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Governing factors of the
record-breaking marine
heatwave over the mid-latitude
western North Pacific in the
summer of 2021

Gyundo Pak1, Joocheul Noh2, Young-Gyu Park1,
Hyunkeun Jin1 and Jae-Hyoung Park1*

1Ocean Circulation Research Center, Korea Institute of Ocean Science and Technology, Busan, South Korea,
2School of Earth and Environmental Sciences, Seoul National University, Seoul, South Korea
During July of 2021, the sea surface temperature of the mid-latitude western

North Pacific had increased by five degrees over 10 days. This high temperature

was maintained for approximately a month before it disappeared rapidly in

approximately five days. The underlying mechanisms of this unprecedented

marine heatwave event have not yet been researched through a quantitative

approach. The development and decay processes of the marine heatwave

event were investigated using heat budget analysis and one-dimensional

modeling. In mid-July, an anomalous high-pressure atmospheric circulation,

affecting to the reduced cloud coverage and increased solar radiation,

anchored where the marine heatwave occurred. The increased solar

radiation accompanied by the weakened wind reduced the vertical mixing

and resulted in a thinner mixed-layer, which accelerated the sea surface

warming. The impact of reduced mixing is as important as the increase in

solar radiation. In mid-August, typhoon-induced entrainment mainly caused

sea surface cooling. The wind-driven mechanical mixing between warm

surface water and cooler subsurface water lowered the SST. Additionally,

evaporative cooling by strong winds, which drives buoyancy-driven vertical

mixing, contributed to the decay of the MHW. The effect of mechanical mixing

on cooling is comparable to that of buoyancy-driven mixing.

KEYWORDS
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1 Introduction

Marine heatwaves (MHW) describe the anomalous sea

surface temperature (SST) that may persist for days to months

(MHWs; Hobday et al., 2016). Due to the anomalous thermal

conditions, its impact expands to marine ecosystems and causes

devastating damages to economics and society, e.g., coral

bleaching, harmful algal blooms, and massive mortality of not

only oceanic, but also terrestrial species (Le Nohaïc et al., 2017;

Jones et al., 2018; Roberts et al., 2019; Le et al., 2020). MHWs

have been observed globally, not only in the coastal area but also

in the open sea (Olita et al., 2007; Pearce and Feng, 2013;

Dzwonkowski et al., 2020; Park et al., 2021). Owing to global

warming, the duration and intensity of MHWs have been and

will continue to increase (Hobday et al., 2018; Oliver et al., 2018;

Plecha and Soares, 2020). Under the circumstance, a better

understanding of the mechanism of MHW is essential for the

improved preparation and prevention of the damages

from MHWs.

Many studies were conducted to understand the structures

and governing processes of MHWs. Thus far, MHWs are

thought to be driven not only by large-scale climatic forcings,

such as El Niño, Pacific Decadal Oscillation, and Atlantic Multi-

decadal Oscillation (Oliver et al., 2018), but also by local or

regional atmospheric and oceanic processes, such as enhanced

solar heating due to stagnant high-pressure systems, warm

advection, and reduced vertical mixing between sub-and

surface layers. (Moisan and Niiler, 1998; Miyama et al., 2021;

Oliver et al., 2021; Mawren et al., 2022).

In mid-July 2021, the SST over the mid-latitude western

North Pacific region (35–55°N and 130–180°E) started to rise

rapidly. Over ten days, the SST increased by approximately

2–5°C (Figure 1A), and the warm state was maintained for a

month. The MHW in the concerned area abruptly disappeared

in about five days in mid-August. To date, this open ocean

MHW is record-breaking in terms of its extent, magnitude, and

time scales.

Brief mechanisms of the MHW were introduced in a

previous study from large-scale forces to the local process

(Kuroda and Setou, 2021). In early July 2021, the North

Pacific subtropical high expanded northwestward, and the

westerly jet shifted northward. These atmospheric changes

induced a positive net heat flux, and the MHW developed.

The change also weakened the wind resulting in a thinner

mixed-layer (or the upper ocean more stratified) and

consequently accelerated the SST increase. Additionally,

concerning the decay of the MHW, which was more rapid

than the development, they suggested that atmospheric cooling

and enhanced wind mixing were responsible. To better

understand this phenomenon, however, further quantitative

clarification of the governing factors is required. The relative

contribution of the net heat flux, ocean vertical mixing, and
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advection on the SST change need to be revealed. Also, it is

noteworthy that the strength of stratification near the surface,

which is inversely proportional to the vertical mixing, can be

increased by surface heat flux and reduced wind stress. Thus, the

portions of surface heat flux (i.e. buoyancy-driven mixing) and

wind stress (i.e. mechanical mixing) on the surface stratification

should be studied to better understand the development and

decay of such MHWs.

The objective of this study is to quantify the mechanisms of

the unprecedented warming and cooling during the MHW

period in the summer of 2021. We suggest possible dynamics

from the analysis of environmental conditions. Subsequently, we

compare the portions of heat flux, horizontal advection, and

ocean vertical mixing that contribute to the abrupt near-surface

temperature warming and cooling by conducting a heat budget

analysis. The contributions of mechanical mixing and buoyancy-

driven mixing to the temperature change were quantitatively

examined using a one-dimensional ocean mixed-layer model.
2 Data and method

2.1 Data

Version 2 of the daily high-resolution (1/4°) blended SST

analysis based on optimal interpolation (OISST, Reynolds et al.,

2007) during 1982–2021 was used to investigate the 2021 MHW

event in the western North Pacific. The climatology for 2001–

2020 was used as a baseline to show the MHW event,

considering recent warming trends. The anomaly is the

deviation from the climatology unless stated otherwise. As

satellite-based OISST does not provide subsurface structures,

we used daily three-dimensional 1/12° ocean temperatures and

currents from the global ocean reanalysis, widely known as

GLORYS12 (Jean-Michel et al., 2021), and operational analysis

provided by the Copernicus Marine Environment Monitoring

Service (https://marine.copernicus.eu). Both products are

provided on the same grid system. The vertical grid spacing is

about 1 m at the surface and about 15 m at the vicinity of the

100 m depth. Considering the time coverage of the model data,

the reanalysis and analysis were merged temporally with the

periods of 2001–2018 and 2019–2021, respectively. For

convenience, this merged data is hereafter referred to as

GLORYS. The choice of the periods of the reanalysis and

analysis data sets does not significantly affect the robustness of

the results.

Meteorological variables, such as the heat flux, geopotential

height, total cloud cover, and 10-m wind speed were used to

investigate the mechanisms of the MHW. Data for these

variables were obtained from hourly data of ERA5 reanalysis

(Hersbach et al., 2020) from the European Centre for Medium-

Range Weather Forecast. Considering the time interval of the
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FIGURE 1

(A) Spatial map depicting the distribution of the sea surface temperature (SST) anomaly during July 16–August 15 2021, relative to the
climatology of 2001–2020, overlaying with the total (TOT) mid-latitude in the western North Pacific (black dotted box), Oyashio Extension (OE;
red box), and East/Japan Sea (EJS; blue box) regions. (B) Time series of the 11-day moving average of the SST anomaly in TOT (black), OE (red),
and EJS (blue) regions. (C) Time series of SST tendency obtained from the 11-day moving average of the SST in TOT.
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oceanic data, the daily averages of atmospheric reanalysis were

used in this study. The best track of TyphoonMirinae for August

03–11, 2021, was obtained from the Regional Specialized

Meteorological Center of the Japan Meteorological Agency

(https://www.jma.go.jp).
2.2 Heat budget equation

Heat budget analyses were conducted to investigate

the mechanisms of MHW in the western North Pacific

during the summer of 2021. The budget equation can be

derived from the ocean temperature equation (Pak et al.,

2017). The governing equation for the ocean temperature in

z-level coordinates is

∂T
∂ t

=
1

rocp
dq
dz

− u ·∇T − w
∂T
∂ z

+ Kv
∂2 T
∂ z2

 , (1)

where T is the ocean potential temperature, q is radiative

heating, and u (u, v) and w are the horizontal and vertical

velocities, respectively. Here, we assume a constant specific heat

(cp = 3,850 J Kg-1 °C-1) and vertical eddy diffusivity (Kv = 10-4 m2

s-1). The constant Kv was come from the global averaged vertical

eddy diffusivity (Talley et al., 2011). We used a constant potential

density (ro = 1,024 kg m-3) because it varied within almost 2% of

the study region.

Taking the vertical integral of Equation (1) from time-

dependent depth h to the surface based on earlier studies

(Stevenson and Niiler, 1983; Qiu and Kelly, 1993; Vivier et al.,

2002; Dong et al., 2007; Kelly et al., 2007), we obtain

h ∂Tm
∂ t + Tm − T−hð Þ ∂ h

∂ t

= Qnet−Qz
rocp

− hum ·∇Tm −∇ ·
Z 0

−h
u0T 0dz − Tm − T−hð Þ u−h ·∇h + w−hð Þ

−Kv
∂T
∂ z jz=−h,

(2)

where Tm and um are depth-averaged T and u, respectively, from
depth h to the surface; the prime (′) indicates deviation from the

depth-averaged values; and T-h, u-h, and w-h are those at depth h.

Qnet is the net surface heat flux, the sum of the shortwave

radiation, longwave radiation, latent heat flux, and sensible heat

flux. Qz is the shortwave radiation penetrating below h. Jerlov

water type I was used to obtain the attenuation curve of

shortwave radiation (Paulson and Simpson, 1977).

Dividing Equation (2) by h and neglecting convergence of

small perturbation term ( −∇ ·
Z 0

−h
u0T 0dz), the depth-averaged

temperature tendency equation is as follows:

∂Tm

∂ t
=
Qnet − Qz

rocph
− um ·∇Tm −

1
h

Tm − T−hð ÞwE

−
1
h
Kv

∂T
∂ z

jz=−h, (3)
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where wE( =
∂ h
∂ t + u−h ·∇h + w−h) is the entrainment velocity,

which is the sum of temporal change of MLD, lateral induction,

and vertical advection effect (Kim et al., 2006).

Equation (3), which is very similar to the budget equation

of Vijith et al. (2020), states that the tendency of temperature

over layer h is the sum of the effects of the surface net heat flux

(Q), horizontal advection of depth-averaged T and u
(HADV), entrainment and detrainment (ENT), and ocean

vertical mixing at depth h (VMIX). Here, h is defined as the

mixed-layer depth (MLD), where the temperature is 2°C

different from the surface instead of using the classical

MLD criteria (De Boyer Montégut et al., 2004). With the

classical criteria, the temporal variability of MLD is too small

that ENT cannot be properly estimated in summer. Our MLD

criteria can well resolve the temporal change of upper-layer

thermal condition and this MLD will better represent the

surface stratification. The use of our MLD criteria is justified

by a good agreement between the temporal variability of the

mixed-layer temperature (MLT) and SST tendency (see

Section 4.1).

In the study region, the lateral induction and vertical

advection components of the ENT have negligible impact to

the MLT tendency (Kim et al., 2006). Thus, we only considered

the effect of the temporal change of MLD ( ∂ h∂ t ) among the

components of the entrainment velocity. Following the budget

closure of Kim et al. (2006), when calculating ENT, not only the

entrainment but also detrainment effects were regarded. As

VMIX is relatively smaller than ENT, VMIX is added with

ENT to be regarded as a term related to ocean vertical

mixing (OVMIX).

The final form of the tendency equation for the mixed-layer

becomes

MLT  tendency  =  Q  +  HADV   +  OVMIX, (4)

where MLT tendency is the temporal change in the MLT. We

refer to the residual of Equation (4) as Res.
2.3 One-dimensional mixed-layer model

The Price-Weller-Pinkel (PWP) mixed-layer model (Price

et al., 1986) was used to identify the main drivers of the MHW in

the summer of 2021. The PWP model is a simple one-

dimensional model that predicts the vertical structure of the

upper ocean based on the local air-sea fluxes of heat, freshwater,

and momentum. Because the contribution of salinity effect on

the MLD is much weaker than that of temperature effect in most

of the western North Pacific (De Boyer Montégut et al., 2007;

Kido et al., 2021), we neglect the salinity equation from the PWP

model. Thus, the model equations are as follows:

∂T
∂ t

= −
1
rcp

∂ F
∂ z

 , (5)
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∂ u
∂ t

= −f k � u −
1
r
∂G
∂ z

 , (6)

where r is the variable seawater density when the salinity is 34

psu, and f is the Coriolis parameter at 40°N and k is the unit

vector in the vertical direction. F and G represent the heat and

momentum fluxes, respectively. We also used the same

attenuation curve of shortwave radiation as in the heat budget

equation. The momentum flux is applied in the form of a body

force uniformly at the mixing layer depth (hr), defined as the

layer with a small density gradient (∂r/∂z < 10-3 kg m-4), which

indicates the bottom of the active convection (Brainerd and

Gregg, 1995). The momentum flux and wind stress (t) are

estimated as follows:

G =
t

rohr
, (7)

t = raCDU
2
10, (8)

where ra is the air density (1.22 kg m-3) and CD is a constant

drag coefficient (1.3 × 10-3). U10 is the daily wind speed at 10 m.

To account for the effect of heat and wind-induced mixing,

vertical mixing was additionally applied with parameterization

based on the density gradient and Richardson numbers. We have

three thresholds for stable conditions, as follows:

∂ r
∂ z

≥ 0 , (9)

Rib =
gDrhr
ro Duð Þ2 ≥ 2:6Ric  , (10)

Rig =
g ∂ r= ∂ z  

ro ∂ u= ∂ zð Þ2 ≥ Ric , (11)

where g is constant gravity (9.8 m s-2) and D denotes the

difference between the mixed-layer and the layer just beneath.

Rib, Rig, and Ric are the bulk, gradient, and critical Richardson

number, respectively. When each parameter exceeds the

threshold, as shown in Equations (9–11), the buoyancy and

momentum are iteratively redistributed until they are stable. The

mixing process in Equation (9) parameterizes free convection by

surface cooling, and those in Equations (10) and (11) represent

the parameterization of wind-driven entrainment and shear

instability, respectively. We used period-dependent Ric because

it depends on ocean conditions (Canuto, 1998; Mack and

Schoeberlein, 2004; Galperin et al., 2007). For July 2021, when

the stratification evolved, classical Ric (0.25) was used, assuming

a linear stable-stratified shear flow (Howard, 1961; Miles, 1961).

For August 2021, when the stratification was weakened, it was
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assumed that all shear energy was converted to potential energy

(Bye, 1988; Canuto, 1998), and thus large Ric (1.5) was used.

The model was set to 0–300 m at a 1-m vertical resolution and

integrated with one-day intervals. The daily heat flux components

and U10 were obtained from the ERA5. Detailed descriptions of

the numerical experiments, including the initial conditions and

experimental settings, are provided in Section 4.2.
3 Structure of the MHW in the
summer of 2021

The oceanic conditions of the MHW in the western North

Pacific in the summer of 2021 were first reported by Kuroda and

Setou (2021). Additionally, these authors investigated the

relevant atmospheric circulation patterns during the

development and decay of MHW. In this section, we will

revisit the structure of the MHW to provide basic information

for quantitative analysis.
3.1 Rapid warming and cooling of the sea
surface

The western North Pacific experienced an unprecedented

hot summer in 2021, as indicated by the summer SST anomaly

(Figure 1A). A positive anomalous summer SST pattern was

observed in the mid-latitude (35–50°N) regions. The maximum

positive SST anomaly was detected in the northwestern part of

the East/Japan Sea (EJS). Furthermore, the Oyashio Extension

(OE) and southern part of the Okhotsk Sea show a high SST

anomaly during this period. The time series of the 11-day

moving average of the SST anomaly indicates that the MHW

developed in the summer of 2021, lasted for approximately a

month with the highest SST ever, and then rapidly retreated

(Figure 1B). The maximum SST anomaly exceeds 2.7°C, 2.8°C,

and 4.3°C at the averaged of the total mid-latitude in the western

North Pacific (TOT, denoted in Figure 1A), OE, and EJS,

respectively. This finding is consistent with that of Kuroda and

Setou (2021) who first reported this MHW event with other

datasets. All the time series of area-averaged SST anomalies in

the EJS and OE, as well as the TOT, show similar rapid warming

and cooling characteristics in the summer of 2021. As the MHW

was rapidly and almost simultaneously developed and then

abruptly decayed over the large area of the western North

Pacific, we used the TOT region to analyze temporal surface

thermal variability. The SST tendency during the warming and

cooling periods are also unprecedentedly strong (Figure 1C).

On closer examination of the summer SST time series

(Figure 2), an MHW with a much higher SST than the

climatology was observed between mid-July and mid-August
frontiersin.org
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2021 (Figure 2A). Subsequently, SST abruptly drops by more

than one standard deviation beneath the climatological mean.

Particularly, SST increased rapidly from July 11 to 20 and

dropped from August 7 to 14 in 2021. We refer to these

periods as warming and cooling periods, respectively. The time

series of the SST tendency also clearly shows warming and

cooling periods (Figure 2B). Although the temporal variability of

SST tendency from GLORYS contains short-term variability and

cooling is more intense in a shorter period (Figures 2C, D), it is

generally similar to that from OISST (Figures 2A, B). The overall

good agreement between GLORYS and OISST justified the use

of GLORYS in subsequent analyses.
3.2 Possible factors inducing the rapid
SST changes

The MHW that quickly developed over a large area of the

western North Pacific and retreated rapidly in the summer of
Frontiers in Marine Science 06
2021 is formed likely due to air–sea interactions rather than

ocean dynamics. Hence, changes in surface heat flux and ocean

surface stratification can be considered as the causes of warming

and cooling of SST. We will examine how heat flux and

stratification can induce drastic changes in SST.

3.2.1 Surface heat flux
During summer, the surface net heat flux acts as a source of

heat for the western North Pacific (Kwon et al., 2010; Pak et al.,

2017). It is reported that the reduced release of latent heat flux

and sensible heat flux is important for many MHW events (Sen

Gupta et al., 2020; Schlegel et al., 2021). This is mainly due to

weak wind stress and a warm atmosphere overlying the ocean

surface. In addition, increased shortwave radiation is also

reported as a major cause of MHW (Liu et al., 2022).

A significant incoming net heat flux compared to the

climatology was detected during the warming period, and a

negative heat flux anomaly relative to the climatology

occurred during the cooling period (Figure 3). This is
B

C D

A

FIGURE 2

Time series plots of (A, C) sea surface temperature (SST) and (B, D) SST tendency in the total (TOT) mid-latitude in the western North Pacific
region for 2021 (solid line), climatology for 2001–2020 (dotted line), and its typical interannual variability estimated using one standard deviation
(gray shading) from the (A, B) OISST and (C, D) GLORYS. The periods of rapid warming and cooling are indicated by red and blue shadings,
respectively.
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consistent with the SST variability in the summer of 2021,

which indicated that the changes in heat flux can qualitatively

explain rapid warming and cooling. Decomposition of the

surface heat flux shows that shortwave radiation contributes to

most of the positive net heat flux anomalies during the

warming period. This implies that the MHW event

developed probably because of the increased shortwave

radiation. On the other hand, latent heat flux was mostly

responsible for the strong negative heat flux anomaly during

the cooling period. This suggests the possibility that the latent

heat flux contributes significantly on the SST drop.

Additionally, shortwave radiation decreased below one

standard deviation from the climatology during the cooling

period. Longwave radiation and sensible heat flux did not

significantly contribute to the anomalous net heat flux during

the entire analysis period. Therefore, we focused on shortwave

radiation and latent heat flux among the components of the

surface heat flux in subsequent analyses.
Frontiers in Marine Science 07
3.2.2 Surface stratification
Intensified surface stratification enhance the MHWs

(Holbrook et al., 2019). The heating of the ocean surface

further stratifies the vertical structure of the ocean by reducing

the density of the surface, which causes more intense surface

heating. Contrastingly, the cooling of the surface increases the

density of the surface water and breaks the stratification,

resulting in deepening of the MLD (i.e., buoyancy-driven

mixing). The changes in vertical mixing due to surface wind

stress can also play a similar role on the SST by creating a

difference in ocean stratification (i.e., mechanical mixing).

Here, the ocean surface stratification is represented by the

MLD because our MLD represents well the vertical gradient of

temperature, thus that of density. A shallower (deeper) MLD

implies a stronger (weaker) surface stratification. Therefore, SST

and MLD were negatively correlated with each other. In most

areas north of 35°N, the correlation between the daily time series

of SST and MLD for July–August 2021 was significantly negative
FIGURE 3

Time series plots of the surface net heat flux and its components in the total (TOT) mid-latitude in the western North Pacific region for 2021
(solid line), climatology for 2001–2020 (dotted line), and its typical interannual variability estimated using one standard deviation. Positive
indicates downward flux.
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(Figure 4A). In the TOT region (Figure 4B), the MLD was

especially shallow during the MHW period (15 July–10 August).

This negative correlation between SST and MLD does not

necessarily indicate that the SST increase is influenced by the

strengthening of surface stratification. However, it shows that

surface stratification and SST are strongly related.

Surface stratification is mostly controlled by buoyancy-

driven and mechanical mixings. Therefore, we investigated the

environmental variables involved in the change of surface heat

flux and wind during the warming and cooling periods to

understand the cause of the development and decay of the

MHW in the western North Pacific in subsequent analyses.
3.3 Atmospheric changes in the summer
of 2021

During the warming period, an anomalous high-pressure

atmospheric circulation pattern was observed over the mid-

latitude western North Pacific (Figure 5A). There are two

separate centers of the high-pressure anomaly in the EJS and

central North Pacific regions. The total cloud cover was also

reduced in relation to anomalous high-pressure circulation

patterns. Negative total cloud cover anomalies were detected

in the EJS, and there was also a band of negative total cloud cover

anomaly over 30°–40°N in the North Pacific (Figure 5B). The

reduction in total cloud cover resulted in an increase in surface

shortwave radiation (Figure 5C). This heat flux increase may

directly influence the increase in SST and cause strengthening of

the surface stratification (Figure 5E), which can also accelerate

the SST increase. Alternatively, the weakening of the surface

wind may have influenced the strong surface stratification

during the warming period (Figure 5D). Therefore, the

environmental conditions favor the increase in SST in the

western North Pacific during the warming period (Figure 5F).
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During the cooling period, the latent heat flux probably

acted in cooling the SST (Figure 3B). Several days before the

cooling period, Typhoon Mirinae passed east of Japan causing

strong anomalous surface winds in the western North Pacific

region (Figure 6A). The decrease in shortwave radiation during

the cooling period (Figure 3) is also explained by the typhoon

event because the cloud cover would be increased along the

typhoon track. This typhoon-related strong wind occurs the

strong latent heat flux release (Figure 6B), which can cause a

drop in SST. The buoyancy-driven vertical mixing by the latent

heat flux, as well as the mechanical mixing due to the strong

wind itself (Figure 6A), may deepen the surface mixed-layer

(Figure 6C). Therefore, both buoyancy-driven and mechanical

mixings favored in inducing a rapid decrease in SST during the

cooling period (Figure 6D).

The above results suggest that both the heat flux and wind

speed anomalies are favorable for inducing warming and cooling

of the SST. However, these analyses only suggest qualitative

explanation. To confirm the suggested mechanisms

quantitatively, heat budget calculation and one-dimensional

modeling are conducted, and their results are discussed in the

subsequent section.
4 Governing factors

4.1 Heat budgets

The daily time series of the area-averagedMLT tendency and

the sum of the budget terms for 2021 indicated that our heat

budget analysis was successfully conducted for the TOT region

(Figure 7A). The correlation betweenMLT tendency and the sum

of budget terms is more than 0.97, and the root-mean-square of

the Res is 0.06°C/day, which is small enough to neglect during

the July–August 2021.
BA

FIGURE 4

(A) Spatial map showing the distribution of correlation between the daily sea surface temperature (SST) and mixed-layer depth (MLD) during
July–August 2021. (B) Time series plot of SST and MLD in the total (TOT) mid-latitude in the western North Pacific region.
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The decomposition of the budget terms (Q, HADV, and

OVMIX) clearly shows the quantitative contributions of each

term on the warming and cooling periods (Figure 7B). During

the warming period, mean MLT tendency was +0.29°C/day,

which is almost explained by Q (+0.29°C/day). As only the

shortwave radiation among the heat flux components has a

significant anomaly during the warming period (Figure 3), the

SST warming is possibly caused by the increased shortwave

radiation. Additionally, the shallow MLD related to the

weakened wind can also affect the increase in SST, as Q is

inversely proportional to MLD, which is shoaling during this

period (Figure 4B). OVMIX (+0.04°C/day) does not have

significant contribution to the MLT tendency during the

warming period. However, it contributes to the short-term

scale temporal variability of the MLT tendency (Figure 7B).

The HADV has negligible impacts all the time, although it
Frontiers in Marine Science 09
almost always contributes to increase the MLT by

approximately 0.02°C/day.

The spatial distribution of each budget term also suggested

consistent results (Figure 8). The variability of the sum of the

budget terms agreed well with that of the MLT tendency during

the warming period (Figures 8A, B). This positive tendency is

well explained by Q (Figure 8C), and HADV has spatially small-

scale patterns, which are mostly canceled on average over a large

area (Figure 8D). OVMIX (Figure 8E) contributes slightly to the

MLT increase near and east of Japan, and MLT decreases near

the Eurasian continent and subtropical regions. We still have

Res, although relatively small negative values are observed north

of 30°N (Figure 8F).

During the cooling period, negativeMLT tendency (-0.29°C/

day) was mainly explained by OVMIX (-0.29°C/day) with the

minor influence of the decreased Q (-0.02°C/day) (Figure 7B).
B

C D

E F

A

FIGURE 5

Spatial maps depicting the distribution of the (A) geopotential height at 1,000 hPa (Z1000) anomaly, (B) total cloud cover anomaly, (C)
shortwave radiation anomaly, (D) 10-m wind speed anomaly, (E) ratio of the mixed-layer depth (MLD) anomaly to climatological MLD, and (F)
sea surface temperature (SST) tendency anomaly during the warming period of 2021 relative to 2001–2020.
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This implies that entrainment has a much greater contribution

to the MLT decrease than the heat flux release itself. The

entrainment is due to the deepening of the MLD (i.e.,

weakening of surface stratification), which is caused by

intensified buoyancy-driven mixing and/or mechanical mixing,

both of which are due to increased surface wind speed. At the

early stage of the cooling period,HADV showed the largest value
Frontiers in Marine Science 10
(0.08°C/day) but did not significantly affect the overall

tendency variability.

Consistent findings were observed in the spatial

distribution during the cooling period (Figure 9). The MLT

decrease was the most vigorous in the EJS and east of Japan

(Figure 9A), and the budget equation closed well (Figure 9B).

OVMIX played a significant role in the negativeMLT tendency
B

C D

A

FIGURE 6

Spatial maps depicting the distribution of the (A) 10-m wind speed anomaly with best track of Typhoon Mirinae, (B) latent heat flux anomaly, (C)
ratio of the mixed-layer depth (MLD) anomaly to climatological MLD, and (D) sea surface temperature (SST) tendency anomaly in the cooling
period of 2021 relative to 2001–2020.
BA

FIGURE 7

Time series plots illustrating the (A) mixed-layer temperature (MLT) tendency (solid line), sum of tendency budget terms (dotted line), and sea
surface temperature (SST) tendency (circles), and (B) MLT tendency due to surface heat flux (Q; solid line), ocean vertical mixing and
entrainment/detrainment terms (OVMIX; dotted line), and horizontal advection (HADV; circles) overlaying with MLT tendency (thick gray line) in
the total (TOT) mid-latitude in the western North Pacific region.
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with the center of action in the EJS (Figure 9E). Q also

contributes minorly to cooling the MLT, but with a positive

MLT tendency in the other region (Figure 9C). HADV and Res

also contributed minorly to the MLT tendency during the

cooling period (Figures 9D, F).

Stronger buoyancy-driven and mechanical mixings, both due

to the strong surface wind anomaly, could lower SST. However,

the quantitative contributions of both mixing mechanisms cannot

be estimated using heat budget analysis. Simultaneously, the

relative contribution of increased shortwave radiation and

weakened wind speed during the warming period is not

investigated yet. In the subsequent section, sensitivity tests with

a one-dimensional model will provide the contributions of each

mechanism to the SST changes. The negligible impact of HADV

guarantees the applicability of the one-dimensional model.
Frontiers in Marine Science 11
4.2 Buoyancy versus wind mixing
driven changes

To analyze the impact of shortwave radiation, latent heat

flux, and wind speed on the warming and cooling of the MLT in

the summer of 2021, we conducted sensitivity tests with a one-

dimensional model. For every experiment, the first initial

condition was taken from the area-averaged temperature

profile of GLORYS in the western North Pacific region in July

10, 2021, which was just before the warming period. After

integration for the warming period, all the experiments were

re-initialized with the temperature profile on August 6, 2021 and

integrated during the cooling period.

Five experiments were conducted for the sensitivity tests

(Table 1). The CTRL is driven by the area-averaged time series
B

C D

E F

A

FIGURE 8

Spatial maps depicting the distribution of mixed-layer temperature (MLT) tendency budgets during the warming period: (A) MLT tendency, (B)
sum of budget terms, (C) surface heat flux term (Q), (D) horizontal advection term (HADV), (E) ocean vertical mixing term (OVMIX), and (F)
residuals (Res).
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of realistic forcing conditions of shortwave radiation, longwave

radiation, latent heat flux, sensible heat flux, and wind stress in

2021 (Figure 10). The CLIM is forced by climatological forcing

conditions, which are defined as the 11-day moving-averaged

climatology for 2001–2020. We also conducted experiments to

isolate the contributions of shortwave radiation, wind stress, and
Frontiers in Marine Science 12
latent heat flux. The SOLAR uses the 2021 forcing condition of

shortwave radiation, while the climatological forcing is used for

other variables. Similarly, the WIND and LATENT used 2021

forcing conditions of wind stress and latent heat flux, respectively,

with climatological forcing for other variables. As the variability of

the longwave radiation and sensible heat flux was negligible
B

C D
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FIGURE 9

Spatial maps depicting the distribution of mixed-layer temperature (MLT) tendency budgets during the cooling period: (A) MLT tendency, (B)
sum of budget terms, (C) surface heat flux term (Q), (D) horizontal advection term (HADV), (E) ocean vertical mixing term (OVMIX), and (F)
residuals (Res).
TABLE 1 Forcing conditions for sensitivity tests of one-dimensional model.

Shortwave radiation Wind stress Latent heat flux Longwave radiation Sensible heat flux

CTRL 2021 2021 2021 2021 2021

CLIM Climatology Climatology Climatology Climatology Climatology

SOLAR 2021 Climatology Climatology Climatology Climatology

WIND Climatology 2021 Climatology Climatology Climatology

LATENT Climatology Climatology 2021 Climatology Climatology
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(Figure 3), we did not separately consider both, and only

climatological values were applied in the three experimental runs.

A comparison of MLT from GLORYS, CTRL, and CLIM

suggests that our one-dimensional model successfully

reproduced the warming and cooling periods in the summer

of 2021 (Figures 11A, B). During the warming period

(Figure 11A), MLTs from the SOLAR and WIND suggest that

both shortwave radiation and wind stress contribute significant

warming with a bit more contribution from the increased

shortwave. The effect of shortwave radiation shoaling on the

MLD was relatively smaller than that of the wind stress

(Figure 11C). The positive anomaly of the latent heat flux

during the warming period (Figure 10) also contributed to the

warming of SST. However, the impact of the latent heat flux

anomaly on the MLT and MLD seemed to be less than those of

the shortwave radiation and wind stress (Figures 11A, C).

During the cooling period, the CTRL, WIND, and LATENT

capture the cooling of the MLT and deepening of the MLD

(Figures 11B, D), indicating that both the increased wind stress

and heat flux release during the cooling period (Figure 10) have a

significant impact on the SST drop. At the early stage of the

cooling period, the influence of the wind stress, i.e., mechanical

mixing, has a greater contribution to the cooling than the latent

heat flux release. Subsequently, at the end of the cooling period,

the contribution of the latent heat flux became almost the same

as that of the wind stress (Figure 11B), indicating that the

contribution of buoyancy forcing and mechanical mixing on

the SST drop during the cooling period was comparable.

Mechanical mixing causes the SST to decrease faster than the

buoyancy forcing because the timing when the strengthening of

the wind stress started earlier than the drop of latent heat flux

(Figure 10). The deepening of the MLD from the WIND (i.e.,

mechanical mixing) is much deeper than that from LATENT

(i.e., buoyancy-driven mixing; Figure 11D), which indicates that

mechanical mixing by the typhoon-induced wind is responsible
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for the change in the surface stratification during the cooling

period. Shortwave radiation also decreased during the cooling

period (Figure 10); however, its contribution to the cooling of

the MLT was negligible (Figure 11B).
5 Summary and concluding remarks

A record-breaking MHW event, with not only anomalously

high SST but also unprecedented strong warming and cooling

tendencies, in the western North Pacific during the summer of

2021 (Figure 1). The mechanisms underlying rapid warming and

cooling were investigated using qualitative and quantitative

approaches. We found that anomalous heat flux (Figure 3)

and ocean surface stratification (Figure 4) can result in rapid

warming and cooling of SST. Therefore, we investigated the

period-average of the anomalous meteorological variables

related to the changes in heat flux and surface stratification to

understand the process of the development and decay of the

MHW. The anomalous strong shortwave radiation and weak

wind speed, possibly affected by the high-pressure atmospheric

circulation, were responsible for the rapid warming (Figure 5).

After a-month-persisting of the MHW, MHW was disappeared

due to the strong surface wind induced by typhoon

events (Figure 6).

The mechanisms listed above are confirmed by heat budget

analysis. Our heat budget analysis successfully separated the

MLT tendency into the Q, HADV, and OVMIX. Mean MLT

tendency during the warming period was +0.29°C/day and this is

almost explained by Q (+0.29°C/day) with negligible OVMIX

contribution (+0.04°C/day). On the other hand, during the

cooling period, mean MLT tendency (-0.29°C/day) was mostly

affected by OVMIX (-0.29°C/day) with minor influence of Q

(-0.02°C/day). HADV has a negligible influence on both the

warming and cooling periods (Figure 7B). These results suggest
FIGURE 10

Time series plots of 2021 (solid) and climatological (dotted) forcing data for one-dimensional model. Red, blue, and purple indicate shortwave
radiation, wind stress, and latent heat flux, respectively.
frontiersin.org

https://doi.org/10.3389/fmars.2022.946767
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Pak et al. 10.3389/fmars.2022.946767
that the intensified shortwave radiation income and weakened

wind during mid-July 2021 were enough to make the rapid

warming of SST. Also, the deepening of MLD due to the

mechanical and buoyancy-driven mixing was responsible for

the SST drop during mid-August 2021.

Sensitivity tests with a one-dimensional model further

confirmed the contribution of each forcing mechanism to the

warming and cooling events. During the warming period, both

the increased shortwave radiation and weakened wind stress

were comparably responsible, but a bit more contribution from

the shortwave radiation, for the increase in MLT, while the

shoaling of the MLD was better explained by the weakened wind

stress. During the cooling period, buoyancy forcing and

mechanical mixing, both due to the typhoon event,
Frontiers in Marine Science 14
contributed similarly to the decrease in MLT. However, the

deepening of the MLD is better explained by mechanical mixing

due to the increased momentum flux compared to the latent heat

flux release under the influence of Typhoon Mirinae.

Our findings are consistent with those of Kuroda and Setou

(2021), who first reported extensive MHW in the western North

Pacific in the summer of 2021. These authors pointed out that

surface heat flux and surface stratification are likely related to

MHW events. However, we took a closer look at the cooling

period than Kuroda and Setou (2021) and showed a possible

relationship with the typhoon event. Additionally, we have

provided sufficient additional information through the heat

budget calculation. The heat budget analysis confirmed that

both increased shortwave radiation and weakened surface
B

C D

A

FIGURE 11

Time series plots of (A, B) mixed-layer temperature (MLT) and (C, D) mixed-layer depth (MLD) from CTRL (black solid), CLIM (black dotted),
SOLAR (red), WIND (blue), and LATENT (purple) overlaying those from ocean analysis data (GLORYS; gray) during the (A, C) warming period and
(B, D) cooling period.
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stratification contributed to the rapid warming. Additionally, the

heat budget analysis shows that the effect of ocean vertical

mixing dominates that of heat flux release during the cooling

period. We also suggested the contribution of shortwave

radiation, latent heat flux, and wind stress on warming and

cooling periods using a one-dimensional mixed-layer model.

These results are the novelty of this study and can only be

confirmed through heat budget analysis and modelling studies.

Such additional information will aid to enrich our

understanding of unprecedented MHW.
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