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Abstract Based on observations and eddy-resolving model products, this study investigates the temperature
variability south of the Oyashio Extension (OE). During 2016-2021, six dramatic cold events, which
significantly impact the local ecosystems, are captured by in situ and satellite observations. It reveals that
interaction between the OE front (OEF) and anticyclonic mesoscale eddies originating from the Kuroshio
Extension is responsible for these cold events. Accompanied by intense eddy-flow baroclinic energy exchange,
the OEF meanders to the south and favors a southward cold-water intrusion. Further analysis illustrates that the
cold events tend to occur during spring and autumn, which is associated with the seasonal evolutions of OEF
and anticyclonic eddies.

Plain Language Summary To the south of Oyashio Extension (OE), the local temperature plummet
and zooplankton increase are recorded by a subsurface mooring. The interaction between Oyashio Extension
front and mesoscale eddies drives a southward intrusion of subarctic cold water, leading to local temperature
plummet and zooplankton increase. This study highlights the role of mesoscale eddies in regulating the ocean
circulation and sheds light on understandings of ocean dynamics on local ecology in Kuroshio-Oyashio
Extension region.

1. Introduction

The Oyashio Current, western boundary current of the subarctic North Pacific, carries fresh and cold water south-
ward along the coast of Russia and Japan. In the east of Honshu island, the Oyashio veers eastward with two mean-
ders from nearshore to east, called First Oyashio Intrusion and Second Oyashio Intrusion (Kawai, 1972). After
separating from the western boundary, it flows into the open North Pacific Ocean and is renamed as the Oyashio
Extension (OE). In comparison to the Kuroshio Extension that is strong in sea surface height (SSH) expressions,
the OE is characterized by intense sea surface temperature (SST) and salinity fronts. Observations further prove
that the OE involves two quasi-permanent SST fronts (OEF; Isoguchi et al., 2006; Qiu et al., 2017): the western
front locates at 145°E—153°E and is thought to be the continuation of Oyashio (Figure 1a; Kawai, 1972; Mitsudera
et al., 2018; Miyama et al., 2018; Nishikawa et al., 2021; Wagawa et al., 2020); the eastern one appears between
153°E and 173°E and is important in the midlatitude ocean—atmosphere interaction (Frankignoul et al., 2011;
Kwon et al., 2010; Taguchi et al., 2009). Characterized by these complex dynamics and thermohaline struc-
ture, the OE is found to be important in regulating the local oceanic environment and climate (e.g., Hasegawa
et al., 2019; Ma et al., 2015; Mizuno & White, 1983; Qiu & Chen, 2005; Yang et al., 2019).

As the most prominent component of subpolar gyre, the dynamical state of OEF is strongly linked to the
basin-scale wind forcing and local Ekman pumping (e.g., Kwon & Deser, 2007; Nakamura & Kazmin, 2003;
Nonaka et al., 2008; Yuan & Talley, 1996). The SSH anomalies induced by wind stress curl in the midlatitude
North Pacific basin propagate to western boundary at a speed of the long baroclinic Rossby wave, directly modu-
lating the meridional shift and intensity change of OEF. More recently, Wu et al. (2019) found that the OEF
shifted northward in the past four decades because of the poleward expansion and intensification of trade winds.
Besides the atmosphere forcing, the OEF is influenced by the Kuroshio Extension as well. Qiu et al. (2017)
suggested that the Kuroshio Extension sheds energetic eddies northward and significantly regulates the temper-
ature and circulation fields in the vicinity of OEF, especially the above-mentioned western front. However, their
study is mainly based on empirical orthogonal function (EOF) and regression analysis. How the eddies interact
with the OEF needs to be further explored.
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Figure 1. (a) Mean sea surface height (SSH) field (Unit: m; white contours) surrounding the Kuroshio and Oyashio
Extension region from 2016 to 2021. The thick white line denotes the contour of 0.3 m and the contour interval is 0.1 m.
Color shading indicates the magnitude of the horizontal sea surface temperature (SST) gradient during the same period. The
red pentagram denotes the location of M2 mooring. (b) Schematic of the design of M2.
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To address the above issues, we have analyzed a five-year subsurface mooring to the south of OEF and found that
the large temperature variability is associated with the interaction between OE and mesoscale eddies. The rest
of this paper is organized as follows. In Section 2, we will give a brief introduction of the data used in this study.
Section 3 describes the observed cold anomalies and OE southward meanders; a detailed analysis of the under-
lying mechanism is presented. In Section 4, we discuss the biomass response and occurring time of cold events
under the joint effect of eddies and OEF. This paper ends with a summary in Section 5.

2. Data
2.1. Mooring Data

In April 2016, a subsurface mooring (named as M2; Figure 1a) was deployed in the south of western OEF (39°N,
150°E) by Ocean University of China. Each year a new set of subsurface mooring with identical configuration
replaced the previous one after recovery. M2 is equipped with a suite of CTDs, temperature loggers and current
meters for long-term hydrographic data acquisition in the Kuroshio-Oyashio mixed water region (Figure 1b).
Here, the data in upper 600 m obtained by two CTDs (SBE 37-SM), five temperature loggers (SBE 56) and two
ADCPs (RDI Workhorse Long Ranger 75 kHz) are used. Specifically, the CTDs and temperature loggers with
a sampling interval of 5 minutes are set between 50 and 500 m. All temperature records are hourly averaged
and then interpolated onto a vertical grid of 25 m. The profiles of echo amplitude are collected hourly by an
up-looking ADCP at 500 m in 16-m depth bins. According to Deines (1999) and Mullison (2017), the backscat-
ter coefficient can be estimated from echo amplitude for characterizing the zooplankton population in the water
column. To date, five years of data have been successfully retrieved, except for echo amplitude data gap between
October 2019 and June 2020 due to incorrect instrument setup. In this study, we focus on motions with frequency
higher than one year. For a variable A, the high-frequency component A’ is obtained by a high-pass filtering for
300 days.

2.2. Other Observation Products

To access the surface temperature variability in this region, the sea surface temperature (SST) data obtained from
the NOAA 1/4° daily Optimum Interpolation Sea Surface Temperature (OISST; Huang et al., 2020) is used. This
product has a temporal coverage from 1982 to 2021 and merges observations from different platforms (satellites,
ships, buoys and Argo floats) into a regular global grid. The 1/4° daily SSH and absolute surface geostrophic
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velocity derived from Archiving, Validation, and Interpretation of Satellite Data in Oceanography (AVISO) are
applied to describe the characteristics of mesoscale eddies. The 4-km daily ‘cloud-free’ Chlorophyll data from
GlobColour project is used to study the relationship between the phytoplankton biomass and temperature change.
In addition, the World Ocean Atlas 2018 (WOA18; Boyer et al., 2018) temperature and salinity products are also
applied to characterize the water mass properties. The following discussion is based on these observations within
the domain of (30°N-50°N, 135°E—160°E).

2.3. Model Data

To explore the underlying mechanism of temperature variability in the south of OE region, we examine the
multidecadal hindcasts from the Ocean General Circulation Model for the Earth Simulator (OFES; Sasaki
et al., 2008). The OFES model is based on Modular Ocean Model version 3 (MOM3) with atmospheric forcing
from the National Centers for Environmental Prediction—National Center for Atmospheric Research (NCEP—
NCAR) reanalysis (Kistler et al., 1999). It has an eddy-resolving horizontal resolution of 1/10°, covering the
global domain from 75°S to 75°N. In the vertical direction, there are 54 levels with thickness varying from 5 m at
the surface to 330 m near the bottom. Bottom topography is set based on 1/30° bathymetry data provided from the
Ocean Circulation and Advanced Modeling Project (OCCAM). A scale-selective damping with the biharmonic
operator is utilized for horizontal mixing of momentum and tracers. The K-profile parameterization vertical
mixing scheme from Large et al. (1994) is employed to parameterize subgrid-scale vertical mixing processes.
Because of its good performance in simulating the oceanic processes in the Kuroshio-Oyashio Extension, OFES
datasets have been widely used for studying the dynamics of ocean circulation and mesoscale eddies in this region
(e.g., Nonaka et al., 2006; Qiu et al., 2008; Sato et al., 2016; Taguchi et al., 2010; Xu et al., 2016). In this paper,
the 3-day output of upper-250 m oceanic temperature, salinity, velocities, SSH and heat flux within (30°N-50°N,
135°E—160°E) from 1992 to 2017 is used.

3. Results

Figure 2a shows the time-depth plots of in situ temperature obtained by M2 from April 2016 to June 2021. During
the five years, six cold events are recorded: April 2016, October 2016, April 2018, November 2019, April 2020
and March 2021. Each event persists for one to three months and results in a rapid cooling in the almost upper
600 m. Temperature-salinity diagram and negative meridional velocity during cold events further suggest that
these cold events are associated with the cold/fresh water from the subpolar gyre (Figures 2b and 2c). Influenced
by this significant variability, the leading EOF mode of temperature profiles between 250 m and 600 m explains
over 92% of the total variance. The corresponding principal component (PC1) is highly correlated to temperature
records at 250 m (7,5,) with correlation r exceeding 0.95 (Figure 2d). Besides mooring observations, the temper-
ature variance is also examined based on satellite observation. We compare 7,5, with SST averaged ina 1° X 1°
box centered at M2 (Figure 2e). It is found that 7,5, does not exhibit an annual cycle as SST. A semi-annual peak
appears in the power spectrum of both T, and PC1, indicating the temperature variability at 250 m is not simply
regulated by the seasonal evolution of surface flux.

To further characterize the cold events, Figure 3 shows the monthly mean SST and SSH contours in the
Kuroshio-Oyashio Extension region in 2016. In accordance with previous studies (Isoguchi et al., 2006; Qiu
et al.,, 2017; Wu et al., 2018, 2019), we calculate the averaged SST gradient along each SST isoline within
144°E—152°E and define the isoline with maximum SST gradient as the OEF in this study (red solid lines in
Figure 3). The other definitions based on the maximum meridional SST gradient are also examined, which exhib-
its the same seasonal evolution of OEF (figures not shown). To present a more visible picture of the temporal
evolution of OEF, the SST isolines 2.5°C higher than the OEF are also shown (red dashed lines in Figure 3).
Obviously, the OEF meanders to the south in April and October and results in southward intrusion of subarc-
tic cold water, which could be inferred from the large temperature decrease and negative meridional velocities
recorded by M2 (Figures 2a and 2c). Similar processes are also found in other cold events (see Figures A1-A4
in the Appendix A).

Since cold water intrusion can be identified from the surface, the composite analysis is applied to characterize
this feature more visually base on the SST' in a 1° X 1° box centered at M2 from 1992 to 2021 (Figure 4a). Here
we define that a non-cold (cold) event occurs when the normalized SST" is larger (less) than —1, which accounts
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Figure 2. (a) Depth-time plot of temperature after 2-day smoothing from April 2016 to June 2021 by M2. White line is the isotherm of 6°C. The missing records are
filled by gray shading. (b) 7-S diagrams derived from two CTDs at 50m and 400m. The blue dots represent the water mass properties during cold events. The red and
blue lines denote the WOA18 climatological water mass properties from Kuroshio (34°N-36°N, 148°E—152°E) and Oyashio (41°N—43°N, 148°E—152°E), respectively.
(c) Depth-time plot of meridional velocities for the same period. (d) PC1 of temperature profiles between 250 m and 600 m. (e) Time series of SST (red solid line) and
T, (blue solid line). The dashed line indicates the 300-day low-pass filtered SST. The period during temperature plummet is indicated by gray shadings. (f) Power
spectrum of SST, 7,5, and PCI.
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Figure 3. Monthly mean SST fields in 2016. Gray contours denote the monthly mean SSH (Unit: m) and the contour interval is 0.05 m. The red solid line is the SST
isoline corresponding to the OEF and the red dashed line is SST contour that is 2.5°C higher than the isoline corresponds to OEF. The red pentagram denotes the
location of M2 mooring.
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Figure 4. (a) Normalized time series of SST" averaged in a 1° X 1° box centered at M2. The area of below one standard
deviation is filled in blue, indicating the occurrence of cold events. Mean SST fields in (b) non-cold and (c) cold events.
‘White contours are isolines of 15°C, 15.5°C, 16°C, 16.5°C and 17°C. Black contours denote the mean SSH (Unit: m). The
red pentagram denotes the location of M2 mooring and the red rectangle represents the area used to calculate the SST in (a).

for about 85% (15%) of total samples. Figures 4b and 4c compare the composite maps of SST and SSH for
the two states, respectively. During non-cold events, SST contours are relatively straight despite SSH contours
bending southward around M2. In comparison, SSH contours become denser in cold events, indicating a more
developed OE meander and higher current intensity around 150°E (the velocity is 40% stronger in cold events
than in non-cold events). SST contours bend to the south as well, which suggests more subarctic water intruding
into this region. Accompanied by the evolution of OEF, an anticyclonic circulation adjacent to the west of M2
is also enhanced during cold events (Figures 3d, 3j, and 4). Nishikawa et al. (2021) mentioned that this anticy-
clonic circulation could interact with OEF and form relatively high eddy kinetic energy (EKE) at approximately
40°N, 150°E, which is considered as a key region of water exchange between the subtropical and subarctic
water. During one of cold events, an anticyclonic eddy is found to intensify and approach the OEF in April 2016
(Figures 3a—3d). It provides a favorable condition for the southward bending of OEF path and meanwhile induces
a southward intrusion of cold water. After the eddy retreats to the south in May (Figure 3e), the OEF returns to
a relatively straight path. The in pace change of OEF path and eddy movement implies that mesoscale eddy is
related to the development of meander (similar processes are also found in other cold events). Their interaction
will be discussed in the energy budget part.

The temperature variability in the vicinity of OEF is further explored by employing the budget analysis based on
OFES model. Before the calculation, we examine the simulation of the front and circulation structure in the OFES
output. Both OEF and its southern recirculation can be reasonably reproduced (see Figure B1 in the Appendix B).
In addition to the time-mean pattern, the differences between SST and SSH fields during non-cold and cold
periods are successfully simulated as well (Figure 5), making OFES a reliable tool for the following research.
Following previous studies (e.g., Kwon & Deser, 2007; Pak et al., 2016; Qiu et al., 2017), the governing equation
for the upper-ocean temperature is written as

o U

\,_4 ~—— (H

!
+ th Kh/ Vsz K ()le__ ,
OC H

the
net surface heat flux, p, the reference seawater density, C, the specific heat of seawater, K, (K)) the horizontal

where H is the depth of upper ocean and is chosen as 250 m, u, v and w the three-dimensional velocity, Q

net
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Figure 5. The same as Figure 4 but for OFES output. The red rectangle represents the area (39°N—40°N, 151°E—152°E) used
to calculate the SST in (a).
(vertical) eddy diffusivity, and V? the Laplacian operator. The prime denotes a 300-day high-pass filtering for
each term. Physically, the first term on the right-hand side describes the zonal, meridional and vertical advective
temperature flux convergence (ADV,, ADV, and ADV, ). The second term represents the net heat exchange at the
sea surface, and the last two terms are the horizontal and vertical temperature diffusion. As temperature diffusion
is not provided in OFES, the last two diffusive temperature terms in Equation 1 are treated as residues in the anal-
ysis. It is noted that the locations of the meander and anticyclonic eddy simulated by model are to the northeast
of observation (Figure B1). Therefore, we set the center of the 1° X 1° box to 39.5°N, 151.5°E in the temperature
budget. Figures 6a and 6b show the budget in these two types of events. The horizontal advection dominants the
temperature balance while the air-sea heat exchange and the residue are found to be very small. Compared to
non-cold events, the horizontal advection is amplified several times in cold events and the meridional component
ADV, mainly controls the cooling process in this region.
The above analysis has demonstrated that the OEF meander results in the cold events and implied the poten-
tial role of mesoscale eddy in its development. To further explore the underlying dynamics of their interaction
between meanders and mesoscale eddies, the kinetic energy budget following Chen et al. (2014) is conducted.
The governing equation of EKE is
3 . : : . . 3
(a) (b)
2 L
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Figure 6. Budget for the temperature during (a) non-cold and (b) cold events after high-pass filtering for 300 days in a
1° x 1° box centered at 39.5°N and 151.5°E in the upper 250 m.
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where the overbar denotes the difference between variable and its 300-day-high-pass value, u the three-dimensional
velocity vector, p the pressure, p the sea water density, p, the reference sea water density, g the gravitational accel-
eration, D, and D, the horizontal momentum diffusion. The terms on the left-hand side represent the temporal
change rate of EKE and redistribution rate through advection and pressure work. The terms on the right-hand
side are the energy change rate due to baroclinic (BC), barotropic (BT) and friction process, respectively. Here
we focus on the contribution of BC and BT terms in energy balance, while the advection and pressure work terms
are combined with the diffusion term as residues in the budget. Figure 7 shows the energy budget integrated
over upper 250 m in non-cold and cold events. Compared to other terms, the temporal change rate (Figures 7a
and 7e) is very small that can be neglected. BC depicts positive values in the domain with high values concen-
trated along the OEF main axis (Figure 7c). During cold events, two positive spots are found near the eddy edge
at 150°E, 40°N and 151°E, 39°N where the OEF changes direction, indicating that the available potential energy
is released in these two regions. By contrast, BT is characterized by negative values in the domain, especially in
the cold events, suggesting that the eddy helps to maintain the meander. According to Marshall et al. (2012) and
Waterman and Jayne (2011), we expect an eddy orientation along the horizontal shear and against the vertical
shear. Integrating over the region, magnitude of BC is two times larger than BT, making it dominant in the cold
events and eddy-flow interaction.

Besides examining the eddy-mean flow interaction, it is equally important to confirm the source of anticyclonic
eddies. Both in observations and OFES outputs (Figures 4c and 5c) during cold events, an anticyclonic signal
always appears in the southwest of the OEF meander. We plot in Figure 8a the monthly 7-S diagrams of the anti-
cyclonic eddies near M2 based on WOA18. It is shown that the water mass properties in the eddy core are more
like the Kuroshio water, suggesting that the mesoscale eddies are from the warm/salty subtropical gyre. To deter-
mine their origins, the 53 anticyclonic eddies passing by M2 from 1992 to 2021 are tracked based on the closed
SSH contours. The shedding position, where the SSH contour is about to close, is recorded manually for each
eddy (see Table 1 for details). Figure 8b plots the shedding positions and the black dots represent the eddies rele-
vant to cold events. Most of these positions are distributed in the second crest of Kuroshio (148°E—152°E), where
the shedding processes of anticyclonic eddies are frequently observed (Sasaki & Minobe, 2015). The result of
eddy tracking here supports the conclusion that western OEF is affected by Kuroshio Extension (Qiu et al., 2017).
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Figure 7. Spatial distribution of (a) temporal change rate, (b) BT term, (c) BC term and (d) residues in non-cold events. (e)—
(f) are same as (a)—(d) but in cold events. Black contours denote the mean SSH filed (unit: m).
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Figure 8. (a) 7-S diagrams of the anticyclonic eddy (38°N—40°N, 148°E—152°E). The red and blue lines denote the
climatological water mass properties from Kuroshio (34°N-36°N, 148°E—152°E) and Oyashio (41°N—-43°N, 148°E—152°E),
respectively. (b) The shedding positions of anticyclonic eddies passing by M2 from 1992 to 2021. Black (gray) dots denote
the eddies passing by M2 when cold (non-cold) events happen. White contours denote the mean SSH and the contour interval
is 0.1 m. Color shading indicates the mean EKE. The red pentagram denotes the location of M2 mooring.

4. Discussion

During the observed five-year period, the cold event never happens in late summer (July and August) or late winter
(January and February). By detecting the seasonal distribution of cold events during 1992-2021 (Figure 9a), it is
found that the cold anomaly tends to appear in late spring (April-June; accounting for 40% of total numbers) and
late autumn (October-December; accounting for 39%). The seasonal-locking feature can be well illustrated by
plotting the monthly path length of OEF integrated between 146.5°E and 152°E (Figure 9b). It is shown that the
OEF meanders twice a year with its length peaking in April and October, which is consistent with the occurring
of cold events. It is relevant to ask why the southward meander could develop with cold-water transport in these
two seasons? To answer this question, the evolution of OEF is first examined.

Figures 10a and 10b show the annual cycles of OEF intensity and position, which are calculated by averaging
SST gradient along the OEF and the mean latitude of OEF, respectively. Compared with the summer coun-
terparts, the OEF intensity and latitudinal position tend to be greater and more southerly in winter, which is
induced by the seasonal evolution of atmospheric forcing in the North Pacific Ocean (Hanawa, 1995; Isoguchi &
Kawamura, 2006; Sekine, 1988). However, the histograms of OEF intensity and position show only one peak in a
single year, failing to explain the double-peak pattern in Figure 9a. Given the strong eddy-mean flow interaction
during cold events, the evolution of mesoscale eddy activity could influence the OE variance as well. Figure 10c
illustrates that the EKE level is higher in summer than in winter, which is out of phase with temperature varia-
bility as well. Therefore, the southward advection of cold water could be attributed to the joint effect of OEF and
mesoscale eddies rather than OEF or mesoscale eddies individually.

The dynamical processes are summarized in Figure 11. In winter, the OEF is both strong and shifted to the south,
while EKE reaches the lowest level of the year. During this particular period, the OEF can hardly be affected by the
mesoscale eddies and keeps a relatively straight path, inhibiting cold water from intruding southward (Figure 11a).
In summer, despite the high-level eddy activity, the OEF retreats to the northernmost latitude and the vicinity of M2
is completely taken over by warm water. Thus, there are no more cold events in this region (Figure 11b). During
spring and autumn, however, the Kuroshio-Oyashio Extension region undergoes the competition between OEF
and eddies. In spring, the westerly becomes weaker and shifts northward with the meridional difference of Q, ,
decreasing (Qiu, 2002). Consequently, the cold subpolar water retreats to the north and the strong OEF becomes
weak. To the south of OEF, the anticyclonic eddy begins to develop and generates strong southward flow along its
eastern edge. The growing eddy favors the meander of OEF, forming a corridor for cold water flocking southward
(Figure 11c). The reverse is true during autumn when the OEF migrates southward and eddy shrinks.

Besides a region abundant with multi-scale oceanic processes, the OE is also an area of high fishing activities. The
Hokkaido fishing grounds in the vicinity of OE provide suitable temperature and large amount of nutrients for the
ecological environment, supporting a variety of commercially important fishes such as sardine, saury and salmon
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Table 1 (Sakurai, 2007). Influenced by the front-induced horizontal and vertical mass
The Shedding Time and Positions of Anticyclonic Eddies Passing by M2 and heat flux (Chiba et al., 2009, 2013; Yasuda & Watanabe, 1994; Yatsu
From 1992 to 2021 et al., 2013), the fishery production is in tight connection to the fronts in the
Longitude  Latitude Longitude  Latitude OE region (e.g., Mugo et al., 2014; Sassa et al., 2007; Xing et al., 2022). In
Date (°E) (°N) Date (°E) (°N) particular, the meridional migration of OEF in response to the large-scale
1993-09-13 152.4 3638 2005-12.04 154.4 34.63 fatmosphere signal (both at seasonél a.u?d decadal tlm‘esca‘les). 51g.mflcan.tly
i Lo oo -y T influences the local temperature variability and the spatial distribution of fish
e ’ ’ e ’ ’ grounds (Tian et al., 2004, 2014; Yasuda & Watanabe, 1994). In response
1994-05-31 155.6 36.88  2007-11-19 154.9 35.38 to the temperature plummet, the surface chlorophyll concentration (CHL')
1995-07-10 148.6 38.63  2008-10-09 152.1 36.63 and estimated backscatter coefficient (BS’) averaged over upper 200 m have
1996-08-03 155.9 36.63  2008-11-23 149.9 36.13 experienced significant increase (Figure 12), suggesting that the temperature
1996-10-27 147.6 36.13 2009-07-26 149.4 37.13 variability in M2 could significantly affect the local ecosystem. In addition
1997-01-30 152.1 3563 2009-10-04 149.4 36.63 Fo cold events, a \.Narm event in December 20.17 accompanied by a decrease
ST el RGN . SRIE in CHL' and BS’ is also captured by the mooring. These phenomena suggest
et ’ ' el ’ ' that in addition to the seasonal migration of OEF, mesoscale OEF variability
1998-07-24 148.9 3638 2010-09-09 153.4 37.38 can also significantly regulate the local temperature and ecological elements,
1999-06-09 151.6 37.38  2012-04-26 151.6 37.13 which could shed light on the prediction of fishery ground.
1999-08-28 148.4 37.63  2012-12-07 146.6 36.38
1999-10-02 149.6 36.38 2013-02-05 153.4 38.13 5. Conclusions
2000-03-20 150.1 35.88 2013-08-24 153.4 36.38 ) .
In the present study, observations and eddy-resolving model products are
2000-07-13 155.6 37.13  2014-06-15 150.4 36.38 . . e
used to investigate the temperature variability in the south of OE. The results
200l e S LB S show that the OEF meander and its interactions with eddies are important
2001-06-08 147.9 37.63  2014-11-27 149.6 37.88 factors regulating the temperature variability and local ecosystems. The main
2001-08-12 153.1 38.13  2015-09-28 152.6 38.13 conclusions are summarized as follows:
2D oo Sries 2E07-k LaiD —— 1. Six cooling processes in the upper ocean are recorded by a subsurface
2002-10-06 149.6 3838 2016-10-12 154.4 37.38 mooring between April 2016 and June 2021. Each cold event can last
2003-06-28 149.6 36.88  2017-02-24 150.9 36.63 for one to three months and is accompanied by the negative meridional
20031220 153.1 3738 2017-10-31 1534 3638 velocities.
2004-02-23 154.9 3513 2018-0228 149.9 36.63 2. Satelllte obse.rvatlon.s and OFES model product show that. cold anoma-
lies are associated with the southward meander of OEF, which transports
2004-03-09 155.1 37.63  2018-05-25 155.4 37.63 . . . .
more subarctic water into this region.
2004-04-08 152.9 3563 2019-05-02 151.6 37.63 3. Accompanied with the development of meander, anticyclonic eddies
2005-02-27 156.1 35.63  2020-08-02 150.9 37.88 to its west are also enhanced. Energetics analysis suggests that the
2005-06-17 155.9 38.13  2020-10-16 153.4 38.38 eddy-mean flow interaction is enhanced during cold events character-
2005-07-22 149.1 37.38 ized by strong baroclinic energy exchange. By tracking the source of
eddies, it is found that these anticyclonic eddies in this region are mainly
originated from the shedding of Kuroshio Extension.
400 1
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Figure 9. (a) Seasonal distribution of cold events from 1992 to 2021. (b) The month evolution of the OEF length. For clarity,
the annual cycle is repeated twice.
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Figure 10. The month evolution of (a) the OEF intensity, (b) the OEF position, and (c) the EKE averaged in a box (37°N—40°N, 147°E—151°E). For clarity, the annual
cycle is repeated twice.

4. The cold events tend to appear in spring and autumn and could be explained by the different seasonal evolu-
tion between the OEF and mesoscale eddies. The presence of anticyclonic eddies favors the meander of OEF
and southward-flowing cold water in spring and autumn. However, this phenomenon disappears in winter
when the eddy activity weakens and in summer when the OEF retreats to the north.

This study describes the dynamical processes of temperature variability and implies the potential ecologi-
cal effect from eddy-flow interaction. A better understanding of these processes will likely be beneficial to
predict the evolution of marine ecosystem and fishery. In addition, it should be noted that more observations
are required to complete the picture of temperature variability in this region. With the continuous warming,
both the Kuroshio Extension and OE are found to migrate northward (Wu et al., 2018; Yang et al., 2020).
Whether the phenomenon depicted here exists in the future should be investigated using high-resolution model
projections.

45°N 45°N
° ’X’b) P ,f,’/ Weak Oyashio S )
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Oyashio and eddy
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Figure 11. Schematic of the interaction between the OEF and anticyclonic eddies in (a) winter, (b) summer, and (c) spring/autumn.
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Figure 12. Time series of (a) the surface chlorophyll-a concentration CHL', and (b) the backscatter coefficient BS' averaged
over upper 200 m. Primes indicate the high-pass filtering for 300 days. The cases during cold events accompanied by an
increase in CHL' and BS' are indicated by gray shadings.

Appendix A: Cold Events Captured by M2 Mooring

In addition to the two cold events in 2016 described in the main text, another four events captured by M2 in April
2018, November 2019, April 2020 and March 2021 are also examined based on the satellite observations. As
shown in Figures Ald, A2k, A3d and A4c, the OEF has a common feature of a southward meander, resulting in
the cold-water intrusion for one to three months. At the same time, an anticyclonic eddy locates to the west of M2
in favor for the development of meander and southward transport of subarctic water.

& &

b | | i 4 A
140°E  145°E  150°E 155°E140°E 145°E 150°E 145°E 150°E  155°E

Figure Al. Monthly mean SST fields in 2018. Gray contours denote the monthly mean SSH (Unit: m) and the contour interval is 0.05 m. The red solid line is the
SST isoline corresponding to the OEF and the red dashed line is SST contour that is 2.5°C higher than the isoline corresponds to OEF. The red pentagram denotes the
location of M2 mooring. Cold event happens in April.
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Figure A2. Same as in Figure A1l but for 2019. Cold event happens in November.
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Figure A3. Same as in Figure A1 but for 2020. Cold event happens in April.
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Figure A4. Same as in Figure A1 but for 2021. Cold event happens in March.

Appendix B: Reproducibility of OFES Data

Figure B1 shows that the front and circulation structure can be reasonably simulated in the OFES output. However,
the location of the anticyclonic eddy simulated by model is to the northeast of observation. Therefore, we set the
center of the 1° X 1° box to 39.5°N and 151.5°E in the OFES data. Based on the same definition of cold events in
the observation, the difference in SST and SSH fields between non-cold and cold periods are successfully repro-
duced. This suggests the choice of (39.5°N, 151.5°E) can be used to explore the dynamic processes associated
with cold events in the OFES data.
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Figure B1. Mean sea surface height (SSH) field (Unit: m; black contours) derived from (a) satellite observation (1992-2021)
and (b) OFES output (1992-2017). The contour interval is 0.025 m. Color shading indicates the magnitude of the horizontal
sea surface temperature (SST) gradient. The red pentagram denotes the location of M2 mooring and the red rectangle
represents the area used to define cold events.

Data Availability Statement

The mooring data can be downloaded via https://www.cn-kems.net/Data/data_figurel.mat. The SST data are
available at National Centers for Environmental Information via https://www.ncei.noaa.gov/data/sea-sur-
face-temperature-optimum-interpolation/v2.1/access/avhrr/. Both SSH and Chlorophyll data are obtained
from Copernicus Marine Environment Monitoring Service at https://doi.org/10.48670/moi-00148 and https://
doi.org/10.48670/moi-00100, respectively, after registering at https://resources.marine.copernicus.eu/registra-
tion-form. The WOA18 product is also provided by National Centers for Environmental Information at https://
www.ncei.noaa.gov/data/oceans/woa/ WOA18/DATA/. The OFES product is downloaded via http://apdrc.soest.
hawaii.edu/las_ofes/v6/dataset?catitem=87.
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