellow Sea also had the highest annual average cumulative intensity, at 499 °C-day. The
Bohai Sea followed with an average cumulative intensity of 298 °C-day—slightly higher
than the overall average of China’s coastal waters. Due to its relatively small sea area, the
spatial coverage of MHW impacts was relatively concentrated, mainly focusing on the
coastal areas of Bohai Bay and Laizhou Bay. The East China Sea had an average cumula-
tive intensity of 281 °C-day, marginally lower than that of the Bohai Sea. Nevertheless,
influenced by the tributaries of the Kuroshio Current, the cumulative intensity in some
local areas of the eastern East China Sea could exceed 350 °C-day, resulting in a notable
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discrepancy compared to coastal regions. The South China Sea had the lowest average
cumulative intensity at 219 °C-day.

&N .

ol

96°E 104°E 112 120°E 126°E o6%E 104%E 1129 120% 128°E

B —— I

100 200 300 400 500 600 700 800 900 1000 Moderate Su;wg Severe Extreme
(a) (b)

Figure 6. Spatial distribution of (a) the cumulative intensity (°C-day) and (b) the maximum category
of MHWSs in 2024.

The MHWs category can intuitively reflect their severity. Therefore, a statistical
analysis was conducted on the maximum MHW category recorded at each grid in the study
area in 2024, with results presented in Figure 6b. The findings indicate that 93.7% of the
sea areas in China’s coastal waters were affected by at least one MHW event throughout
2024. Among which: 0.7% of the sea area experienced moderate MHWs as their maximum
category, distributed in the central South China Sea and scattered regions of the East China
Sea. A total of 67.9% of the sea area was affected by strong MHWs, representing their
maximum category, covering parts of the Bohai Sea, the northern part of the Yellow Sea,
as well as most areas of the East China Sea and the South China Sea. A total of 20.4%
experienced severe MHWs as the highest category recorded, primarily concentrated in the
central and southern parts of the Yellow Sea. A total of 4.8% was hit by extreme MHWSs
being their maximum category, mainly distributed in the mid-eastern Yellow Sea.

3.2.2. Daily Coverage Proportion of MHWs in the China Seas in 2024

The variation characteristics of the daily coverage ratio of MHWSs in China’s coastal
waters in 2024 (Figure 7) clearly reveal the year-round occurrence pattern of this hazardous
event. Continuous statistics on daily data show that MHWSs occurred in all seasons in
China’s coastal waters in 2024, demonstrating distinct characteristics of cross-seasonality.
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Figure 7. Daily coverage ratio of MHWs in China’s nearshore waters in 2024.
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According to the statistical results presented in Table 3, an average of 43.84% of China’s
coastal waters were affected by MHWSs each month in 2024. In terms of monthly variation,
August 2024 saw the most prominent MHW impact with an average coverage rate of 63.47%,
ranking first for the year. Specifically, the coverage of moderate MHWSs reached 46.88%,
while that of strong MHWS hit 15.81%; both figures were the highest recorded across all
months. This phenomenon is closely related to the climatic background of China’s coastal
waters in August: during this period, the subtropical high is strong, controlling the eastern
and southern coastal waters of China. Sinking air currents prevail, accompanied by clear
and cloudless weather, which brings intense solar radiation and minimal heat loss from the
sea surface. These factors not only expand the coverage of MHWs but also increase their
intensity. October ranked second, with MHWs affecting 54.68% of China’s coastal waters.
April and May had fairly similar MHW coverage, both exceeding 51%. For January, June,
July, September, and November, MHW coverage rates ranged between 40% and 50%.

Table 3. Verification results of MHW's categories forecast accuracy in 2024 (%).

January-March April-June July-September October-December Mean
AR 93.4 84.4 80.0 81.1 84.7
FPR 4.3 8.8 11.0 13.2 9.3
FNR 2.3 6.8 9.0 5.7 6.0

In March and December, the MHW-affected areas exceeded 30%, with March recording
the smallest MHW coverage across China’s coastal waters—at just 12.76%. Meanwhile,
the coverage proportions of moderate and strong MHWSs in March were also the lowest
across all months of the year, standing at 11.17% and 1.16%, respectively. December saw the
lowest coverage proportion of severe MHWs, at 0.07%. For extreme MHWsS, the coverage
proportion was lowest in November and December, both at 0%—indicating no extreme
MHWs occurred during these two months.

In addition, significant differences existed in the coverage of different MHW categories
across China’s coastal waters in 2024. Among them, moderate MHWSs dominated absolutely,
with an annual average coverage ratio as high as 35.41% shown in Table 4. This means
over one-third of China’s coastal seas were affected by moderate MHWSs in 2024. Though
relatively mild in intensity, their extensive coverage still caused continuous disturbances to
the basic balance of the marine ecosystem and the stability of inshore fishery production.
Ranking second, strong MHWSs had an annual average coverage ratio of 7.84%. Their
impact intensity was significantly higher than that of moderate MHWSs, and they had a
more direct effect on coral bleaching and the destruction of marine organisms’ habitats.
The coverage ranges of severe and extreme MHWSs narrowed significantly, with annual
average coverage ratios of 0.52% and 0.07%, respectively. Despite their limited coverage,
these high-category MHWs exhibit extremely strong thermal stress, which often triggers
ecological disasters in local marine areas. Their damage to marine ecosystems is both
sudden and irreversible.

Table 4. Monthly statistics on coverage proportions of different categories of MHWs in China’s
offshore waters in 2024.

Proportion of MHWSs Coverage (%) Moderate Strong Severe Extreme Sum
January 31.85 9.35 1.04 0.20 42.44

February 27.80 3.57 0.53 0.10 32.00

March 11.17 1.16 0.30 0.13 12.76

April 44.73 6.96 0.24 0.05 51.97
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Table 4. Cont.
Proportion of MHWSs Coverage (%) Moderate Strong Severe Extreme Sum
May 39.21 11.94 0.21 0.02 51.37
June 40.67 6.27 0.45 0.08 47.47
July 3245 7.31 0.31 0.06 40.13
August 46.88 15.81 0.71 0.07 63.47
September 31.56 14.76 2.12 0.17 48.60
October 46.61 7.89 0.14 0.01 54.65
November 41.52 6.36 0.09 0.00 47.98
December 30.51 2.71 0.07 0.00 33.29
Mean 35.41 7.84 0.52 0.07 43.84
Max 46.88 15.81 212 0.20 63.47

4. Discussion

In this study, the weekly MHWs forecasting products were developed specifically for
China’s coastal waters. The product features a 7-day forecast lead time and a weekly release
frequency. It explicitly provides the spatial range of impending MHWs, the corresponding
intensity, and the categories. This design ensures the delivery of targeted information for
practical applications, which is critical for government authorities to formulate evidence-
based disaster prevention and mitigation countermeasures—given that such deterministic
forecast outputs hold greater practical value for end-users than broad-scale, long-term
predictive frameworks.

The performance verification results confirm the reliability of the product. Specifically,
the annual average RMSE for MHW's intensity forecasting is 0.5 °C; the annual average
score for MHW's category forecasting reaches 94.4, with an annual average forecast accuracy
rate of 84.7%, a false positive rate of 9.3%, and a false negative rate of 6%. These accuracy
indicators show that the product can preliminarily meet the practical requirements of
MHW's forecasting for fishery production and disaster prevention/mitigation in China’s
coastal waters, translating user-oriented forecast demands into tangible.

Despite the product having achieved preliminary applicability in targeted scenarios,
certain discrepancies inevitably persist in its forecasting outputs. MHW's forecast prod-
ucts are developed based on SST numerical forecast data. Therefore, the magnitude of
errors in SST forecast results directly affects the accuracy of MHW's forecast products.
Figure 8a presents the spatial distribution of the RMSE of 24 h SST numerical forecasts from
the National Marine Environmental Forecasting Center’s Northwest Pacific Temperature-
Salinity-Current Numerical Prediction System in 2024. The RMSE ranges from a minimum
of 0.13 °C and an average of 0.43 °C to a maximum of 2.2 °C. High-error areas are primarily
concentrated in the coastal waters of the Bohai Sea, Yellow Sea, and East China Sea, as well
as the Kuroshio Current-influenced regions. This distribution highly coincides with the
high-error zones of MHW forecast products, and the complexity of marine geographical
environments, ocean dynamic processes, and observation conditions in these areas con-
tributes to the elevated errors. The Bohai Sea, as a semi-enclosed inland sea, is influenced
by terrestrial runoff input, coastal industrial activities, and seasonal sea ice melting. These
factors lead to drastic temporal and spatial variations in seawater temperature. Addition-
ally, the uneven distribution of coastal observation stations easily causes the accumulation
of errors. In the coastal waters of the Yellow Sea and East China Sea, large rivers such
as the Yangtze River and the Yellow River transport massive amounts of freshwater and
sediment, altering the thermohaline structure of local seas. Moreover, frequent coastal fish-
ery activities and ship navigation interfere with observation signals, resulting in elevated
errors. In the Kuroshio Current-influenced regions, the Kuroshio Warm Current exhibits
high flow velocity and distinct water mass boundaries. The confluence of warm and cold
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water forms a significant temperature gradient, and existing observation methods find it
difficult to accurately capture the rapidly changing temperature field, ultimately forming a
high-error zone.
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Figure 8. (a) Spatial distribution of RMSE for 24 h SST numerical prediction in 2024; and (b) time
series of RMSE for 1-7 day SST numerical prediction in 2024.

Figure 8b presents the time-series distribution of RMSE. From the perspective of
forecast lead time: For day 1 and day 2, the RMSE remains the lowest with relatively
small fluctuations, indicating that 1-2-day SST forecasts have small deviations and strong
stability. The RMSE of 1-day SST forecasts ranges from 0.48 °C to 0.81 °C, with an average
of 0.63 °C. As the forecast lead time increases, the RMSE gradually rises. For day 5, day
6, and day 7, the RMSE is significantly higher and more volatile; the RMSE of 7-day SST
forecasts ranges from 0.62 °C to 0.99 °C, with an average of 0.81 °C. This demonstrates that
SST forecast errors increase and accuracy decreases as the lead time extends. In addition,
error variations exhibit “synergy”: when accuracy drops in a certain period (e.g., all curves
dip collectively around June), the RMSE of day 1-day 7 decreases synchronously. This
suggests that the “forecast difficulty” of SST is consistent across all lead times.

Throughout the year, the RMSE of all lead times drops around June and August.
During these periods, SST changes are more complex (influenced by typhoons, ocean
currents, weather processes, etc.), increasing forecast difficulty and causing concentrated
error amplification. This is also consistent with the fact that during this period, the accuracy
rate (AR) of MHW category forecasts is lower than that in other periods, as well as the false
positive rate (FPR) and false negative rate (FNR) are higher.

In the future, improving the accuracy of MHW's forecasts will be a systematic project
that requires the integration of observation data optimization, model technology upgrading,
and multi-source information fusion. Meanwhile, machine learning algorithms should be
incorporated to enhance the ability to simulate the rapid changes in temperature fields.
Ultimately, through the closed-loop iteration of “observation-simulation-validation”, the
spatial-temporal accuracy of MHWs forecasts will be continuously improved.

5. Conclusions

Using the OSTIA SST observational fusion data and 7-day lead-time SST numerical
forecast data, this study conducted monitoring of MHWs in the coastal waters of China
and its adjacent seas throughout 2024. Additionally, it developed weekly forecast products
for MHW intensity and category, and carried out a characteristic analysis on key metrics of
MHWs, including mean intensity, total number of days, cumulative intensity, and category.
The main conclusions are as follows:
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The annual mean RMSE for the weekly MHW's intensity forecast results was 0.52 °C,
and the annual mean score for the weekly MHW's category forecast was 94.4. The annual
mean forecast accuracy rate (AR), false positive rate (FPR), and false negative rate (FNR)
for MHW's categories in 2024 are 84.7%, 9.3% and 6.0%, respectively.

In 2024, MHWSs were present in 93.7% of China’s coastal seas spatially, with an average
of 43.84% of these waters affected monthly.

Regarding intensity, a gradual decreasing trend was observed from the Bohai-Yellow
Sea system to the East China Sea, and further to the South China Sea, with their average
mean intensities reaching 2.5 °C, 1.7 °C, and 1.4 °C, respectively.

In total days, the Yellow Sea ranked first with an average of 193 days, the East and the
South China Sea both had averages slightly exceeding 160 days, while the Bohai Sea had
the shortest average duration of 117 days.

The annual average cumulative intensity across the study area was 294 °C-day. No-
tably, the Yellow Sea exhibited the highest cumulative intensity at 499 °C-day, with a local
maximum of 1050 °C-day observed in the central-eastern Yellow Sea. In comparison, the
average cumulative intensities of the Bohai Sea, East China Sea, and South China Sea were
298 °C-day, 281 °C-day, and 219 °C-day, respectively.

In terms of MHW severity classification, 67.9% of the affected sea areas experienced
strong MHWSs at maximum, 20.4% encountered severe events, and 4.8% were impacted by
extreme MHWs—these extreme cases were primarily concentrated in the Yellow Sea. In
conclusion, the central-eastern part of the Yellow Sea was the area most severely affected
by MHW disasters in 2024.
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