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The local stratification
preconditions the marine
heatwaves in the Yellow Sea
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Busan, Republic of Korea

Vertical stratification preconditions marine heat wave (MHW) events in marginal
seas. The major events since 1982 in the marginal sea area west and south of the
Korean Peninsula have been led by abnormally strong stratification in the vicinity,
which was detected at least two months in advance. This robust coincidence
provides substantial control over mid-summer events through local stratification in
early summer. Such heatwave-leading stratification can be attributed to various
oceanic factors during early summers, including anomalous sea surface
temperature, freshwater flux, and wind mixing. Knockout-style experiments
using a 1-dimensional ocean model revealed that the upper ocean stratification
in the preceding months, mostly through wind mixing, is capable of regulating
MHWs. Meanwhile, in the longer historical records, gradual decreases in the
intensity and frequency of the daily wind gusts were found, possibly as a mixed
result of anthropogenically induced climate change and strong natural variability of
the midlatitudes. This might have dominated in enhancing the occurrence of
MHWs, combined with the rising background surface temperature.
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1 Introduction

Marine heatwave (MHW) events are phenomena of local extreme daily sea surface
temperature (SST) above the 90th percentile threshold (Hobday et al., 2016) that are detected
for more than five consecutive days. In the northern mid-latitudes, the most disastrous
heatwaves, the excessive and rapid rise, in shallow semi-closed marginal seas such as the
Yellow and the East China Seas (YECS) occur during the hottest season in and around
August. In 2016, one of the most severe MHW events, occurred in the YECS (Figure 1A).
Consequently, the local fishing industry is severely affected. Toxic jellyfish of subtropical
origin appear near the major recreational beaches. Great concern overshadows coastal
resilience, as it has tended to occur in mid-latitude marginal seas more frequently in
recent years (Oliver et al., 2018; Gupta et al.,, 2020).
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The studied region is the Korean side of a continental shelf area
located in the Yellow and the East China Seas with the average depth
less than 50 meters. The physical condition includes strong
semidiurnal tidal currents at 1~2 m/s of average speed, warm and
salty advection with the Tsushima Warm Currents (TWC), air-sea
interaction associated with the East Asian Monsoon system both in
summer and winter, the freshwater flux from the neighboring rivers
including the Yangtze, as well as the major disturbance brought by
tropical cyclones in the later summer.

Mechanisms behind the regional marine heatwaves, such as the
event in 2016, seem highly complex. Modeling studies have suggested
that surface wind anomalies in northeastern marginal seas are related
to heatwaves in some recent years (Cai et al., 2017; Gao et al.,, 2020).
Large-scale circulation variability may provide promising
predictability on a seasonal-to-interannual timescale (Xu et al,
2020). Meanwhile, the preconditions for MHWSs can be traced back
to the preceding winter, as the anomalous expansion of the Yellow Sea
Cold Bottom Water (YSCBW) is correlated with warmer summers in
subsequent years (Park S, et al., 2011; Li et al., 2016). Whether these
possible mechanisms are effective in each MHW events depends on
the competition between the thermal sources and sinks at the surface
and subsurface.

Presumably and predominantly, the instantaneous air-sea heat
exchange triggered by large-scale atmospheric heatwave activities
(Zhang and Anderson, 2003; Lee et al., 2020; Chiswell, 2021; Li
et al, 2022) must be the most direct cause. However, not all the
atmospheric heatwaves have accompanied with local marine
heatwaves (Ministry of Oceans and Fisheries, 2022; Korea
Meteorological Administration, 2023), indicating that the
importance of oceanic conditions could not be left overlooked.

Only recently has ML thickness received global attention as being
responsible for MHWs occurring more frequently, in the context of
climate change (Amaya et al., 2021). Slowly varying oceanic mixed
layer thickness opens the door to seasonal-to-interannual scale
predictions of MHWs, as well. However, it is unclear whether the
reported strong association between the shoaling ML thickness and
increasing MHW events (Capotondi et al., 2022; Jacox et al., 2022)
guarantees predictability. As the faster surface warming with respect
to the subsurface warming strengthens vertical stratification,
understanding the cause and effect between SST and ML thickness
is limited by the suggested concurrent relationship (Amaya et al,
2021). Therefore, it is worthwhile to revisit the role of the ML
thickness by carefully focusing on the direct premonition of MHWs.

The ML thickness varies owing to the local marine processes. In
mid-latitude marginal seas, vertical stratification is determined by the
thermal, saline, and mechanical factors. The relative importance of
each factor in recent events has been examined separately by other
researchers (Park T, et al,, 2011; Tan and Cai, 2018; Wang et al., 2022;
Gao et al, 2020). Li et al. (2022) found out that weaker wind speeds
reduced upper oceanic mixing with greater than normal solar
radiation and caused the MHW in 2016. In some cases,
complicated numerical models and heat-budget analyses have been
rigorously applied to identify the most direct causes of the events
(Gao et al., 2020).

However, it has been overlooked that all the thermal, saline, and
mechanical effects are likely to occur as part of a single weather
system, which visits the region in a temporally random manner.
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Often, the randomness of atmospheric conditions does not mean that
one physical variable is completely independent of others, such as a
shift in the monsoonal front, typhoons, or atmospheric blocking. In
this respect, Li’s study exhibiting two atmospheric effects in 2016 is
similar to our direction. It would be worthwhile to extend the similar
approach to MHW events indicated in the past.

Rather than assessing the impact of a particular factor alone, the
role of one factor can be better estimated by the likelihood of MHW
events with the factor knocked out. Thus, the role of each factor can
be examined without being excessively idealized, and the probability
distribution of MHWSs can be obtained in terms of local marine
conditions within plausible ranges of atmospheric variables supported
by observed historical events. The goal of this study was to investigate
the role of stratification that allows marine heatwaves, and to further
explore the stratification process using a 1-dimensional ocean. First,
the causal relationship between the observed MHW and local
stratification was explored. Second, the impact of stratification-
determining factors was quantitatively examined using a 1-
dimensional ocean model to assess the individual contributions to
historical MHW events. Finally, the climatic implications of local
MHWs were addressed in terms of changes and variability in the
associated preconditions.

2 Data and methods
2.1 Observed data

The vertical profiles from 61 stations in the western and
southwestern areas of the Korean Peninsula have been produced
every two months since the 1960’s by the Korea Serial Oceanography
Observations Program run by the National Institute of Fisheries Science
(NIES) (Park, 2021). The locations of these sites are shown in Figure 1A.
This dataset was used to detect vertical stratification and verify the
model results. The stations were selected from the western half of the
stations and grouped into two: the northwest box (35-37.1°N,
124.3~125.3°E) and the southwest box (33.1~34.97°N, 124.3~125.3°E).

Daily surface net heat flux, surface wind stress, and precipitation
data from the National Center for Environmental Prediction (NCEP)
reanalysis 1 (Kalnay et al., 1996) were used to force the 1-dimensional
ocean model. These were interpolated to match the NIFS locations.

MHW events in the study area were detected from 1982 to 2020
using daily Optimum Interpolation Sea Surface Temperature v2
(Reynolds et al.,, 2007) data from the National Oceanic and
Atmospheric Administration (NOAA). The detections are based on
the definition of Hobday (Hobday et al., 2016) as longer than five
consecutive days of high SST above the all-summer 90" daily
percentile of the 31day moving-average. The climatology is
calculated at the period from 1982 to 2020. The estimated threshold
is approximately 27.3°C around the central Yellow Sea area in
August (Figure 1A).

2.2 Mixed layer model
A 1-dimensional thermodynamic model with variable ML,

iterated based on vertical stability (Price-Weller-Pinkel model,
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PWP), was utilized in this study to obtain oceanographic insights into
MHWs. Details of this model can be found in previous studies (Price
et al., 1986; Mathieu and de Young, 1995; Anderson et al., 1996;
Mujumdar et al., 2011; Zhang and Anderson, 2003; Yang et al., 2015;
Yu et al,, 2020; ). The critical bulk Richardson number and critical
gradient Richardson number were chosen at 1.0 and 3.0, respectively,
through rigorous trials for the mean modeled vertical temperature
profiles to best fit the typical vertical thermal structure of the studied
area. The validation of the choices was performed by assessing
anomaly correlation and root-mean-squared errors of monthly
mean temperature anomalies at each observation station and
vertical level, as described in the next section.

The hindcasting experiments were conducted at 61 NIES stations.
They were designed to (1) prove the proposed concept of the 1-
dimensional MHW-generating mechanism, (2) obtain the probability
distribution of MHW occurrence based on the possible combinations
of physical marine conditions within the historical range, (3) verify
the 4-month lead potential forecast skill, and (4) investigate the
relative importance of each vertically stratifying condition using
knock-out style experiments. As a general terms, a knockout
experiment is referred to as an experiment designed to deactivate
one factor out of all the considered. A knockout-style experiment, in
this study, is referred to as an experiment in which only anomalies are
deactivated while climatological mean values are kept active.

For Full experiments, all three factors were provided with raw
data from the observation and reanalysis. In Sbar experiment, sea
surface salinity (SSS) was restored to the climatological daily
variation, whereas the other two factors were provided with raw
data. In Ibar experiments, the initial conditions for temperature and
salinity on the 1** of April are given with the climatological mean on
April 1%, In Thar experiments, the wind speed was set to the
climatological daily means, rather than the climatological daily
means of the zonal and meridional winds. Table 1 summarizes the
experimental design of the model.

Each experiment was initiated on April 1% of each year and
marches forward for 6 months until the end of September. The initial
conditions were obtained from the vertically interpolated observed
profile, and the surface forcing for heat, freshwater and momentum
was provided using interpolated NCEP daily data to match the
vertical levels and time steps of the model. There are 61 models for
the stations, 53 sets of initial conditions, and surface-forcing data
from 1968 to 2020. The surface heat flux forcing from the reanalysis
was applied identically to all the experiments.

TABLE 1 The conditions for each of the experiments.

Experiments SSS Wind speed Initial T,
)
Full raw raw raw
Sbar daily raw raw
climatology
Tbar raw climatological daily wind raw
speed
Ibar raw raw climatology
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3 Results
3.1 Observed implications

The area-averaged budget revealed the important role played by
oceanic processes in MHW events.

! !

_ AT _
HpCP? ZQ/‘F - TPCP

o + K, T,, + others

where Q is the surface heat flux, T is the mixed-layer temperature,
and H is the mixed-layer thickness. This approximation works well on
the ocean surface, where oceanic heat advection is negligible (p:
density of seawater, cp: specific heat of seawater, and t: time). The bars
indicate the climatological monthly mean values. Although the outer
terms are obtained directly, the terms inside the square brackets are
not separable and are obtained as residuals on the left-hand side of Q.

If the thickness of the surface water in the study area remains
constant at the mid-summer average of approximately 10m in the
studied area (Lin et al., 2019), the surface heat flux required for the
historical anomalous SST tendency from July to August must be
proportional to the surface heat flux. However, the approximated
historical heat-flux-driven temperature tendency in the assumed-slab
mixed-layer ocean disagrees with the observed temperature tendency
during the corresponding period (Figure 1B). Among the 14 historical
area-averaged events since 1982, six events occurred without
anomalously stronger July-to-August surface heat fluxes from the
atmosphere, and 12 events were led by the positive residual heat flux,
which is presumably ocean-driven.

This difference is mostly attributable to the heat exchange with the
subsurface ocean. The top-down vertical re-distribution of the surface
heat flux is likely to contribute substantially to it, due to the variable
vertical mixing. Considering the shallow bottom topography with less
than 50 meters on average, it is unlikely for the Tsushima Warm
Current (TWC) would have laterally advected this remarkable
thermal source. Figure 1B demonstrates that the residual heat flux
was noticeably positive in the majority of MHW years, whereas it was
strongly negative in some non-MHW years, such as 2011. By contrast,
when the residual was negative, the surface heat flux was lost to the
subsurface and dissipated into a larger volume.

In addition to the dominant interannual processes, a positive
linear trend since 1982 has been observed in the atmospheric heat flux
at +0.7 W/m2 per year. This trend was unevenly divided into 4.1:2.9
above and below the climatological mean boundary of ocean ML. In
the Figure 1B, the linear trend contained in the mixed layer ocean
heating rate (dSST) is shown about 0.41 W/m2 per year, based on a
least-square estimation. Therefore, the difference between the two
leaves about -0.29 W/m2 per year, which is lost to the subsurface of
much thicker volume. This implies that the vertical stratification has
strengthened and that the surface layer has shoaled gradually, as the
temperature increase accelerates much faster above the climatological
mean boundary of the ML. The relative importance of shoaling ML
and the increasing surface heat flux in the recent increase in MHW's
requires further examination.

The causal relationships between MHW and vertical stability in
the months prior to MHWs are implied in the observed vertical
profiles. Early summer surface stratification is represented by the
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depth of the maximum vertical gradient and the strength of the
vertical gradient at a fixed depth in June of each year. Two different
groups of samples were taken from MHWs and non-MHWs
(Figures 1C, D). The probability mass functions for the depth of
the maximum vertical temperature gradient in the northwest and that
for the vertical gradient at 20m depth in the southwest exhibited
robust differences in conditions for MHWSs compared with normal
years. In the northwest domain, 95% of the MHW events occurred
when the maximum gradient was located shallower than
approximately 21.4 meters in June (Figure 1C). In the southwest
domain, more than 95% of MHWSs occurred with a vertical gradient at
20m depth greater by 0.12°C/m than in normal years (Figure 1D).
Stronger than normal vertical stratification in early summer indeed
appears to be preferable condition for MHW. The standards of
vertical stability were applied interchangeably for each region. And
the results are similar to the former but less robust (not shown).

To better understand the dominant oceanic processes behind
MHWs, area-averaged historical records of three major factors
associated with vertical stratification were investigated: surface
temperature anomalies, the occurrence and intensity of stronger
winds, and surface salinity in early summers (Figure 2). Notably,
these three data points were nonstationary. They exhibit both linear
trend and time-varying interannual variance. Between the 20™ and
21°" centuries in the observed record, the SST anomaly (Figure 2A)
increased linearly at 0.04°C/year (with NIFS, 0.03°C/year with
ERSST), and its interannual variance showed a visible decrease (0.9

Net Heatflux vs SST difference

10.3389/fmars.2023.1118969

in the earlier half period, 0.8 in the later period, with p< 0.05, with F-
test). The elevated early summer surface temperature could make it
easier to reach extreme temperatures later in the summer. Strong
winds (Figure 2B), defined as the occurrence of the top 33% of daily
summer wind speeds and their average intensity, exhibited stronger
interannual variability in the earlier half of the study period, with
decreasing linear trends of -0.0093 m*/year (p~0.27) and -0.02 times/
year (p<0.05), respectively. The interannual variability of strong
winds in summer indicates a strong disturbance at the surface layer,
thereby widening the range of surface layer variability. The internal
variability of monthly mean surface salinity (Figure 2C) in June is
presented. The linear trend of surface salinity is slightly negative with
a trend of -0.024 psu/year (p<0.05), while that of the Korea
Meteorological Agency (KMA)’s Changma precipitation index
shows little indication of a long-term change. Notably, the
detrended interannual precipitation variability was positively
correlated with the occurrence of strong winds (Figure 2B) with a
correlation coefficient of 0.49 (p<0.05), whereas the positive long-
term trend contradicted the gradual decrease in strong winds.

Thus far, the impacts of these three factors on local stratification
agree in trends but disagree on an interannual timescale, implying
that vertical stratification in every year can be determined both
constructively and destructively among the factors. However, all the
tendencies have been changing favorably to strengthen vertical
stratification over a long time. It is speculated that surface warming
and decreasing wind speed over time cause gradual strengthening of
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FIGURE 1

(A) Monthly average SST during the marine heat wave events in August 2016, based on OISST (Reynolds et al., 2007). Overlaid contour indicates the
boundary of the heatwave at 27.3°C, the value of 90" percentile of the August monthly mean. Colored dots are the NIFS temperature observation in
August 2016. (B) Monthly average surface net heat flux anomaly calculated from mid-July to mid-August (red), overlaid with changes in SST anomaly
(brown), and the residual (yellow), area averaged in the outer box (33.1~37.1°N, 124.3~126.3°E). The monthly change in SST anomaly was averaged from
mid-July to mid-August using daily data. Gray bars indicate the years with the August MHWSs detected in the area averaged daily OISST data. (C, D)
probability mass function for depth of maximum vertical temperature gradient and the vertical temperature gradient at 20m depth over the Northwest
and the Southwest domain, respectively, based on NIFS data in June, from 1982 to 2020. Shaded in blue for the years with no MHW and red for the

years with MHWs.
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(A) Standardized SST anomaly in June from NIFS station data in orange, from ERSSTv4 in yellow, (B) same as (A) except for occurrence exceeding top
33% percent daily wind speed (mint) and average speed of top 33% percent daily wind speed (green), (C) same as (A), but for surface salinity (pink) and
KMA Changma Index (bluegreen), area-averaged in the boxed area defined in Figure 1A, except for KMI Changma Index.

vertical stratification, with decreasing surface salinity contributing to
surface density reduction. However, further investigation is required
to assess these roles.

3.2 Numerical experiments

In this study, a 1-dimensional ocean model was utilized to
conduct knockout-style experiments to prove our hypothesis that
these factors regulate the occurrence of MHW:s in addition to direct
heating at the surface. A “knockout-style experiment” is a series of
sensitivity runs that one of the four forcing fields are set to
climatological means to knock its effects out of the hindcasts while
the other forcing effects is maintained. First, to verify the performance
of the model, August forecasts from the full experiment were
compared with observations. As mentioned in the Methods section,
the vertical structure of the model was tuned against the observed
mean to obtain the best results. Figure 3A shows that the hindcast SST
anomalies in the modeled regions are in good agreement with those
observed. Regarding the timing of the MHWSs, the model successfully
simulated the continuous development of warming events from the
beginning of April to the end of September, not only on the
climatological average but also in the individual years. However, the
model tends to overestimate the SST in July and August by
approximately 1.6°C. For this reason, we used the model’s own
MHW threshold from the full experiment rather than using the
observed threshold to detect modeled MHWSs (Figure 3B).

Knockout-style experiments revealed the role of each factor in
generating MHWSs through ocean stratification. We emphasize that
the climatological means of the three factors considered for knocking
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out - the daily mean wind speed, the surface salinity boundary
condition, and the initial conditions for temperature and salinity -
were maintained equal to those of full experiments. Among these
three factors, the knocking out daily wind variability generated the
most robust difference from full. Anomalous daily wind speed
variability hinders a thin ML from lasting long, which is the most
critical condition among the tested three factors against the
amplification of warm-surface anomalies. As shown in Figure 3B,
the temporal evolution of SST from April to September in Tbhar, in
which the wind speed is restricted at the climatological daily mean
strength without occasional gusts of wind, tends to reach a much
warmer temperature for a longer duration than that with full.
Whichever factor was knocked out, more MHW events were
triggered than they would with all three factors fully considered. This
indicates that anomalies that hamper MHW' s matter more than those
that facilitate them. The abnormally strong wind would deepen the
local ML and possibly help prevent MHW from occurring, while the
abnormally weak wind would not further shoal ML much, which is
already the shallowest of the year. Therefore, removing positive wind
speeds flipped many summers and locations into the MHWSs from
normal situations, whereas removing negative wind speeds did not
have turned the MHWSs into normal situations (Tbar). Similarly,
removing positive surface salinity increased the number of summers
and locations of MHWs, while removing almost no negative salinity
(Sbar). Removing the colder initial conditions increased the MHWs ,
whereas removing warmer conditions had almost no effect (Ibar).
The relevance of oceanic factors to vertical stratification was
discussed for each experiment. With full, the simulated depths of
the maximum temperature gradient in June ranged from 2 to 55 m,
with a median of approximately 12 m in the northwestern domain.
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FIGURE 3

(A) Model verification against the observation using anomaly correlation for August monthly mean SST anomalies from the hindcast experiment initialized
on the April 1°. (B) The temporal evolution of the area average temperature from the mapped region, for the model hindcast on the left and the
observation on the right. Green indicates the climatological means, and blue indicates the average development of MHW event, and its 95% uncertainty
spread shaded in light blue from the full experiments. The orange curve and shade indicate the same except for the Tbar experiment. The scatter for the
surface stratification in June (horizontal) and August (vertical) from the all stations (C) in the northwest and (D) in the southwest boxes in MHW Augusts
(magenta) and all Augusts (gray), with the titles of experiments labeled on top of each panel. The numbers of MHW occurrences in the corresponding
experiments (magenta) with respect to the full experiment (gray) are marked in the top right corner in each box. For maximum gradient in the northwest

and gradient at 20m depth in the southwest domain, respectively.

Two months later, the depth ranged from 10 m to 47 m, with a
median of approximately 15 m (Figure 3C). The relationship was
scattered, with a subtle implication of positive relationship between
the two months (slope=0.18, r=0.35, p<0.05), indicating that the
shallow depth in June ended at a shallower depth in August.
Likewise, in the southern domain, the stronger the gradient at the
bottom of the ML, the weaker the vertical mixing. Less than 5% of
MHWs would occur if the gradient was less than approximately 0.1°
C/m in June or less than approximately 0.2°C/m in August.
(Figure 3D). The positive correlation is weak, especially with the
MHWs, because the vertical stability is harder to increase further near
the upper bound. If the ML is already extremely thin in June, there is
little room to shoal in the following August. If the vertical gradient is
already substantially strong in June, strengthening further is hard in
the later summer, as the atmosphere would extract the excessive heat
out of the ocean before SST becomes too hot. With Thar, the most
dramatic change was observed in the vertical stratification. Thar
demonstrated that the vertical stratification remained strong from
the beginning of the summers without variable wind speeds beyond
the climatological mean variation. As a result of removing both
stronger and weaker wind anomalies, the ML depth in June and
August is mostly confined within a box bounded by 8 and 20 m.
Similarly in the southern domain, the maximum gradient at the
bottom of ML is never below 0.2 in June and 0.25 in August (°C/m).
As aresult, roughly 3.5 times more MHW s are generated compared to
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full. With no anomalous daily wind strength, the positive linear
relationship (in the northern domain, slope=0.14, r=0.33, p<0.05; in
the southern domain, slope=0.7, r=0.45, p<0.05) between the vertical
stratification in June and August was much more certain; otherwise,
the relationship was scattered with less significance, as shown in all
the three experiments with anomalous winds. This implies that day-
to-day wind variability plays the most critical role in regulating the
occurrence of MHWs and that the uncertainty in daily wind speed
could substantially undermine the ocean surface temperature
forecasts and the early warning of MHWSs. Although much less
robustly, both Sbar and Ibar demonstrate the asymmetric results as
well, in which the results indicate removal of one side of forcing
matters more, where both the positive and the negative anomalies
are removed.

Another important implication of Ibar experiment is whether the
cause of the positive trend in MHW frequency is the background
warming due to climate change, which could have gradually increased
the chances for the local SST to exceed the threshold for MHW
detection. If the warming due to the climate change helped efficiently
the local marine MHWs to occur, the frequency of MHWs is not
expected to increase in time without the interannually varying initial
conditions, while it is in Full. But it turns out that, the MHW
occurrences in Ibar followed those of the fully initialized cases.
Therefore, it is implied that the historical increase in MHW
frequencies has not been due to gradual rise of the local surface
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temperature, but because of more frequent set-ups of MHW -favored
conditions, such as the decreasing wind mixing.

3.3 Atmospheric pre-conditions

The strong winds associated with the MHW-preventing vertical
ocean mixing in the Yellow Sea exhibit substantial coherence with
extratropical cyclones that pass in early summers. As shown in
Figure 4, stronger-than-normal precipitation anomalies passed
eastward across the Yellow Sea approximately two days before and
two days after strong winds (top 33% daily). These precipitation
anomalies are caused by convective weather systems that typically
travel eastward along the frontal structure associated with the
Changma, which is referred to as the rainy season in Korea
between June and August, accompanied by the maturing East Asian
Summer Monsoon system across the Korean Peninsula (Wang et al.,
2001; Ha et al,, 2012). However, the meridional position of these
systems around the days of MHW events shifted northward, as if the
typical Changma front had matured unusually ahead of time. In
addition, positive interannual anomalies in the number of strong-
wind days in June were associated with a northward interannual shift
in the position of the monsoonal precipitation (Figure 5). Therefore,
the early arrival of Changma shields the local ocean surface against
MHWs in the late summer. In addition to wind mixing, the reduced
solar radiation and enhanced latent heat flux tagging along the
passing cyclones could help intensify the vertical instability via
surface cooling. Although lower-than-normal surface salinity due to
excessive precipitation may slightly reduce vertical mixing, it is
unlikely that salinity played a decisive role, as shown by the
numerical experiments in this study.

4 Summary and discussion

The MHW-driving processes in a marginal sea in East Asia were
investigated, with a focus on the role of the ocean in early summer.
In addition to the surface heat flux, upper ocean stability in early
summer is another decisive factor for MHW occurrence later in
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summer. The performance of a 1-dimsional model with variable
stratification for temperature and salinity forced with surface heat
and freshwater flux was verified with 6-month long hindcast
experiments initialized on April 1°* from 1980, to 2020. In
knockout-style experiments, the passing of mesoscale low-pressure
systems is wound, shielding the regional sea against MHWs by
causing vertical instability with wind. The experiments further
revealed the dominance of surface wind mixing over density-
driven vertical stability in triggering the individual MHW events.
Furthermore, the weakening surface wind is suggested to be
responsible for the recent increase in extreme heating events
rather than the gradual decrease in surface buoyancy due to
climate change. We suggest that the validity of our simple
hypothesis that warming sea surface temperatures due to climate
change would trigger more MHW events might be highly dependent
on regional environments, and must be rigorously tested.

It is worth to mention that the predictability presented in this
study is distinguishable from the previously suggested long-range
predictability of MHWs, which are highly dependent on ENSO
predictability (Lee et al., 2020; Capotondi et al., 2022). The former
originates from local oceanic preconditions, whereas the latter
originates mainly from the surface heat flux driven remotely by
atmospheric variability. Because it is possible that the two sources
of predictability can be partially independent of each other, further
skill improvement is expected by considering both.

Producing useful medium range forecast of MHW events in the
local ocean, in a monthly to interannual lead time, is still extremely
challenging for traditional numerical ocean models with full primitive
equations. This study indicates that improvement of the local vertical
structure in the prediction system can lead to improvement in MHW
prediction even with a 1-D ocean model solving for a simple heat
budget. Effective improvement could be made through improving the
representation of vertical mixing in the state-of-the-art ocean models,
or improvement in assimilating vertical profile data in the regions
of interest.

One of the shortcomings of this study was that the impact of
typhoons was not explicitly considered, although typhoons were
included in the surface heat flux and wind stresses in the hindcast
experiments. Typhoons were set aside from the main discussion as
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FIGURE 4

(A—E) Temporal evolution of the sea level pressure (SLP, red contours) and the precipitation (PREC, green and brown shades) anomalies before and after
the days of strong wind (top 33% daily) in June. Black arrows guide through the chronological order. Contour interval is 0.3hPa. Stipples indicate

significance at 95% level.
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Same as Figure 4, except for the linear regression coefficients of the monthly mean anomalies of the SLP and PREC associated with the standardized

monthly counts of the days of strong wind (top 33%).

160°E 180°

we decided that they were events of late summers, contributing
little to the preconditioning of MHWs. The roles of the TWC and
YSCBW have not been thoroughly considered considering the
shallow regional topography. In a first-order approximation, local
vertical stability is more important for MHW than oceanic heat
transport, as these subsurface variabilities are usually beyond the
reach of normal summer mixing. However, combined with
typhoon-scale mixing, some could have significantly affected the
summer MHWs, as in previous reports on selected years (Lee
et al., 2016).
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