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Abstract: Marine heatwaves (MHWs) are becoming increasingly frequent and intense around China,
impacting marine ecosystems and coastal communities. Accurate forecasting of MHWs is crucial
for their management and mitigation. In this study, we assess the forecasting ability of the global
eddy-resolving ocean forecast system LICOM Forecast System (LFS) for the MHW events in October
2021 around China. Our results show that the 1-day lead forecast by the LFS accounts for up to 79%
of the observed MHWs, with the highest skill during the initial and decay periods. The forecasted
duration and intensity of the MHW event are consistent with observations but with some deviations
in specific regions of the Yellow and South China seas. A detailed analysis of the heat budget reveals
that the forecasted shortwave radiation flux is a key factor in the accuracy of the forecasted MHW
duration and intensity. The oceanic dynamic term also greatly contributes to the accuracy in the
southern Yellow Sea. In addition, the increasing bias of the forecasted duration and intensity with
lead time are mainly caused by the underestimated shortwave radiation. Our findings suggest that
improving the accuracy of oceanic dynamic processes and surface radiation fluxes in the LFS could
be a promising direction to enhance the forecasting ability of marine extreme events such as MHWs.

Keywords: marine heatwave; eddy-resolving ocean forecast system; the China Sea

1. Introduction

Marine heatwaves (MHWs) are prolonged high-temperature events characterized by
a sea surface temperature (SST) exceeding a certain threshold for several days to months
and covering thousands of square kilometers in spatial extent [1-3]. In recent years,
MHWs have become increasingly frequent and intense, particularly in the context of global
warming, resulting in severe impacts on ecology and human society. These sustained high
temperatures have dire consequences on marine organisms and ecosystems, as well as
leading to significant economic losses in industries, such as seafood and aquaculture [4-7].
Specifically, in marginal seas, such as the China Sea, the sustained high temperatures have
dire consequences on marine organisms and ecosystems, leading to mass die-offs of species,
changes in biodiversity, and the emergence of harmful algal blooms. Furthermore, MHWSs
can cause significant economic losses in industries, such as seafood and aquaculture, as
well as affecting human health through the spread of diseases and toxins locally.
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MHW research has gained substantial attention in recent years, focusing on three
key areas: detecting MHWSs, understanding the physical mechanisms driving MHWs, and
predicting MHW s [8]. There are various definitions for determining MHWs, including
using a temperature threshold of 2 °C to 5 °C above the climatic mean or maximum
temperature lasting at least three to five days [9-11], as well as using a percentile threshold
and requiring more than five days above the threshold [12,13].

MHWs are directly caused by net surface heat flux anomalies, which occur when the
mixed-layer depth becomes shallow and allows the warm anomaly signal to penetrate the
deep layer due to mixing, rapidly developing the event [14]. Several factors contribute to
these heat flux anomalies, including non-local sea surface temperature anomalies (SSTAs)
that impact local atmospheric circulation fields [15], sea-ice melting [16], cloud-radiation
feedback [17], and El Nifio [18]. Research has also considered the impact of non-local
salinity anomaly transport on the generation of MHWSs, which alters the density and
changes the mixed layer in the northeast Pacific [19]. Yan et al. [20] pointed to increased
solar radiation and weaker winds in the Yellow and East China seas, separated from the
western Pacific subtropical high, as the primary causes of MHWs in 2004, 2006, and 2016.
These findings suggest that different processes dominate the generation and sustaining of
MHWs in various regions and periods.

The potential predictability of MHWs is still a challenge. Behrens et al. [21] identified
ocean heat content as a prerequisite for MHWs and found that the predictability is on
the timescale of weeks. Jacox et al. [22] showed that climate models can provide accurate
seasonal forecasts of MHWs that are long-lived events (>1 month). However, the current
forecasting systems for short-lived MHW events still need more research, especially on
the weather scale. It is worth investigating the capacity of real-time operational forecast
systems to predict MHWs on the regional scale and the weather scale.

This study aims to assess the performance of a global eddy-resolving marine environ-
mental forecasting system in predicting MHW events on the weather scale, and to identify
possible causes of forecast biases. Our analysis focuses on the MHW event that occurred in
marginal seas around China from September to October 2021, which coincided with the
beginning of a strong La Nifia event that lasted until the end of 2022. The combination
of these factors makes this particular MHW event an excellent case study for evaluating
the forecast system’s performance under the influence of large-scale climate variability.
The insights gained from this research will provide valuable guidance for improving the
forecasting accuracy of such events in future work. The second part of this paper describes
the methodology, observational data, and the global marine environmental forecasting
system used in this study. The third part presents an analysis of the characteristics of an
MHW event, the performance and bias of the forecasting system, and the causes of the
forecast bias. Finally, the paper concludes with a summary and discussion of the results.

2. Data and Methods
2.1. LICOM Forecast System Data

The forecast data used in this paper are sourced from the LICOM Forecast System (LFS),
a global high-resolution marine environment forecasting system in China [23]. The LFS
utilizes the LICOM model, a global ocean circulation model developed by the Ocean Model
Team of the State Key Laboratory of Numerical Modeling for Atmospheric Sciences and
Geophysical Fluid Dynamics (LASG), the Institute of Atmospheric Physics (IAP), Chinese
Academy of Sciences (CAS). The finite difference method is employed to numerically solve
the primitive equation, continuity equation, seawater state equation, and temperature—salt
conservation equation, subject to given initial and boundary value conditions.

The latest version of LICOM (LICOM 3.0) was developed into a global eddy-resolving
ocean circulation model with a horizontal resolution of 1/10°. It participates in the Interna-
tional Ocean Model Intercomparison Program (OMIP) and achieves good results [24-27],
including the western boundary regions [25]. Furthermore, LICOM 3.0 has a set of sub-
versions, with different resolutions and parameterization schemes, in which the highest



J. Mar. Sci. Eng. 2023, 11, 965

30f21

resolution reaches 3-5 km [28]. LFS was developed based on LICOM 3.0 for short-term
(1-7 days) and medium-term (7-30 days) marine environment forecasting.

LFS consists of two main modules: a data assimilation analysis module and a forecast
module using the LICOM 3.0 model with a horizontal resolution of 10 km and a vertical layer
of 55 layers. The data assimilation analysis module obtains the initial forecast value using the
observation data nudging method. The forecast model is driven by the Global Forecast System
(GFS) atmospheric forcing field from the National Centers for Environmental Prediction
(NCEP). LFS can predict the marine environment for 1-15 days. The forecast variables include
sea surface height, three-dimensional temperature, salinity, and ocean currents.

LFS underwent an operational trial operation at China’s National Marine Environment
Forecast Center from August to December 2020. During this period, the 1-day lead SST
forecast had a root mean square error (RMSE) of 0.604 °C, and the RMSE of the temperature
and salinity profiles was 0.563 °C and 0.098 PSU, respectively. More information about LFS
can be found in Liu et al. [23] and Zheng et al. [29].

2.2. Observational Data

The daily SST data used in this study are from the daily Optimum Interpolation Sea
Surface Temperature (OISST) dataset provided by the National Oceanic and Atmospheric
Administration (NOAA) [30-32]. This dataset has a spatial resolution of 0.25° x 0.25° and
covers the period from 1 September 1981 to present. To evaluate the ability of the LFS system
to forecast MHWSs, we use the daily SST data from 1 January 1982 to 31 December 2021.
This dataset is used as the reference of SST, which provides the reference of MHWs.

In this study, the European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis v5 (ERA5) data [33] are used to investigate the forecast of heat flux. The
dataset has a spatial resolution of 0.25° and a daily temporal resolution, which enables
a comprehensive understanding of heat flux in the study region. The daily ERA5 data
from 1 September to 31 October 2021 are used to evaluate the predicted latent heat and
shortwave radiation.

2.3. Definition of MHW Events

The threshold used to define MHW events is a critical criterion. In earlier studies, a
fixed threshold was commonly used [34], but this is suitable only for areas with relatively
small-latitude spans. The percentile threshold method was recently adopted [12]. This method
calculates the 90th percentile of the daily temperature based on all years and smooths it over
31 days. The new definition of an MHW event includes anomalous warming events that last
five days or longer, with daily mean SSTs above the 90th percentile over a 30-year historical
baseline. The threshold method can simultaneously consider temporal and spatial variation.
The Hobday et al. [12] method has been widely used in recent studies.

In our study, we slightly modified the definition of an MHW event used by
Hobday et al. [12] in two ways. First, we used the 95th percentile (Equation (1)) as the
threshold for the China Sea, which is more stringent than the 90th percentile used by Hob-
day et al. [12]. Second, we did not perform any temporal smoothing before obtaining the
threshold. This approach produces a more realistic threshold, as smoothing can artificially
affect the intensity and duration of MHW events.

The threshold for MHW events is calculated based on the SST from the OISST dataset
between 1982 and 2021. For each grid point, the SST on a given date (t) for all 39 years is
sorted from low to high. The threshold value is then determined as the 95th percentile of
the sorted SST values for the corresponding date and grid point. For example, the threshold
value for the grid point (x, y) on a date (t) is calculated as follows:

T95(t,x,y) = P95(Tk,k =1,2,..., 39) 1)

In the formula, Tos(f, x, i) is the 95th percentile of SST for the date t and Ty, is SST value
in the kth year. The threshold value varies in both space and time, as it changes with the grid
point and date. Moreover, the duration of extremely high SST is also an essential indicator for
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MHW events. Therefore, in this study, an MHW event is defined as a consecutive period of at
least five days with SST greater than the threshold value for each grid point.

MHW events are characterized as extreme events by their occurrence position and
date, duration time, and intensity. The occurrence position and date can be evaluated by
comparing the percentage of the MHW occurrence area to that of the observations. Duration
time is the total time covering the start and end dates of an MHW event and is longer than
or equal to five days according to the definition in our study. The definition of intensity
refers to the maximum SST exceeding the threshold for an MHW event. Our analysis
focuses on the MHW event that occurred from September to October 2021, which coincided
with the beginning of a strong La Nifia event. The combination of these backgrounds makes
this particular MHW event an excellent case study for evaluating the forecast system’s
performance under the influence of large-scale climate variability.

2.4. Statistical Metrics

Three metrics based on SSTA are used to examine the bias between the observed and
forecasted results. The first metric, the mean absolute error (MAE), assesses the deviation
between the observed and forecasted results and is defined by computing the difference
between the forecasted SST on a particular date and the corresponding climatological daily
OISST SST for that date. The formula is as follows:

L1 1Te(i,j) x area(i, ) — Tows (i, j) x area(i, j)|

MAE = —
25’21/1 area(i, j)

@

where Tg(i, j) represents the forecasted SSTA at the grid (i,]), Tops(i,j) represents the
observed SSTA from the OISST, area(i, j) is the area weight at the grid (i, j), and m and n are
the total number in the longitude and latitude directions in the whole region, respectively.

The second metric, RMSE, evaluates the bias between the observed and forecasted
results by taking the square root of the sum of the squared differences between forecasted
and observed SSTA. The formula is as follows:

Yyt (Tw(i,7) x area(i,j) — T, i,7) x area(i, | 2
RMSE_J " (Te(i, ) x area(i, j) — Tops(i, /) x area(i, ) o

LI area(i, )

where Tg(i, ), Tops(i,j), and area(i, j) are the same as those in the MAE equation.

The third metric, PCC, evaluates the spatial correlation between the observed and
forecasted results by computing the correlation coefficient between the two. For example,
the PCC between the OISST and the 1-day lead forecast is defined as follows:

I <TF(i/j) - TF> (Tows(i,7) — Tows)
_\2 D)
(557, (00~ 2) ) (s et~ )

where T (i, j) and Tops (i, j) are the same as those in the MAE equation. Tr represents the
mean 1-day lead forecasted SSTA in the whole region and T, represents the mean SSTA
from the OISST.

Two metrics based on MHW events are also used to assess the skill of the LFS predic-
tions. The first metric is the area ratio, which measures the proportion of the region where
LFS predicts an MHW event relative to the observed MHW event area. Specifically, the
area ratio for the 1-day lead forecast is defined as follows:

PCC = )

Y. Areag(MHW)

Ratio =
MO = T Areaops (MHW)

x 100% ®)
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where Areap(MHW) represents the area where an MHW event occurs in the 1-day lead
forecast and Areapp,s(MHW) represents the area of an MHW event in the OISST.

The second metric is the Symmetric Extremal Dependence Index (SEDI), which is used to
evaluate the forecasting ability of LFS. SEDI is defined based on a 2° x 2° contingency table [35].

_ logF —logH —log(1 — F) + log(1 — H)
~ logF +logH +1log(1 — F) +log(1 — H)

where H = a/(a + ¢) is the hit rate and F = b/(b + d) is the false-alarm rate. a, b, ¢, and d are
the total hits, false alarms, misses, and correct rejections in a 2° x 2° contingency table. The
values for a, b, ¢, and d here are calculated as to whether the proposed criterion satisfies
the grid of LFS. Hits () represent that the MHW occurs in the same grid in both the OISST
and LFS. False alarm (b) represents that the MHW occurs in the LFS grid but not in the
OISST. Misses (c) represent that the MHW occurs in the OISST grid but not in LFS. Correct
rejections (d) represent that the MHW does not occur in the grid in both the OISST and LFS.
The value of SEDI ranges from —1 to +1, and positive, larger values indicate better skill of
the forecast system [35,36].

SEDI

(6)

2.5. Heat Budget of SST

SST is the determining variable for the definition of MHWSs. The local variation in
SST in the ocean is mainly influenced by the ocean dynamics term and the net surface heat
flux. The ocean dynamics term includes temperature advection, horizontal and vertical
temperature diffusions. The net surface heat flux includes net shortwave radiation, net
longwave radiation, latent heat, and sensible heat. Those enter the forecast system through
the forcing field. Therefore, the SST governing equation [37] can be formulated as a balance
of the above terms, which is as follows:

oT 1
— M(we) =~ + —=—=(SW + LW + LH + SH)= Qp + Qsw + Quw+Qun + QsH @)
dz  poCpH

where T is the averaged ocean temperature in the first layer depth of the ocean

model, —u- g—z — - ‘3—; and —M (we) %—Z are the horizontal and vertical temperature advection,

respectively, and Qp is the sum of the above two terms, referred to as the ocean dynamics
term. M(we) here is vertical velocity at the base of first depth of ocean model. SW, LW,
LH, and SH represent the shortwave radiation flux, longwave radiation flux, latent heat
flux, and sensible heat flux, respectively. pg is the density (o9 = 1.026 x 10° kg m~3) and
Cp is constant-pressure specific heat capacity for seawater (Cp, = 3.996 x °Clkg™"). H
here uses the thickness of the first layer in the ocean model, so the influencing factors of
shortwave radiation, longwave radiation, latent heat, and sensible heat can be expressed in
simplified forms Qsw, QLw, Qry, and Qspy. The diffusion of heat has been neglected [36].
To sum up, the SST budget is mainly composed of two parts: the ocean dynamics term and
the net heat flux term, which includes shortwave radiation, longwave radiation, latent heat,
and sensible heat. Based on Equation (7), 9t is chosen as one day here, and 9t is multiplied
on both sides of Equation (7) to display the SST budget with the unit of temperature. The
equation is transformed as follows:

oT = 0t-(Qp + Qsw + QLw+Qru + Qsh) ®)

In this study, we utilize the following variables: SST, SW, LW, LH, and SH. Additionally,
the Qp is calculated as the residual between dT and the surface heat flux. All of the variables
employed in this research are obtained from the LFS output, which has a daily temporal
resolution and a spatial resolution of approximately 10 km.
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3. Results
3.1. Evolution of the MHW Event

This study uses the 95th percentile of SST as the threshold for defining the MHW event
around China. To validate the effectiveness of this threshold, we selected four sites (120° E,
38° N), (122° E, 35° N), (123° E, 28° N), and (115° E, 20° N) in the Bohai Sea, Yellow Sea, East
China Sea, and South China Sea, respectively (Figure 1a). Figure 1b—e show the probability
density functions (PDFs) of the observed SST at four points using the daily mean SST
during 1982-2021 from the OISST dataset. We find that they all generally exhibit a normal
distribution. The values of the 95th percentile of SST at the four points are 22.0 °C, 22.4 °C,
26.4 °C, and 28.8 °C, respectively. Thus, the 95th percentile of SST is a valid threshold for
defining the MHW, as extremely high values are detected in different regions.

(°C)
2021-10-06

a) Daily SST anomal
OISST( ) Iy IY

40N
30N

20N

] B \VAVAVAVAY

Iy FAVAVARAVAS IV
10N T T
100E 110E 120E 130E

SR T LT T -
-09 06 03 0 09 18 27
(b) SST Histogram (120E,38N) (c) SST Histogram (122E,35N)
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S 4.0 o)
o o
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SST (°C) SST (°C)
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| 0 ‘
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Figure 1. SSTA on 6 October 2021 and PDFs of the SST for four representative sites in the China Sea.
(a) The shaded areas show the SSTA based on daily OISST data from 1982 to 2021, with unmasked
areas indicating the regions where SST reaches the definition of an MHW. The four selected sites in
the Bohai Sea, Yellow Sea, East China Sea, and South China Sea are marked as black dots. (b—e) The
PDFs of the SST in October at these sites, with the red dashed lines representing the PDFs and the
blue vertical lines marking the threshold value defined by the 95th percentile value.
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Figure 2 shows the time series of observed daily SST, the MHW threshold, and the
climatological daily SST at the four sites from 1 September to 31 October 2021. At these
sites, the threshold for the MHW is 1.5-2 °C higher than the climatological daily mean
value. The SSTs at these sites exceeding the threshold are indicated by pink shading. We
find that SSTs higher than the threshold mainly occur in the Yellow Sea (Figure 2b) and
the East China Sea (Figure 2c). According to the criterion of the lasting time, the period
of high SST must last at least five days; thus, the MHW event is further confirmed. There
are two MHW events for the point in the East China Sea (Figure 2c) at the beginning of
September and the beginning of October. For the points in the Yellow Sea (Figure 2b) and
the South China Sea (Figure 2d), only one MHW event occurred around 1 October. Here,
we only focus on the MHW event that occurred from late September to mid-October.

(a? Definition of MHW {120E,38N)
280 - 1 | ! !

26.0 =
24.0
220
20.0 1
18.0
16.0

SST (°C)

28.0 A
26.0

24.0
22.0

SST (°C)

20.0
18.0

30.0 4
29.0 ¥
28.0 ]
27.0 ]
26.0
25.0
24.0 7 : ; ‘
23.0 7 : ; : ; :
310 ) {d.} Definition of B{IHW (115E,20!*l) .

SST (°C)

T DR QLD S WU TUTU RIS FRRRRRRRAT SRR g
200 ¥ e S g

SST (°C)

280 1 Gimatology TR N = g

27.0 1 Threghold
] SST | !
26.0 T ¥ T T T

Sep01 Sept1 Sep21 Oct01 Oct11 Oct21 Cect31

Date of 2021

Figure 2. (a—d) The temporal evolution of the daily SST, the climatological SST, and the MHW
threshold at the four representative sites (marked as black dots in Figure 1a) in the China Sea from
1 September to 31 October 2021. The blue lines represent the climatological SST from 1982 to 2021,
based on the OISST dataset. The red lines represent the threshold value of an MHW, defined based
on the 95th percentile value of the SST. The black lines show the daily SST at the four sites, also
obtained from the OISST dataset. The pink areas indicate when the SSTs reached or exceeded the
MHW threshold.
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Figure 3a—e show the evolution of this MHW event around China based on the SSTA
distribution and the occurrence of the MHW on 20 September, 30 September, 6 October,
12 October, and 22 October 2021. The SSTA is used to depict the development of the
MHW event, with the unmasked area indicating values higher than the MHW criterion.
It provides a depiction of the different stages of the MHW event around China (based on
the ratio of the occurred area to the whole area), including the initial state (below 10%),
development state (10-40%), mature state (40-100%), decay state (10-40%), and extinction
state (below 10%). In the initial phase, the MHW event appears first in the Taiwan Strait
and its western side on 20 September. The event then expanded northward, dominating
the northern South China Sea and the Yellow Sea on 30 September. The peak of the MHW
event occurred on 6 October, covering almost the entire China Sea, with a total area of
2.08 x 10° km?. However, the area of the MHW event began to shrink after 6 October, and
by 12 October, it occurred only in the northern South China Sea, the Yellow Sea, and the
East China Sea. Finally, on 22 October, the MHW event appeared only in a small region of
the East China Sea, which lasted for about a month. This case in Figure 3a—e provides an
observational reference for evaluating the forecasted MHW event around China.
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Figure 3. Cont.
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Figure 3. Spatiotemporal evolution of SSTA and occurrence of the MHW in the observations (OISST)
and the 1-day lead forecast (LFS). The left column (a—e) depicts the SSTA observed by OISST and the
middle column (f—j) depicts the 1-day lead forecast of SSTA from LFS. The unmasked areas in (a—e)
and (f-j) indicate where the SST reaches the definition of an MHW in OISST and LFS, respectively.
The right column (k—o0) shows the difference in SSTA between the OISST and LFS. The (a,f k), (b,g,1),
(c,h,m), (d,i,n), and (e,j,0) represent 20 September, 30 September, 6 October, 12 October, and 22
October, respectively. The SSTA is calculated by subtracting the climatological daily SST during
1982-2021 from the OISST. The mean, maximum, and minimum SSTA values in the study area are
denoted, along with the PCC, SEDI, and ratio. The MAE and RMSE between the OISST and LFS are
also shown in the right column.

The 1-day lead forecasted SSTAs from LFS are shown in Figure 3f-j. Three metrics
were applied to evaluate the forecast skill of the MHW structure: PCC, area ratio, and
SEDI. The definition and equations to calculate these indices can be found in Section 2. The
results show that the LFS forecast has varying skill in reproducing the different phases of
the MHW event. During the initial phase, the LFS forecast has a PCC of 0.41 for the SSTA
and a ratio of 65% for the MHW event on 20 September. SEDI during this phase is 0.59,
which is just above the median value. During the development phase, the PCC increases to
0.59, and the area ratio increases to 73% on 30 September. However, SEDI decreases to 0.51,
indicating that SEDI is not solely affected by the spatial pattern and the coverage.

During the mature phase, the PCC between the forecasted SSTA and the observation
increases to 0.67 on 6 October; the LFS forecast reproduces only 53% of the MHW event. This
decrease in performance is due to cold biases in the Bohai Sea and the east of Taiwan Island
and false predictions in the South China Sea. SEDI decreases to 0.31 in this phase (Figure 4).
Both the area ratio and SEDI indicate a worse forecast skill during the mature phase.
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1.0 T ' ' !
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Figure 4. Temporal evolution of the performance metrics of the 1-day lead forecast by LFS during the
duration of the MHW event. The metrics shown are the MAE, RMSE, PCC, area ratio, and SEDI.

During the decay phase, the LFS forecast is closer to the observations, with a PCC of
0.76 and a reproduction of 62% of the MHW event on 12 October. SEDI and the area ratio
(0.73 and 79%, respectively) reach their peaks in this phase (Figure 4). However, during the
extinction phase, the deviation from the observations increases, with a PCC of 0.53 and a
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reproduction of only 36% of the MHW event on 22 October. SEDI decreases to its lowest
value (0.23) in this phase.

Overall, the results suggest that the 1-day lead LFS forecast can predict the life cycle
of the MHW event, with the highest skill for the decay phase compared with the other
phases, achieving peak values of 79% and 0.73 for area ratio and SEDI, respectively. The
three criteria, PCC, area ratio, and SEDI, are used to evaluate the forecast skill and the time
during which these criteria exceeded 0.6 accounts for 67%, 66%, and 42% for the MHW
event period, respectively.

The attribution of SEDI is analyzed in Figure 5. SEDI is calculated based on the hits
rate (H) and false-alarm rate (F). A comparison between SEDI and its two parts (F and
H) shows that the SEDI time series is highly correlated with both the H and F time series
(Figure 5a). The correlation coefficients between SEDI and H/F are 0.70/—0.73, both of
which are significant at the 95% confidence level. Moreover, H and F are calculated using
four parameters: hits, false alarms, misses, and correct rejections, represented by a, b, ¢, and
d, respectively. F is significantly (95%) related to all four parameters, in particular, false
alarms (b, 0.89) and correct rejections (d, —0.80). In contrast, the area ratio considers only
the situation of the predicted MHW, which is the hits in SDEI. Therefore, SEDI contains all
situations (g, b, ¢, and d), whereas the area ratio represents only the hits rate. This difference
may explain why the SEDI time series has different peaks compared with the area ratio.

(a) LFS (Lead 1day)
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Figure 5. Evaluation of the 1-day lead forecast of the MHW event by LFS using the SEDI metric.
(a) Time series of the SEDI hits rate (H) and false-alarm rate (F) over the MHW event period. (b) Time
series of hits, false alarms, misses correct rejections, and hits rate (H). (c) Time series of hits, false
alarms, misses correct rejections, and the false-alarm rate (F).

The SST difference analysis (Figure 3k—o) reveals that the SST biases for 1-day lead
forecasts by LFS can impact the prediction of the MHW event, since the definition of MHW
is based on SST. For instance, the Bohai Sea shows a consistent cold bias throughout the
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entire period. In contrast, the southern part of the Yellow Sea exhibits a cold bias only
during the mature period. The SSTA biases are consistent with the biases in the occurrence
of the MHW event, highlighting the need to consider the SST difference when evaluating
the forecast skill of LFS. By identifying the biases in LFS, we can further understand the
evolution of the MHW event in the system.

In Figure 6, the distribution of the SSTAs and the occurrence of the MHW event during
the mature phase (6 October) obtained from the OISST and LFS 1-day, 6-day, and 11-day
lead forecasts are presented. The 1-day lead forecast captures 53% of the observed MHW
event area (unmasked in Figure 6b), approximately 1.95 x 10° km?. The forecast cold errors
are evident in the Bohai Sea, where the observed MHW event is not captured (misses,
masked blue). The analysis in the following section (Section 3.2) reveals that the bias may
be caused by the weakening shortwave radiation in the area from 4 October. Another error
is the false alarms (masked green) in the northern South China Sea.
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Figure 6. Comparison of SSTA and occurrence of MHW event between the OISST and LFS forecasts.
(a) SSTA (shaded) and occurrence of the MHW (unmasked) from the OISST on 6 October 2021. SSTA
is relative to the climatological daily SST during 1982-2021 from the OISST. The mean, maximum,
and minimum of the SSTA in the whole area from the OISST are indicated. The occurrence of the
MHW indicates that the SST reached the definition of an MHW. (b—d) SSTA biases (shaded) and the
hits (unmasked), false alarms (masked green), misses (masked blue), and correct rejections (masked
black) for the 1-day lead, 6-day lead, and 11-day lead forecasts on 6 October by LFS, respectively. The
area—weight MAE, area-weight mean RMSE, PCC between the OISST and LFS, and the area ratio
of the forecasted MHW occurrence to that in OISST are also indicated. RMSEpgw and PCChygw
represent the area-weight mean RMSE and PCC in the unmasked area (a). Units: °C.
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In general, the 1-day-lead-predicted SSTA (Figure 6b) shows a high spatial correlation
with the observed SSTA (Figure 6a), with a correlation coefficient of 0.67. The mean RMSE for
the entire region is 0.49 °C, indicating a relatively high forecasting skill for LFS. However, the
1-day-lead-predicted SSTA in the Bohai Sea is relatively cold, leading to a missed prediction
of the MHW event in this area. Conversely, the predicted SSTA near Taiwan Island and
the northern part of the South China Sea is warmer than OISST SSTA, resulting in stronger
predicted intensities of the MHW event, which is displayed in Figure 10.

The forecasted occurrence of the MHW event at 6-day lead and 11-day lead on 6 October
(as shown in Figure 6¢,d) showed a poorer forecast skill than the 1-day lead forecast, with the
ratio decreasing from 53% to 11% with lead time. Other evaluation criteria, including PCC
and RMSE, also showed decreased forecast skill with lead time. The reduction in forecast skill
is primarily attributed to the missed predictions by LFS, as evidenced by the rapidly growing
blue masked area (representing misses) with lead time in Figure 6.

Figure 7 illustrates the changes in MAE (blue curve), RMSE (orange curve), PCC
(grey curve), and the area ratio (yellow curve) as the forecast lead time increases from
1 day to 15 days. The results indicate that the forecasting skill tends to deteriorate as the
forecast lead time increases, mainly when the lead time is less than ten days. However, that
relationship becomes less significant when the lead time exceeds seven days. For example,
the value of the area ratio oscillates around 30% when the lead forecast time is longer
than seven days. These results suggest that the LFS has a high forecasting skill in MHW
events within lead times of less than a week. Moreover, the analysis of different types of
predicted error (as shown in Figure 6, masked area) reveals that misses are the main factor
contributing to the decreased forecasting skill with increasing lead time.

Forecast at Oct 06

Figure 7. Development of statistical measures for LFS forecast of SSTA and occurrence of the MHW
event. The blue curve represents the MAE in °C, the orange curve represents the RMSE in °C, the
grey curve represents the PCC, and the yellow curve represents the ratio of the 1-day-lead-forecasted
MHW area to the OISST MHW area in the whole region. The x axis represents the forecast lead time,
which increases from 1 day to 15 days.

3.2. Duration of the MHW Event

The duration of the MHW event is analyzed in Figure 8. The observations show that
this heatwave event had a duration of approximately 20 days, concentrated primarily in the
Yellow Sea, around Taiwan Island, and the coast of Guangdong Province, and a duration
reaching more than 30 days in some areas near Taiwan Island and the coast of Guangdong
Province (Figure 8a). The duration predicted by the 1-day lead LFS (Figure 8b) shows a
close spatial distribution to that of the observations (Figure 8a), with a spatial correlation
coefficient of 0.54. However, the LFS predictions tend to overestimate the duration of the
MHW event in most areas, as seen in the difference between LFS and the OISST (Figure 8c).
The MAE for the entire region is found to be about eight days, except in the Bohai Sea
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and the northern part of the Yellow Sea. With increasing forecast lead time, the bias in the
predicted duration also increases, as the PCC decreases to 0.49 and 0.39 for the 6-day and
11-day lead forecasts, respectively.
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Figure 8. Duration of the MHW event as recorded in the OISST (a) and the 1-day lead LFS forecast
(b), along with the difference between the two (c). The MAE, RMSE, and PCC of the MHW event
between the OISST and LFS are shown in (b). Units: days.

The bias in the 1-day-lead-forecasted duration time of the MHW event is further
analyzed. Three regions with significant biases (2° x 2° black boxes in Figure 8) are
compared with the observations to assess the regional differences. The regionally averaged
SST, the MHW threshold from the OISST, and the 1-day lead forecast are presented in
Figure 9. In Region 1 (Bohai Sea, Figure 9a), the forecasted duration of the MHW event is
less than five days, which is a failure in forecasting the event by LFS. The main reason for
the failure is the colder forecasted SST (blue curve in Figure 9a), which only reaches the
MHW threshold from 27 September to 1 October. As a result, the forecasted duration of
the MHW event in the Bohai Sea has a large bias during October 2021. In Region 2 (Yellow
Sea, Figure 9b), the forecasted duration of the MHW event is longer than the observed
value. This is because the forecasted SST (blue curve in Figure 9b) is always warmer than
the observed SST (black curve in Figure 9b) during the later stage of the event. For instance,
although the observed SST is colder than the threshold around 20 October, the predicted
SST is still warmer than the threshold, leading to the continuous occurrence of the MHW
event (represented by a longer duration) in LFS.

In Region 3 (the northern part of the South China Sea, Figure 9c), the forecasted
SST is warmer than the OISST throughout the period. The warm bias peaks around
13 October, when the observed SST starts to be colder than the MHW threshold, indicating
the end of the MHW event. However, the 1-day-lead-predicted SST is still warmer than
the observations and the MHW threshold, leading to a longer duration bias in LFS. Thus,
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the warmer 1-day-lead-predicted SST in the northern part of the South China Sea causes a
longer duration during extinction.

The influence of the forecast lead time on the duration of the MHW event is also exam-
ined based on the three regions. The forecasted SST becomes colder with increasing forecast
lead time, causing the forecasted duration of the MHW event to shorten accordingly.
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Figure 9. Time series of observed and forecasted SST and the MHW threshold in five representative
regions. (a—e) The time series of area-weight mean SST (OISST, black curves), the threshold of the
MHW (MHW, red curves), and the 1-day-lead-forecasted SST (LFS, blue curves) in five representative
regions, respectively. The five regions are Region 1 (120° E to 122° E, 38° N to 40° N), Region 2 (122° E
to 124° E, 32.8° N to 34.8° N), Region 3 (116° E to 118° E, 20.2° N to 22.2° N), Region 4 (121° E to
123° E, 32° N to 34° N), and Region 5 (118.2° E to 120.2° E, 22.2° N to 24.2° N). The first three regions
are marked as black boxes in Figure 8, and the last two are marked as black boxes in Figure 10.
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Figure 10. The intensity of the MHW event from the OISST (a), the 1-day lead forecast from LFS (b),
and the difference (c¢). The MAE, RMSE, and PCC of the intensity of the MHW event between the
OISST and LFS are indicated in (b). Unit: °C.

3.3. Intensity of the MHW Event

The results of the intensity of the MHW event indicate that the MHW event is most
extreme in the southern Yellow Sea, particularly in its near-shore region, with maximum
intensity values reaching up to 3 °C (Figure 10a). Conversely, the intensity of the MHW
event in the Bohai Sea and the northern part of the South China Sea is comparatively
weaker and falls below 1 °C. The spatial distributions of both intensity and duration reveal
that while the MHW event in the southern part of the Yellow Sea is characterized by long
duration and strong intensity, the southern part of the East China Sea and the northern part
of the South China Sea show weaker intensity despite their longer duration.

The results of the 1-day lead forecast indicate close agreement with the observations
regarding the intensity of the MHW event. The high-intensity MHW event continues
to be concentrated in the southern part of the Yellow Sea (Figure 10b). The correlation
coefficient between the observations (OISST) and the 1-day lead forecast (LFS) is 0.58,
indicating a strong spatial pattern similarity. However, there are negative biases in the
forecast intensity north of 30° N and positive biases south of 30° N (Figure 10c). In addition,
the forecast intensity weakens with increasing forecast lead time. The absolute intensity
error of the 6-day lead forecast is 0.62 °C, and the spatial correlation coefficient decreases
to 0.48. The absolute error of the 11-day lead forecast reaches 0.81 °C, and the spatial
correlation coefficient drops further to 0.18.

To examine the cause of the large biases in the 1-day lead forecast in the regions
identified in Figure 10, we present the regional average SST time series for these areas in
Figure 9d,e. Our analysis indicates that the 1-day-lead-forecasted SST is lower than the
observed value throughout the MHW event in Region 4, resulting in a weaker intensity. In
contrast, in Region 5, off the southwest corner of Taiwan Island, the predicted warm SST
biases lead to a stronger MHW intensity throughout the MHW event (Figure %e).
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3.4. Causes of the Biases in SST

The results of the SST budget analysis indicate that both ocean dynamics and net heat
flux influence changes in SST. Figure 11 shows the relative changes in SST around China
on 6 October compared with 5 October, as well as the changes in SST resulting from the
ocean dynamics and surface heat flux terms. As shown in Figure 11a, there is an overall
increase in SST across the China Sea, particularly in the Yellow Sea and the East China Sea,
except for the Bohai Sea. It is evident that the change in SST is predominantly driven by
shortwave radiation (Figure 11d), latent heat (Figure 11e), and ocean dynamics (Figure 11f).
These three terms are several-times greater in magnitude than the change in SST caused by
sensible heat (Figure 11b) and longwave radiation (Figure 11c). In a similar vein, Kuroda et al.
(2021) [38] also identified atmospheric conditions as the primary driver of marine heatwaves.
Additionally, Pinault et al. (2022) [39] found that SST anomalies can be non-local. To gain a
better understanding of the origin of the forecast bias, we analyze the influence of shortwave
radiation, latent heat, and ocean dynamics in the five critical regions.
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Figure 11. Heat budget of the relative changes of 1-day-lead-forecasted SST around China. (a) The
relative change in 1-day-lead-forecasted SST on 6 October compared with 5 October. (b—f) The relative
change in SST on 6 October compared with 5 October caused by the 1-day-lead-forecasted sensible heat,
longwave radiation, shortwave radiation, latent heat, and ocean dynamics terms, respectively (unit: °C).
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The time evolution of the mean shortwave radiation and latent heat in the five key
regions is presented to determine the source of the forecast bias (Figure 12). For Region 1
(located in the Bohai Sea), the 1-day-lead-forecasted shortwave radiation is relatively in
line with the ERA5 data during the development and mature period of the MHW event
(from 3 October to 11 October), except for 10 October, when the predicted shortwave
radiation exceeds that of ERA5 by a maximum difference of around 80 W m 2 (Figure 12a).
However, the predicted latent heat is significantly larger than the ERAS reference, reaching
a difference of 300 W m~2, which is greater than the difference in the shortwave radiation.
The SST change due to the ocean dynamics term remains close to 0 °C between 3 October
and 11 October. A comparison of these three terms reveals that the predicted MHW event’s
short duration and weak intensity in the Bohai Sea are primarily driven by the strong
predicted latent heat.
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Figure 12. Evolution of the area—weighted mean shortwave radiation (SW, left panels) in the
five study regions. (a—e) Time evolutions of the area—weighted mean shortwave radiation in Region 1
(120° E to 122° E, 38° N to 40° N), Region 2 (122° E to 124° E, 32.8° N to 34.8° N), Region 3 (116° E to
118° E, 20.2° N to 22.2° N), Region 4 (121° E to 123° E, 32° N to 34° N), and Region 5 (118.2° E to
120.2° E, 22.2° N to 24.2° N), respectively, based on ERA5 reanalysis data (black) and the 1-day lead
forecast (blue). (f-j) The same as in (a—e), but for latent heat. Units: W m~2.

For Regions 2 and 4 in the Yellow Sea, the 1-day lead forecast of the MHW event dura-
tion is longer than the observed value. This discrepancy is primarily due to the warmer SST
predicted at the beginning of the event’s extinction period (about 20 October). An analysis
of the forecasted shortwave radiation and latent heat in the decay and extinction periods,
compared with the ERA5 data (Figure 12), reveals that the forecasted shortwave radiation
is stronger than the reference (ERA5) value after 20 October, whereas the deviation in the
forecasted latent heat gradually decreases. The increased shortwave radiation in the extinc-
tion period causes the predicted SST to be warmer, leading to a longer duration. However,
the intensity of the predicted MHW event is weaker than the reference, despite the stronger
forecasted shortwave radiation and latent heat during the development and mature periods
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(Figure 12d,i). The maximum difference in shortwave radiation is about 150 W m~2, and
the corresponding latent heat shows a negative deviation of about 100 W m~2. The ocean
dynamics term (Figure 13b,d) is inferred to be the reason for the colder predicted SST and
weaker MHW intensity.
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Figure 13. (a—e) Time evolution of the relative change in the area-weighted mean SST on 6 October
compared with 5 October caused by the 1-day-lead-forecasted ocean dynamics term in Region 1 (120°
E to 122° E, 38° N to 40° N), Region 2 (122° E to 124° E, 32.8° N to 34.8° N), Region 3 (116° E to 118°
E, 20.2° N to 22.2° N), Region 4 (121° E to 123° E, 32° N to 34° N), and Region 5 (118.2° E to 120.2° E,
22.2° N to 24.2° N), respectively, for the 1-day lead forecast (blue), 6-day lead forecast (green), and
11-day lead forecast (pink). Unit: °C.

For Region 3, in the northern part of the South China Sea, the duration of the 1-day
lead forecast extends beyond that of the observed SST (OISST), largely due to the warmer
predicted SST in the decay period (Figure 9c). As seen in Figure 12h, the predicted latent
heat exhibits a consistent positive deviation compared with the reference throughout the
entire period. In contrast, the forecasted shortwave radiation (Figure 12c) begins to exceed
the reference value around 20 October, which corresponds with the time when the SST is
predicted to start increasing. Hence, it can be concluded that the extended forecast duration
in the northern part of the South China Sea is primarily driven by the stronger predicted
shortwave radiation during the decay period of the MHW event.

In Region 5 of the northern South China Sea, the 1-day lead forecast of the MHW
event intensity is higher than the observations. As depicted in the Region 5 SST time series
(Figure 9e), the increased intensity of the MHW event is a result of the warmer predicted
SST values, especially during the development phase of the event. A comparison of the
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predicted shortwave radiation and latent heat (Figure 12e,j) reveals that the predicted
shortwave radiation has a substantial positive deviation during the development phase,
contributing to the stronger intensity. Therefore, by combining the results of Region 3 and
Region 5 in the northern South China Sea, it can be concluded that the longer duration and
increased intensity of the predicted MHW event in the north of the South China Sea are
mainly caused by the stronger predicted shortwave radiation.

The results show a trend of decreasing duration and weakened intensity of the pre-
dicted MHW event with increasing forecast lead time. The analysis of the primary factors
influencing the MHW event shows that the forecasted shortwave radiation consistently
decreases with a longer forecast lead time. Conversely, the forecasted latent heat flux and
ocean dynamics term (Figure 13) do not show a clear pattern of change with increasing
forecast lead time. The reduction in forecasted shortwave radiation decreases SST warming
and may contribute to the decline in or disappearance of the MHW event. This trend
explains the shortened duration and weakened intensity of the predicted MHW event as
the forecast lead time increases.

4. Summary and Discussion

This study assesses the accuracy of a high-resolution global ocean forecast system
(LFS) in predicting MHW events around China during September-October 2021, using
the definition of MHW events modified from Hobday et al. (2016). The results indicate
that LFS can predict the MHW event around China with a 1-day lead time. The system
can accurately predict the occurrence of the MHW event in up to 79% of the area observed
(Figure 4), with an accuracy rate of around 60% throughout the MHW event (averaged
Ratio in Figure 4). In addition, the system demonstrates better accuracy during the initial
and decay periods compared with other event stages.

Regarding the duration of the MHW event, the results of the 1-day lead forecast by
LFS demonstrate a strong agreement with the observations. The southern part of the Yellow
Sea and the northern part of the Southern China Sea show longer durations, surpassing
30 days, which is slightly extended compared with the observed data. A detailed analysis
of two distinct regions within the Yellow Sea and the Southern China Sea reveals that
the predicted stronger shortwave radiation flux primarily drives the prolonged forecast
duration during the decay period of the MHW event.

Regarding the intensity of the MHW event, the 1-day lead forecast by LFS shows
good agreement with the observations, with an RMSE of only 0.71 °C. The northern part
of the Yellow Sea shows a relatively small deviation, while the southern part exhibits a
substantial deviation. Analysis of the time series of five selected regions reveals that the
weak intensity in the northern Yellow Sea is primarily attributed to the deviation in the
ocean dynamics term, as deviations in the predicted shortwave radiation and latent heat
tend to enhance the intensity.

In addition, as the forecast lead time increases, the spatial distribution bias of the pre-
dicted duration increases, and the predicted duration decreases. This reduction in predicted
duration is primarily due to the decline in the predicted shortwave radiation with increas-
ing forecast lead time. Similarly, the weakening of the predicted intensity with increasing
forecast lead time can also be attributed to the decline in the predicted shortwave radiation.

In conclusion, this study evaluated the performance of a high-resolution global ocean
forecast system (LFS) in predicting an extreme warm water event (MHW) around China
during September—October 2021. The results indicate that LFS has a good forecasting ability
for the MHW event with a lead time of one day, with a high degree of accuracy regarding
occurrence range, duration, and intensity. However, there are some areas of deviation
between the forecast and observations, particularly in the Bohai Sea and the South China
Sea, where improvements in the latent heat and shortwave radiation fluxes in the forcing
field of the forecast system could enhance the forecasting performance. In the southern
Yellow Sea and northern East China Sea, an improved simulation of ocean dynamics heat
transport is necessary to improve the future forecasting ability of MHW events.
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