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This study investigated an extreme sea surface warming in the midlatitude western
North Pacific (MLWNP) during the summer of 2012. The 2012 extreme event was
characterized by warm sea surface temperature anomaly (SSTA) extending from
the East/Japan Sea to central North Pacific. The SSTA box—averaged over the
MLWNP (130-180°E, 33—-50°N) in 2012 ranked as the third warmest in recent four
decades, which has caused intense marine heatwaves in this region. During the
summer of 2012, a positive Indian Ocean Dipole event co-occurred with El Nifio,
favoring anomalous moisture transport between the two basins that caused
enhanced convection in the South China and Philippine Seas and western—to—
central subtropical Pacific. The enhanced convective activities triggered two
meridional atmospheric Rossby wave trains to form strong atmospheric blocking
high—pressure systems in the MLWNP. This reduced the total cloud cover and
surface wind speed, enhancing insolation and reducing the release of latent heat
flux. In addition, the weakened wind strengthened the stratification and shoaled
the mixed layer. As a result, the increased net heat flux into the ocean
accompanied by a shallower mixed layer contributed to the upper ocean
warming in the MLWNP. Meanwhile, the North Pacific was dominated by a
negative phase of Pacific Decadal Oscillation (PDO), significantly contributing to
warm SSTAs in the MLWNP in 2012. Consequently, the 2012 extreme warming in
the MLWNP was the results of the combination of atmospheric Rossby waves and
PDO. Our study highlighted the roles of high—frequency atmospheric
teleconnection and low—frequency PDO in extreme sea surface warming in
the MLWNP.
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1 Introduction

Extremely hot events have increased in frequency and intensity
under global warming (Amaya et al., 2020; Holbrook et al., 2019;
Oliver et al., 2018). These hot extremes caused heatwaves over land
and oceans (marine heatwaves, MHWs), severely affecting the
human health, economy, marine ecosystem and fisheries (Gomes
et al,, 2024; Hayashi et al., 2022; Hong et al., 2023; Hua et al., 2023;
Oliver et al., 2021; Perkins-Kirkpatrick and Lewis, 2020; Zhang
et al., 2024). For example, the blob event of 2013-2015, the largest
MHW in the northeastern Pacific, seriously affected the marine
ecosystem and socio-economically important fisheries (Bond et al.,
2015; Cavole et al., 2016; Smale et al., 2019). The unprecedented
2022 heatwaves swept across Europe and Asia: the United Kingdom
and China experienced the warmest summer on record (Herrera-
Lormendez et al., 2023; Li X. et al, 2023; Song et al.,, 2024).
Moreover, the 2022 heatwaves over Europe and China caused the
record-breaking Pakistan flood, resulting in over 30 million people
homeless and economic losses of 30 billion dollars (Hong et al.,
2023; Tang et al.,, 2023). Thus, it is necessary to understand the
causes of hot extremes to enhance predictability and to minimize
their adverse impacts.

In summer, the Indo-Northwest Pacific is a region of the
warmest water (warm pool) among world’s oceans (Xie et al,
2016). Air-sea interactions over the warm pool play crucial roles
in the Asian Summer Monsoon variability (Huang and Sun, 1992;
Wang et al., 2000). For example, anomalous convective activities
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over the South China and Philippine Seas (SCPS) can trigger the
Pacific-Japan (PJ]) pattern, an atmospheric pattern that dominates
the weather and climate variability over the East Asia and western
North Pacific (WNP) during boreal summer (Kubota et al.,, 2016;
Lee et al., 20205 Nitta, 1987; Xie et al., 2016). Since firstly discovered
by Nitta (1987), the PJ teleconnection was recognized as an
important trigger of the summer hot extremes over Korea-Japan
and WNP (Kosaka and Nakamura, 2006; Noh et al., 2021, 2023;
Woakabayashi and Kawamura, 2004; Yeo et al., 2019). In particular,
Noh et al. (2023) highlighted the roles of atmospheric processes in
the sea surface warming over the midlatitude WNP (MLWNP) and
considered the PJ teleconnection as “atmospheric pathway” in the
developing of MHWs in this region.

During July-September (JAS) of 2012, anomalous sea surface
warming occurred in the MLWNP (Figure 1A). The sea surface
temperature anomaly (SSTA) box-averaged over the MLWNP
(130-180°E, 33-50°N) in 2012 was slightly lower than two
leading extreme warming events of 2021-2022, and ranked as the
third warmest in recent four decades. To date, the 2012 extreme
warming event in the MLWNP was reported by only a few
investigators (Du et al., 2022; Kawai et al., 2015; Miyama et al,,
2021). For example, Miyama et al. (2021) studied the interannual
variability of SST over the Oyashio region (143-147°E 40-43°N)
and concluded that oceanic current and mesoscale eddy played
important roles in the anomalous warming in the Oyashio region in
recent years. Li et al. (2024) reported the co-occurrence of a positive
Indian Ocean Dipole (pIOD) event and El Nifio during the summer
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FIGURE 1

Anomalies of SST (A; units: °C), 2 m air temperature (B; units: °C), sea level pressure (C; shading, units: hPa) and 10 m wind (C; vectors, units: m/s)
averaged during July—September of 2012. The red box (130-180°E, 33—-50°N) highlights the extreme sea surface warming in the MLWNP. (D)
Interannual variability of monthly SSTA box—averaged over the MLWNP during 1983-2022. The black line indicates the trend of SSTA and the purple

circle represents the third warmest SSTA in September 2012.
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of 2012, which favored an anomalous cyclone accompanied by
enhanced convection in the SCPS. As a companion paper of Li et al.
(2024), this study investigated the cause of the extreme sea surface
warming in the MLWNP during the summer of 2012. We showed
that the air-sea interactions associated with the co-occurrence of
pIOD and El Nifio triggered atmospheric teleconnection that played
an important role in forming the 2012 extreme warming in
the MLWNP.

The rest of this paper was organized as follows. In Section 2, we
described the data and methods used in this study. In Section 3,
various observational and reanalysis datasets were used to
investigate the characteristics and trigger mechanisms of the
extreme sea surface warming in the MLWNP during the summer
of 2012. The main results in this study were discussed in Section 4,
and a conclusion was provided in Section 5.

2 Materials and methods
2.1 Data

We used the 0.25°%0.25°, daily and monthly satellite SST from
the National Oceanic and Atmospheric Administration Optimum
Interpolation Sea Surface Temperature (OISST) High Resolution
Dataset Version 2 (Reynolds et al., 2007). The monthly atmospheric
reanalysis datasets, including 10 m winds, sea level pressure, 2 m air
temperature, precipitation, vertically integrated water vapor, total
cloud cover, surface heat fluxes (shortwave radiation, longwave
radiation, latent heat flux and sensible heat flux), geopotential
height, horizontal wind and pressure velocity (omega, ®) at
pressure levels, were provided by the 0.25°x0.25° European
Centre for Medium-Range Weather Forecasts ERA5 reanalysis
(Hersbach et al,, 2020). The monthly National Oceanic and
Atmospheric Administration outgoing longwave radiation (OLR)
data (Liebmann and Smith, 1996) were used to estimate the
convective activities. We used the global, 0.25°x0.25° surface
geostrophic current for 1993-2022 from the Copernicus Marine
and Environment Monitoring Service (CMEMS). The CMEMS
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global gridded Level-4 data are produced using measurements
from all available satellite altimeters. The 1°x1°, monthly global
gridded Argo data (temperature and salinity) with 27 standard
levels (0-2000 m) and temporal coverage from 2005 to 2020 were
provided by International Pacific Research Center. For all variables
(except the Argo dataset), the anomalies were derived by
subtracting the monthly climatology from the data during
1983-2022.

2.2 Methods

2.2.1 PJ index

Followed the study of Yeo et al. (2019), we defined the PJ index
as the differences between the 850 hPa geopotential height anomaly
averaged over the region around Japan (130-160°E, 35-45°N) and
SCPS (115-140°E, 15-25°N). The P]J events were selected based on
+0.75 standard deviation of the JJAS (June-September) PJ index,
respectively. During a positive PJ event, high geopotential height
anomaly occurred over the region around Japan and low
geopotential height anomaly occurred in the SCPS (Kubota et al.,
20165 Nitta, 1987). We used the JJAS 850 hPa geopotential height
anomaly from the ERA5 reanalysis dataset during 1983-2022 to
estimate the PJ index. According to these criteria, 34 positive PJ
events and 40 negative PJ events were identified. For example, a
strongest positive PJ event occurred in July 2018 and three positive
PJ events occurred in June, August and September 2012 (Figure 2).

2.2.2 Mixed layer heat budget

A mixed layer heat budget was estimated to determine the
dominant processes responsible for 2012 extreme warming in the
MLWNP region (Amaya et al,, 2021):
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Interannual variability of JJAS PJ index during 1983-2022. The blue lines indicate the +0.75 standard deviation of the JJAS PJ index to identify
positive and negative PJ events, respectively. The red bars highlight the positive PJ index during JJAS of 2012.
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layer depth H were derived from the 1°x1°, monthly Argo dataset
from 2005 to 2020; The downward net heat flux Q (the sum of
shortwave radiation, longwave radiation, latent heat flux, and
sensible heat flux) was provided by the ERA5 reanalysis dataset;
po and C, denote the sea water density (1025 kg m™) and specific
heat capacity (3996 J kg'l K, respectively; We used linear
interpolation to regrid the net heat flux Q onto the 1°x1° grid of
the Argo data, and derived the monthly anomaly by removing the
climatology. Limited by the temporal coverage of the Argo data, the
heat fluxes from 2005 to 2020 were used to derive their climatology
states to estimate the mixed layer heat budget terms. As interpreted
by Amaya et al. (2021), Equation 1 means that positive net heat flux
anomaly over a thin climatological mixed layer (term II) and
shoaling of mixed layer depth (term III) can contribute to upper
ocean warming.

The mixed layer depth was calculated using the monthly three-
dimensional Argo temperature and salinity. The definition of mixed
layer depth was based on a variable density criterion (Kara et al,
2000; Li et al., 2021) as follows:

Ao = o,(Ty — AT, Sy, Py) — 0:(Ty, So» Py), (2)

where Ao is the density difference from the surface to the base
of the mixed layer depth and T, Sy and P, are the surface values of
sea temperature, salinity and pressure, respectively. o; is the surface
density (kg/m?). The mixed layer depth was defined as the depth at
which the density increase Ao from the surface value is equal to the
temperature decrease by AT (0.5°C) (Li Z. et al., 2023).

2.2.3 Wave activity flux

To analyze the propagation of Rossby wave energy, the
horizontal wave activity flux was calculated using the formula
(Takaya and Nakamura, 2001):

u, v\ 2w v [avav @y

— peosg | meoe [\51) TV Tr| Y awre [ar a0~V ah0e 3)
N S 2u 2y S \2 2w
2 U[ . U Y oy —l//’ Y + Ve ( Y _V/I 14
a’cos’ @ | 9L 0@ 040 @ a’ 0 ¢’

Where W), is the horizontal WAF vectors, the ¢ and A denote
latitude and longitude, respectively; the vector U, = (u,v,)

represents the climatological mean horizontal winds in zonal and
meridional direction, respectively; y’ indicates the anomaly of
stream function; a = 6.37 x 10°m is the Earth’s radius, and p=
(pressure/1000 hPa).

2.2.4 Definition of MHWs

A MHW was defined as an anomalously warm event in which
the SST is above the 90th percentile threshold for more than five
days (Hobday et al, 2016). The threshold and climatology were
derived from the daily OISST dataset during the period of 1983-
2022. We described the MHWSs characteristics by a set of specific
metrics, including the duration (the total number of MHW days in
each year), cumulative intensity (the integrated intensity over the
duration of the event), and frequency (the total number of all MHW
events in each year).
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3 Results

3.1 Extreme sea surface warming in the
MLWNP during 2012 summer

Figure 1A shows the spatial pattern of SSTA in the Indian
Ocean and Pacific averaged during JAS of 2012. The SSTA showed
striking regional features in the equatorial Pacific, tropical Indian
Ocean and WNP, respectively. Warm SSTA occurred in the eastern
equatorial Pacific and a zonal dipole pattern of SSTA was
recognized in the tropical Indian Ocean. These features reflected
the co-occurrence of a pIOD event and El Nifio during the summer
of 2012 as suggested by Li et al. (2024). In addition, warm SSTA
occurred in the MLWNP and cold SSTA occurred in the subtropical
WNP, forming a clear meridional dipole pattern. The 2 m air
temperature anomaly showed a similar meridional dipole pattern in
the WNP, particularly with high temperatures in the downstream of
the Kuroshio-Oyashio Extension (KOE, 150-170°E, 37-45°N)
(Figure 1B). These features indicated an organized PJ
teleconnection pattern over the WNP during the summer of
2012. Nitta (1987) and Kubota et al. (2016) proposed that a
positive PJ pattern was accompanied by cyclonic/anticyclonic
surface anomalies over the tropical/midlatitude WNP. Figure 1C
clearly showed a high sea level pressure anomaly associated with
strong anticyclonic surface wind anomalies over the MLWNP. Such
a strong anticyclone (high sea level pressure anomaly) spanned
from the East/Japan Sea (EJS) to central North Pacific, forming
atmospheric blocking high-pressure systems over the MLWNP. In
addition, a low sea level pressure anomaly associated with cyclonic
surface wind anomalies was recognized in the SCPS. These
anomalies confirmed that a positive PJ teleconnection pattern
occurred concurrently with the extreme sea surface warming in
the MLWNP during the summer of 2012. The SSTA box-averaged
over the MLWNP (130-180°E, 33-50°N) in September 2012 was
slightly lower than that in July 2021 and September 2022
(Figure 1D), two leading hot extremes widely concerned in recent
years (Du et al., 2022; Pak et al.,, 2022; Song et al., 2024).

3.2 Composite analysis

In the composite analysis of PJ events, the summer means June
to September (JJAS). While, in 2012, we used July to September
(JAS) to present summer because the extreme surface warming
occurred primarily during this period. Figure 2 shows the
interannual variability of JJAS PJ index estimated from the 850
hPa geopotential height anomaly based on the ERA5 reanalysis
dataset. Strong positive PJ events were identified in 1984, 2004,
2012, 2018 and 2021, which were considered as triggers of the hot
summers over Korea-Japan (Du et al, 2022; Kuroda and Setou,
2021; Nitta, 1987). In the following, these positive PJ events were
used for composite analysis. Figure 3 shows the atmospheric
anomalies in the WNP for composite positive PJ events (the 2012
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FIGURE 3

Composite of atmospheric anomalies for 34 positive PJ events during 1983-2022. (A) 2 m air temperature (°C), (B) 850 hPa stream function (10® m?
s, (C) outgoing longwave radiation (W/m?), (D) precipitation (mm/month), (E) total cloud cover (%) and (F) shortwave radiation (W/m?). In Panel B,
the vectors represent the 850 hPa wave activity flux (m? s™) to characterize the meridional atmospheric Rossby waves originated from the SCPS.

PJ events were excluded). The 2 m air temperature anomaly clearly
shows a meridional dipole pattern, particularly with warming over
the MLWNP. This warming pattern extends from Korea to the KOE
region with a warming center around north Japan (Figure 3A). Such
a dipole pattern is due to the poleward propagations of atmospheric
Rossby waves originated from the SCPS (Huang and Sun, 1992;
Nitta, 1987; Noh et al., 2021; Xie et al., 2016). Figure 3B shows the
wave activity flux vectors to characterize the propagations of
atmospheric Rossby waves in the WNP. The direction and
magnitude of the vectors represent the waveguide and group
velocity of the Rossby waves, respectively. It is evident that the
Rossby wave fluxes originate from the tropical WNP and propagate
northeastward to the MLWNP. These Rossby waves are triggered by
anomalously enhanced convective activities along with increased
precipitation over the SCPS (Figures 3C, D). Guided by the
southwesterly winds associated with the WNP Subtropical High,
these Rossby waves propagate northeastward and profoundly affect
the summer climate in the MLWNP. For example, influenced by
these poleward Rossby waves, the MLWNP is characterized by
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high-geopotential (high-pressure) anomalies associated with
anomalous anticyclonic circulation (Figure 3B). As a result, the
high-pressure systems reduce the total cloud cover and enhance the
insolation (Figures 3E, F), thereby leading to anomalous surface
warming in this region. These results are consistent with the
findings in previous studies (Kubota et al., 2016; Lee et al., 2020;
Noh et al., 2023; Yeo et al., 2019).

3.3 Atmospheric teleconnection in the
WNP during 2012 summer

3.3.1 Two meridional Rossby wave trains and
their impacts on atmospheric conditions

Figure 4 shows the 850 hPa stream function anomaly and the
estimated wave activity flux in the WNP to characterize the
propagations of atmospheric Rossby waves during JAS of 2012. It
was clearly that one Rossby wave train originated from the SCPS
and propagated to Korea-Japan, which was consistent with that in
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FIGURE 4

Two meridional atmospheric Rossby wave trains in the WNP during JAS of 2012: 850 hPa stream function anomaly (color, 10° m? s™) overlapped

with the estimated wave activity flux (vector, m? s72).

the composite positive PJ events. On the other hand, another
Rossby wave train originated from the western-to-central
subtropical Pacific and propagated to the KOE region. This
Rossby wave train was different from that in the composite
positive PJ events (Figure 3B). Moreover, we found that these two
meridional Rossby wave trains converged over the downstream of
the KOE region, contributing to high-geopotential (high-pressure)
anomalies over the MLWNP. In the following, we examined how
the blocking high-pressure systems affected the atmospheric
conditions in the MLWNP during the summer of 2012.

We primarily focused on how the atmospheric conditions
triggered the extreme sea surface warming in the MLWNP during
the summer of 2012. Therefore, the central North Pacific was not
concerned in this section although prominent features were also
noted in this region. Figure 5 shows the anomalies of atmospheric
variables (total cloud cover, 10 m wind speed and surface heat
fluxes) in the WNP during JAS of 2012. It clearly showed that
negative total cloud cover anomalies occurred in the MLWNP, and
positive total cloud cover anomalies occurred over the SCPS
(Figure 5A). These features were consistent with those in the
composite positive PJ events (Figure 3E). The 10 m wind speed
showed negative anomalies in the MLWNP and positive anomalies
in the SCPS as well as the western—to—central subtropical Pacific
(Figure 5B). This indicated that the surface wind speed was
weakened in the MLWNP. From an overall view, the shortwave
radiation and latent heat flux anomalies had much larger
magnitudes than the longwave radiation and sensible heat flux
anomalies in the WNP (Figures 5C-F). This suggested that the
longwave radiation and sensible heat flux anomalies can roughly be
omitted in the following analysis. The shortwave radiation anomaly
showed a similar pattern as that of the total cloud cover anomaly:
positive shortwave radiation anomalies were recognized over the
band of 30-40°N in the MLWNP and negative shortwave radiation
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anomalies occurred over the SCPS (Figure 5C). This indicated that
the reduced total cloud cover contributed to enhanced insolation
into the MLWNP. The upward latent heat flux showed negative
anomalies (< -20 W/m?) in the MLWNP, indicating less heat loss
from the ocean to the air. The decreased latent heat flux was due to
the weakened wind speed and drier air conditions in this region. As
shown below, the enhanced shortwave radiation and reduced latent
heat flux led to increased net heat flux in the MLWNP.

3.3.2 Mixed layer heat budget during JAS of 2012

Figure 6A shows the SSTA averaged during JAS of 2012 based
on the Argo data (2005-2020). It showed good agreements between
the SSTA of Argo and OISST datasets in terms of the spatial pattern
and magnitude (Figures 1A, 6A). In particular, the Argo data can
well reproduce the extreme sea surface warming in the KOE region.
We estimated the mixed layer depth H as well as the anomaly H’
using the three-dimensional Argo temperature and salinity, and
derived the mixed layer temperature anomaly T, (Figure 6B). As
ar

ar
net heat flux (positive Q') and shoaling of mixed layer depth

shown in Equation 1, positive can be contributed by increased
(negative H'). The mixed layer depth anomaly H' averaged
during JAS of 2012 clearly showed negative values in the KOE
region (Figure 6C), suggesting shoaling of the mixed layer depth. In
addition, the net heat flux anomaly Q' showed positive values (> 30
W/m®) in the KOE region and negative values in the central North
Pacific (Figure 6D). In the following, we estimated the mixed layer
heat budget terms to examine the dominant processes responsible
for the extreme warming in the MLWNP during the summer
of 2012.

The aa—Ttl showed positive values (> 1.5°C/month) in the KOE
region and negative values (< -0.5°C/month) in the central North
Pacific (Figure 6F), suggesting warming and cooling in the two
regions, respectively. Term II showed a very similar pattern as the
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net heat flux anomaly Q' (Figures 6D, F): positive values occurred in
the KOE region, and negative values occurred in the central North
Pacific. This strongly reflected that increased (decreased) net heat
flux contributed to anomalous warming (cooling) over a shallow
mixed layer depth in the two regions, respectively. In contrast, term
III showed a similar pattern as the mixed layer depth anomaly H'
(Figures 6C, G): positive values extended from the KOE region to
northeast Pacific, and negative values occurred in the central
subtropical Pacific. This indicated that shoaling (deepening) of
mixed layer depth also contributed to anomalous warming
(cooling) in these regions. We now focused on the spatial
patterns of term I, term II and term III in the MLWNP to
quantify the roles of Q" and H' in forming the anomalous
warming during the summer of 2012. In the upstream of the
KOE region, the increased net heat flux (positive Q') and shoaling
of mixed layer depth (negative H') contributed to significant mixed
layer warming tendency (38—7;’ > 0). In the downstream of the KOE,
the negative Q' cooled the mixed layer temperature anomaly, while
T

at
contributed to positive aa—Tt/ that overwhelmed the cooling by

was positive in this region. This reflected the negative H'
negative Q. Figure 6H shows the spatial pattern of the residual

between term I and term II, term III. From an overall view, the
residual was small (negative values) in the KOE region and was
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relatively larger (positive values) in the central North Pacific. This
indicated that other processes such as horizontal advection and
vertical entrainment also played roles in forming the surface
warming during the summer of 2012. Figure 7 shows the
temporal evolution of these terms box-averaged over the region
of 140-180°E, 35-50°N in 2012. The time series of term II and term
III showed consistent temporal variations with term I. The seasonal
(January-March, April-June, July-September, October-December)
mean residual showed very small values during summer. This
indicated the good efficiency of Equation 1 especially when the
mean mixed layer is shallow during summer (Amaya et al., 2021).

3.3.3 Air—sea interactions in the Indo—
West Pacific

Previous studies showed that PJ teleconnection associated with
meridional atmospheric Rossby waves was triggered by anomalous
convection over the western tropical Pacific (Huang and Sun, 1992;
Kosaka and Nakamura, 2006; Lee and Lee, 2016; Nitta, 1987; Noh
et al., 2023; Wang et al., 2000; Xie et al., 2016). As shown in Li et al.
(2024), a strong pIOD event co-occurred with El Nifio during the
summer of 2012. In the following, we examined the air-sea
interactions associated with the combination of the two events in
2012. In the tropical Indian Ocean, positive (negative) OLR
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(precipitation) anomalies were found over the eastern tropical
Indian Ocean and Maritime Continent, and negative (positive)
OLR (precipitation) anomalies were recognized over the western
tropical Indian Ocean (Figures 8, 9C). This pattern reflected the
influences of tropical Indian Ocean Walker Circulation associated
with the pIOD 2012 (Figure 10C), which has been confirmed in the
study of Li et al. (2024). In the equatorial Pacific, the atmospheric
anomalies were complex and can be attributed to the phase
transition of ENSO during 2011-2012. From October 2011 to
February 2012, the 2011 La Nifia induced enhanced Pacific
Walker Circulation with an ascending branch over the western
equatorial Pacific and a descending branch over the central
equatorial Pacific (Figure 10A). Consequently, above normal
precipitation (enhanced convection) was found over the Maritime
Continent and western equatorial Pacific, and below normal
precipitation (suppressed convection) was recognized over the
central equatorial Pacific (Figure 9A). In the following months,
the La Nifa transited to El Nifio and the Pacific Walker Circulation
varied accordingly (Figures 9B, 10B).

During the summer of 2012, the warm SSTA associated with El
Nifio weakened the descending branch of the Pacific Walker
Circulation and an ascending branch occurred over the western
equatorial Pacific. This ascending branch together with the
descending branch over the eastern tropical Indian Ocean formed
an organized Walker Circulation over the Indo-Western Pacific
(Figure 10C). The vertically integrated water vapor fluxes clearly
showed moisture transport from the eastern tropical Indian Ocean
and western—to—central equatorial Pacific, which was caused by the
Walker Circulation over the Indo-Western Pacific. The moistures
transported from the two basins converged over the western
equatorial Pacific, leading to above normal precipitation along
with enhanced convection in this region (Figures 8, 9C).
Moreover, the convergence of the moistures transport from the
tropical Indian Ocean and equatorial Pacific influenced the WNP. It
clearly showed that the convergence of the moistures formed a
strong anomalous cyclone accompanied by above normal
precipitation and enhanced convection in the SCPS, which was in
agreement with the findings of Li et al. (2024). In addition, parts of
the moistures were transported from the eastern Philippine Sea to
the western-to-central subtropical Pacific, forming above normal

1 1 1 1

Outgoing longwave radiation, vertically-integrated water vapor fluxes anomalies JAS 2012
1 1

10.3389/fmars.2024.1471446

precipitation and enhanced convection in this region. These results
indicated that the co-occurrence of pIOD and El Nifio induced air-
sea interactions during the summer of 2012 that favored strong
convection in the SCPS and western-to—central subtropical Pacific.
These anomalous enhanced convective activities in the two regions
further triggered two separate meridional atmospheric Rossby wave
trains in the WNP.

3.4 Vertical structure and
associated MHWs

The above analysis has confirmed the occurrence of an extreme
sea surface warming over the MLWNP during the summer of 2012.
In this section, we investigated the vertical structure of this extreme
warming and the associated MHWs. The good agreements between
the SSTA of the OISST and Argo datasets encouraged us to use the
Argo data to explore the vertical structure of the 2012 extreme
warming in this region (Figure 11). One striking feature was that the
extreme warming in the KOE region weakened sharply with depth.
For example, the sea temperature anomaly at 30 m level was much
less warmer than that at the surface. This indicated that the 2012
extreme warming in the KOE region was characterized by a shallow
depth of approximately 20 m. In addition, cold sea temperature
anomaly was noticeable along the coasts of Kamchatka Peninsula
and Kuril Islands at 50-200 m levels (Figures 11E-H). This
indicated that the Oyashio as well as the extension may have
played a role in carrying cold water to this region (Figure 12A).
We argued that the role of oceanic circulation in the 2012 extreme
warming in the KOE region cannot be omitted.

We further examined the MHWSs associated with the 2012
extreme sea surface warming in the MLWNP. Figure 12 shows the
spatial patterns of MHW duration, cumulative intensity and
frequency in the MLWNP in 2012. These metrics clearly
confirmed the occurrences of MHW  in this region (Figures 12B-
D). Spatially, intense MHW s occurred primarily in the regions of
EJS and downstream of the KOE. Two 1°x1° boxes were selected in
the EJS (136-137°E, 39-40°N) and downstream of the KOE (159~
160°E, 41-42°N), respectively. We used the daily SST averaged over
the two boxes to characterize the temporal variations of MHWs in
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these two boxes (Figure 12E). The time series of daily SST showed
that prominent MHWSs occurred primarily during JAS of 2012 for
both boxes. Specifically, significant MHWSs occurred in the KOE
and persisted from early August to late September. This MHW
event had a duration of 50 days, a maximum intensity of 4.9°Cand a
cumulative intensity of 178°C days.

4 Discussion

4.1 Roles of high—frequency
atmospheric teleconnection

A review paper of Xie et al. (2016) concluded that meridional
atmospheric Rossby waves associated with PJ teleconnection were

Frontiers in Marine Science 10

responsible for the anomalous warming in the MLWNP during
boreal summer. In the present study, our results showed that
strong convective activities in the SCPS favored atmospheric
Rossby waves to propagate northward to Korea-Japan,
contributing to anomalous warm SSTA in regions around Japan
(include the EJS and eastern Japan coastal areas) during the
summer of 2012. These features were consistent with the typical
PJ teleconnection in previous studies (Huang and Sun, 1992;
Kosaka and Nakamura, 2006; Nitta, 1987; Noh et al., 2021,
2023; Wakabayashi and Kawamura, 2004; Yeo et al., 2019).
Meanwhile, this study identified an atmospheric Rossby wave
train that originated from the western-to—central subtropical
Pacific and propagated poleward to the KOE region. The
analysis indicated that this Rossby wave train was triggered by
enhanced convection over the western-to—central subtropical
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Longitude—pressure anomalies of zonal wind (m/s) and vertical pressure velocity (omega, Pa/s) averaged between 5°S—-5°N for (A) ONDJF 2011-
2012, (B) MAM, and (C) JAS of 2012. ONDJF 2011-2012: October 2011 to February 2012, MAM: March—May, JAS: July—September.

Pacific. This Rossby wave train was different from that associated
with the typical PJ teleconnection in which the convection is
strong over the SCPS. The two meridional Rossby wave trains
converged over the downstream of the KOE region, forming
strong atmospheric blocking high-pressure systems over the
MLWNP (Figure 4). The high-pressure systems reduced the
amount of total cloud cover and increased insolation into the
ocean (Figures 5A, C). In addition, the weakened wind speed and
drier air conditions reduced the release of latent heat flux
(Figures 5B, D, 9C). The enhanced shortwave radiation and
decreased latent heat flux led to increased net heat flux into the
MLWNP during the summer of 2012 (Figure 6D). Moreover, the
weakened wind strengthened the stratification and shoaled the
mixed layer. As a result, the increased net heat flux accompanied
by a shallower mixed layer contributed to the extreme sea surface
warming in the MLWNP during the summer of 2012
(Figures 6, 7).

Although such meridional atmospheric Rossby waves that
originated from the western-to—central subtropical Pacific were
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uncommon, similar conditions were identified in August 2016.
Figure 13 shows that strong convection in the western-to—central
subtropical Pacific excited northward propagations of atmospheric
Rossby waves, leading to blocking high-pressure systems
accompanied by hot extremes in the MLWNP in August 2016.
Our results supported the findings of Yeh et al. (2018) that
atmospheric teleconnection originated from western-to—central
subtropical Pacific contributed to the hot extremes over Korean
Peninsula in August 2016. It was indicated from Figure 8 that the
anomalous enhanced convection in the western-to-central
subtropical Pacific was the results of air-sea interactions caused
by the co-occurrence of a pIOD event and El Nifio during the
summer of 2012. However, the enhanced convection in the
western—to—central subtropical Pacific was qualitatively described
in the present work, and the formation mechanisms need to be
quantitatively illustrated by numerical models in the future work.
Based on these findings, we proposed that more attention should be
paid to the convective forcing in the subtropical Pacific so as to
monitor and predict hot extremes in East Asia and MLWNP.
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Previous studies indicated that El Nifio-Southern Oscillation
in the preceding year can trigger PJ teleconnection via Indo-
western Pacific ocean capacitor (IPOC) effect (Du et al., 2009;
Kubota et al., 2016; Xie et al., 2009, 2016; Yang et al., 2007). Our
results showed that the atmospheric teleconnection in the WNP in
2012 was caused by the co-occurrence of a pIOD event and El
Nifio during the summer of that year. The air-sea interactions
associated with the two events induced strong convection in the
SCPS and western-to-central subtropical Pacific, which acted as
sources of the two separate meridional atmospheric Rossby wave
trains (Figures 4, 8). These results verified the speculation of Li
et al. (2024) that strong cyclonic anomalies in the SCPS induced
by the pIOD 2012 may affect the summer climate variability in the
WNP. It was noted that 2011 was a La Nina year. According to the
IPOC mechanism, an Indian Ocean Basin Mode (IOBM) warming
pattern should have formed in spring and persisted to the summer
of 2012. However, such an IOBM warming pattern was not
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recognized after the demise of the 2011 La Nina. Instead, the
tropical Indian Ocean was characterized by a zonal dipole pattern:
a pIOD event was initiated in spring and developed to peak phase
during the summer of 2012 (Li et al., 2024). This indicated that the
air-sea interactions over the Indo-Northwest Pacific during the
summer of 2012 were different from the IPOC effect. Therefore,
we cannot attribute the atmospheric teleconnection in the WNP
during the summer of 2012 to the 2011 La Nifa. El Niflo/La Nifa
usually develops to peak phase during boreal winter. However, the
2012 El Nifio peaked in summer, several months earlier than
usual. As suggested by Li et al. (2024), the early peak of El Nifio
was very likely to trigger the concurrent 2012 pIOD event. The
combination of the two events favored the air-sea interactions
over the Indo-West Pacific, which was responsible for the
atmospheric teleconnection in the WNP during the summer of
2012. Further works are necessary to investigate the phase
transition of ENSO during 2011-2012.
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90th percentile seasonally varying threshold (green) and the climatology (blue).

4.2 Roles of global warming and low—
frequency PDO

Hot extremes in the East Asia and WNP have increased under
global warming (Laufkétter et al., 2020; Oliver et al., 2018, 2021;
Perkins-Kirkpatrick and Lewis, 2020), leading to severe heatwaves
over land and ocean in recent years (Holbrook et al., 2019; Noh
et al,, 2021; Yeh et al, 2018). The SSTA averaged over the
MLWNP clearly showed a warming trend of 0.29°C per decade
(Figure 1D). This indicated that the global warming may have
played a role in the hot extremes in the MLWNP in recent years.
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Moreover, Pacific Decadal Oscillation (PDO) is the leading SSTA
pattern in the Pacific poleward of 20°N, has been recognized as the
most significant decadal variability in the North Pacific (Deser
et al., 2010; Li et al., 2020; Mantua et al., 1997; Newman et al.,
2016; Zhang et al., 1997). We further discussed the role of PDO in
the 2012 extreme surface warming in the MLWNP. Following the
method of Zhang et al. (1997), we performed an empirical
orthogonal function analysis to the SSTA poleward 20°N in the
Pacific based on the OISST dataset from 1983 to 2022. As shown
in Figure 14, the PDO (leading empirical orthogonal function
mode) is characterized by cold SSTAs in the MLWNP and central

13 frontiersin.org


https://doi.org/10.3389/fmars.2024.1471446
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al. 10.3389/fmars.2024.1471446
A SST anomaly B 2m air temperature anomaly
60°N e = 60°N 12 .
50°N 1 50°N
40°N 1 40°N
30°N 1 30°N
20°N 1 20°N
ON 4 ~ 1 (o] .‘ & __- : r !
100° 160°W 100°E  120°E  140°E  160°E  180°W  160°W
-2 -1 0 1 2 -2 -1 0 1 2
C Outgoing longwave radiation anomaly D Stream function anomaly, wave activity flux
B60°N 1 . r 60°N 1 —_—— : L =
\ g B N
50°N [ 50N 8
40°N toaoN] T
30°N F 30NN
20°N I 20°N 1 i \M‘f S
T e T AN
°N (o} (3 (o} (9 (ol (¢ 10°N ‘o?_‘“ o'/ - (¢ P— (o ”o
100°E 120°E 140°E 160°E 180°"W 160°W 100°E 120°E 140°E 160°E 180°W 160°"W
[ R
-30 -20 -10 0 10 20 30 -10 -5 0 5 10
FIGURE 13

Oceanic and atmospheric anomalies for hot extremes in the MLWNP in August 2016. Anomalies of SST (A, °C), 2 m air temperature (B, °C) and
outgoing longwave radiation (C, W m™). (D) 850 hPa stream function (D, 10° m? s™). The vectors represent the estimated wave activity flux (m? s2)
to characterize an atmospheric Rossby wave train originated from the western—to—central subtropical Pacific.

North Pacific, and by horseshoe-like warm SSTAs in the eastern
North Pacific (Figure 14A). The PDO index showed negative
values from 2007 to 2013, with particularly large values in 2012.
This strongly indicated that the negative phase of PDO has
significantly contributed to the 2012 extreme surface warming
in the MLWNP.

4.3 MWHs associated with the 2012
extreme warming

The metrics of duration, frequency and cumulative intensity
confirmed the occurrences of MHWSs over the MLWNP in 2012
(Figure 12). Spatially, intense MHWSs occurred primarily in the
regions of EJS and the downstream of KOE. Temporally, prominent
MHWs features were recognized during August-September of 2012
for both regions. This indicated that these MHW s were associated with
the extreme warming during the summer of 2012. The vertical
structure of the sea temperature anomaly showed that the 2012
extreme warming was confined to a shallow depth of approximately
20 m (Figure 11), supporting the findings that the heat flux term
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anomaly played a dominant role in contributing to the extreme
warming in the MLWNP. These results were consistent with the
findings of several recent studies that atmospheric teleconnection
was responsible for severe MHWSs in the MLWNP (Du et al., 2022;
Kurodaand Setou,2021; Pakeetal.,2022; Song et al., 2024). On the other
hand, the oceanic circulation system in the KOE region is composed of
Kuroshio, Oyashio and their extensions (Figure 11I), as well as
abundant mesoscale eddies (Jing et al., 2019; Miyama et al,, 2021;
Qiu, 2000; Qu et al,, 2000; Sasaki et al., 2020), which played important
roles in the heat balance in this region (Kwon et al., 2010; Shan et al.,
2020). Limited by the data availability, the contribution of horizontal
advection and vertical mixing to the 2012 extreme warming was not
quantified in the present work. In the future, high resolution air-sea
coupled numerical models are needed to investigate the hot extremes
in the NWP.

5 Conclusion

The East Asia and WNP have witnessed several hot extremes
in recent years (Hua et al, 2023; Kuroda and Setou, 2021;
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PDO in 2012.

Li X. et al., 2023; Song et al., 2024; Zhang et al., 2024). In this study,
we investigated an extreme sea surface warming in the MLWNP
during the summer of 2012. Using various observational and
reanalysis datasets, the characteristics of the 2012 extreme
warming were quantified and the oceanic-atmospheric processes
responsible for this extremity were illustrated.

The 2012 extreme event in the MLWNP was characterized by
warm SSTA extending from the EJS to central North Pacific,
particularly with a warming center in the downstream of the
KOE region (150-170°E, 37-45°N). The SSTA box-averaged over
the MLWNP (130-180°E, 33-50°N) in 2012 ranked as the third
warmest in recent four decades. The extreme sea surface warming
caused intense MHWs in the regions of EJS and KOE, respectively.
The analysis confirmed that the combination of atmospheric
teleconnection and PDO was the cause of this extreme event.
During the summer of 2012, the co-occurrence of a pIOD event
and El Nifo favored anomalous moisture transport between the two
basins. This induced strong air-sea interactions over the Indo-West
Pacific that caused enhanced convection in the SCPS and western—
to—central subtropical Pacific, respectively. The enhanced
convective activities in the SCPS triggered a Rossby wave train
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propagating poleward to Korea-Japan, which was identified as the
typical PJ teleconnection pattern during boreal summer. The
enhanced convective activities in the western-to-central
subtropical Pacific triggered a Rossby wave train that propagated
northward to the KOE region. These two Rossby wave trains
converged over the downstream of the KOE region, forming
atmospheric blocking high-pressure systems over the MLWNP.
The high-pressure systems reduced the total cloud cover and
surface wind speed. This enhanced the shortwave radiation and
reduced the release of latent heat flux, causing increased net heat
flux into the ocean in this region. In addition, the weakened wind
speed strengthened stratification and led to shoaling of the mixed
layer. As a result, the increased net heat flux accompanied by a
shallower mixed layer contributed to the 2012 extreme sea surface
warming in the MLWNP. Moreover, our results showed that the
PDO exhibited a negative phase from 2007 to 2013, with a
particularly large PDO index in 2012. Therefore, the PDO also
contributed significantly to warm SSTAs in the MLWNP during the
summer of 2012. This study highlighted the roles of high—frequency
atmospheric teleconnection and low-frequency PDO in extreme sea
surface warming in the MLWNP.
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