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Abstract To investigate the relationships between the movement of an eddy and its interior structure
and water properties, four profiling floats were deployed in an anticyclonic eddy in the western North
Pacific in 2013 (April-October). Daily float profiles showed rapid changes in temperature and salinity corre-
sponding to strong interactions between eddies north of the subtropical Kuroshio Extension. After the first
interaction with a warm-core eddy in April, the isolation of the winter mixed layer from the surface was
observed, forming a subsurface remnant layer. Another interaction with a cold fresh eddy at middepths in
May resulted in the formation of a multilayer structure. The eddy then moved poleward along the Japan
and Kuril-Kamchatka trenches, indicating changes in its propagation pattern coupled to its interior structure.
The eddy then moved northward (June-July), stalled (July—August), and moved eastward (August-October).
In addition to a general declining trend, the properties of the warm saline core changed over a short time
period, coinciding with changes in propagation. A density anomaly at middepths of the eddy changed loca-
tion during the stalled period; however, denser waters were continuously observed in the southeast part of
the eddy during its northward and eastward movement. This unidirectional density anomaly pattern was
consistent with the structure of the poleward-propagating eddy, which interacted with the western topo-
graphic boundary. Meridional exchanges of heat and material were potentially elevated by the eddy’s
advection and movement, as well as by water modifications in the eddy associated with exchanges along
its perimeter.

1. Introduction

Mesoscale anticyclonic eddies (ACEs) generally have longer lifetimes (several months to years) than cyclonic
eddies and frequently propagate away from the regions where they formed. Thus, ACEs play important
roles in the transport and exchange of heat, materials, and biota [e.g., Olson, 1991, 2001; Roemmich and Gil-
son, 2001; Qiu and Chen, 2005; Dong et al., 2014]. ACEs are sometimes pinched off from meanders of the
western boundary currents of subtropical gyres, such as the Kuroshio Extension [Sugimoto et al., 1992;
Yasuda et al., 1992] and the Gulf Stream [Elliott, 1982; Joyce et al., 1984, 1992; Olson, 1986]. These ACEs gen-
erally contain warm saline waters, and thus contribute to intergyre exchanges. Moreover, Agulhas rings
shed from the Agulhas Retroflection contribute to interbasin exchange from the South Indian Ocean to the
South Atlantic [Gordon, 1985; Byrne et al.,, 1995; Boebel et al., 2003; Richardson, 2007]. ACEs shed from the
East Australian Current in the Tasman Sea [Nilsson and Cresswell, 1980; Cresswell, 1982] also contribute to
transport between separated basins because they propagate along the east and south coasts of Australia
and sometimes reach the Indian Ocean.

Whereas there are many propagating ACEs (generally westward) throughout the entire basin, in the north-
west region of the North Pacific, warm-core rings pinched from the subtropical gyre frequently propagate
northward along the Japan Trench between the Kuroshio Extension (subtropical) and Oyashio (subarctic)
currents [Sugimoto et al., 1992; Yasuda et al., 1992; Isoguchi and Kawamura, 2006]. These northward-
propagating ACEs sometimes cross the subtropical-subarctic gyre boundary (the subarctic front). In contrast,
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around this region, the influence of subarctic waters on subtropic waters is frequently observed as the for-
mation of a vertical salinity minimum at middepths, which spreads to the subtropical gyre as North Pacific
Intermediate Water [e.g., Yasuda et al., 1996].

This poleward propagation is neither similar to that of general westward-propagating Rossby waves in the
open ocean under the f3 effect nor to that of topographic Rossby waves. On the basis of the statistical analy-
sis of an eddy trajectory provided by satellite observations, ltoh and Yasuda [2010a] observed “an eddy cor-
ridor,” an area of frequent eddy propagation along the Japan Trench and Kuril-Kamchatka trenches;
similarly, /toh and Yasuda [2010a] reported ACEs with a warm core propagating northward from the sub-
tropical gyre. ltoh and Yasuda [2010a] also suggested that the poleward heat flux caused by the movement
of eddies (including cyclonic eddies as well as ACEs) is comparable to the total poleward eddy heat flux
between 30°N and 40°N (~0.1 PW) [Jayne and Marotzke, 2002; Qiu and Chen, 2005]. Although warm-core
ACEs generally occur on other western boundary currents as mentioned above, such long-lasting poleward
propagation has seldom been observed in the Gulf Stream [Itoh and Sugimoto, 2001] or other regions in the
North Pacific [Cheng et al., 2014].

In addition to their importance for horizontal heat transport in the oceans, poleward ACEs can function as effi-
cient heat radiators from the ocean to atmosphere because wintertime atmospheric cooling can force warm-
core ACEs to drastically lose heat. A 5-6°C decrease in the typical temperature of the Kuroshio Extension (14-
15°C) in the upper warm core of ACEs was observed during the first winter after their formation [Tomosada,
1986; Yasuda et al., 1992]. Sugimoto and Hanawa [2011] demonstrated that the increase in the number of ACEs
detached from the Kuroshio Extension under the convoluted state of the gyre compared with the straight path
state could contribute to positive sea surface temperature (SST) anomalies in the transition region between the
Kuroshio Extension and the Oyashio Current, which would lead to a large amount of heat release. This heat
release could lead to the development of a deep mixed layer during winter, and thus the formation of a pycnos-
tad (low-potential vorticity) within each ACE in the subsequent season [Kouketsu et al., 2012].

Poleward-propagating ACEs also have a strong impact on biota. Warm water streams extending from the
Kuroshio Extension into the periphery of ACEs are important pathways for northward migration of pelagic
fish, such as skipjack tuna (Katsuwonus pelamis), chub mackerel (Scomber japonicus), Japanese common
squid (Todarodes pacificus), and Pacific saury (Cololabis saira), and consequently become good fishing areas
for these species [Kawai and Sasaki, 1962; Sugimoto and Tameishi, 1992]. The occurrence of nearshore,
warm-core rings off Hokkaido, the western boundary region of the subarctic gyre, could result in a concen-
trated migration of sauries east of the rings, and thus, fishery grounds farther away from Hokkaido [Yasuda
and Watanabe, 1994]. The transition region between the Kuroshio Extension and the Oyashio Current is
important to both adult fish and their larvae, because the region serves as a nursery ground for larvae that
spawned in the subtropical gyre during the spring [/to et al, 2004; Watanabe, 2007; Okunishi et al., 2012].
The environment of this area critically affects larvae survival and abundance through the recruitment of
these fish [e.g., Nishikawa et al., 2011]. Moreover, vertical nutrient transport near fronts along ACE periph-
eries is important for sustaining phytoplankton production through enhanced transport around the Kur-
oshio Extension [Kaneko et al., 2013]. Therefore, the evolution and fate of ACEs through interactions
between currents and ambient waters have a great impact on commercial fishery resources, in addition to
the transport of heat, material, and potential vorticity in the western North Pacific.

Interactions between warm water from the Kuroshio Extension and cold water from the subarctic are one of
the main factors controlling ACE evolution. Such interactions sometimes result in the subsequent drastic
intensification of an ACE [Yasuda et al., 1992, 2000; Itoh et al., 2011a, 2014a]. On the basis of repeated ship-
board observations and satellite images, Yasuda et al. [1992] reported an increase in the size and isolation
of a warm-core ACE (named 86B) from the Kuroshio Extension after its contact with a warm-tongue struc-
ture from the current. In addition, Yasuda et al. [2000] demonstrated the intensification of an ACE located
near Bussol' Strait due to its interaction with low-potential vorticity water flowing out from the Sea of
Okhotsk. As low-potential vorticity water formed by intense tidal mixing around the Kuril Islands [e.g., Itoh
et al., 2010, 2011b, 2014b; Yagi and Yasuda, 2012] flows along the Japan and Kuril-Kamchatka trenches, the
ACEs along the trenches could be affected by this water mass.

Using two profiling floats from 2003 to 2004, Itoh et al. [2011a] revealed the entrainment of cold fresh water
from the Sea of Okhotsk into the northeastward ACE and the subsequent change in core-water temperature
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(warm to cold), which resulted in the detrainment of the floats before the ACE completely decayed. More-
over, by employing three profiling floats that were gradually deployed from 2009 to 2010, /toh et al. [2014a]
reported that a thick cold-core ACE from the Sea of Okhotsk combined with a warm-core ACE, coinciding
with the intrusion of cold water beneath the warm core. The cold-water intrusion into the middepths could
have led to the cooling and shrinking of the warm-core ring above the cold water [/toh et al., 2014a].

In addition to intrusions, the interior structures of ACEs can also influence their fate via their poleward
movement. For example, based on transects of ACEs crossing the Japan and Kuril-Kamchatka trenches, Itoh
and Yasuda [2010b] pointed out that the centers of the ACEs tilted offshore with increasing depth. Such tilt-
ing could lead to net poleward heat transport because of the positive correlation between temperature and
latitudinal velocity in the case of warm-core rings; the centers of the warm cores of eddies mainly corre-
spond to northward velocities, whereas the relatively cold peripheries correspond to mostly southward
velocities [Roemmich and Gilson, 2001]. This tilting of the axis also suggested interactions between ACEs
and topography, which were consistent with the results of /toh and Sugimoto [2001], who emphasized the
poleward movement of ACEs due to the image effect. As net heat transport enables positive temperature
anomalies to move poleward, the tilting of ACEs would contribute to efficient heat transport along the
Japan Trench and the Kuril-Kamchatka trench in combination with the image effect.

Previous observational studies on ACEs as mentioned above have demonstrated rapid changes in physical
properties, including temperature and salinity within ACEs, despite their geostrophic features [e.g., Yasuda
et al., 2000; Itoh et al.,, 2011a, 2014a]. In addition, they have also reported structural characteristics, such as
the alignment of warm waters above cold waters [Itoh et al, 2014a] and a tilted axis [/toh and Yasuda,
2010b]. However, because the time scales of such interactions are shorter than 1 month, previous shipboard
observations with typical intervals of 1-2 months [e.g., Yasuda et al., 1992] only roughly resolved the evolu-
tion of ACEs just before and after interactions. Moreover, the temporal (5 or 10 days) and spatial (one or
two floats per one ACE) resolutions of observations obtained by profiling floats were sparse relative to the
phenomenon [Itoh et al., 2011a, 2014a]. Thus, many questions about the changes in an ACE’s movement rel-
ative to changes in its interior structures due to interactions and water-mass modifications have been left
unanswered. Observations with higher temporal and spatial resolution are required to clarify how interac-
tions and changes in properties occur, what happens within ACEs after interactions, and how the changes
in the structures within ACEs are related to the movement of the eddies. Moreover, because of the lack of
sufficiently long time series of observations describing the evolution of the interior structure of ACEs, there
is a poor understanding of the time scales of temporal changes in the correlations of velocities and temper-
atures associated with the poleward movement of ACEs. Thus, our understanding of the time scale of
north-south heat transport in the western North Pacific remains unclear as well.

Therefore, in the present study, the spatial structure of an ACE and its temporal development was investi-
gated by employing four profiling floats with 1 day ascents (a higher temporal resolution than that of /toh
et al. [2011a, 2014a]), satellite observations, and two shipboard observations. This investigation serves as a
case study to clarify the relationships between the evolution of ACE interior structures and water mass mod-
ifications due to interactions and ACE movement. The detailed investigation of the interior structure of the
ACE and its evolution, focusing on poleward movement, will progress our understanding of the complicated
interactions between subtropical and subarctic waters in the western North Pacific via ACE activity.

The remainder of this paper is organized as follows. The data obtained from the profiling floats, shipboard
observations, and satellites are described in section 2. The structures of the observed ACE and its temporal
development are demonstrated in section 3, with a focus on the marked interactions in springtime and the
evolution of interior structures during poleward movement. Finally, the relationships between the interior
structures and poleward movement patterns of ACE are discussed in section 4, focusing on their contribu-
tions to the eddy corridor.

2. Materials and Methods

We deployed an Autonomous Profiling Explorer (APEX, Teledyne Webb Research), equipped with a
conductivity-temperature-depth (CTD; SBE41-CP, SeaBird Electronics) sensor. Four floats (A-D) were simulta-
neously deployed from the R/V Hakuho-maru into the target ACE, centered at 41°N and 147°E, and they first
ascended on 6 April 2013 (Figure 1). The floats were configured to stay at 500 dbar, and they obtained
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Figure 1. (a) Overview of study sites and float trajectories, and (b) topographical map of the study area (color and contours). The crosses (circles) in Figure 1a denote the WK1305
(RF1304) cruise stations.

profiles from 1000 dbar to the surface every day at 1300 UTC (during the local night time, 2200 Japan
Standard Time). The floats A-C moved within the ACE until October 2013. In contrast, float D detrained
from the ACE in late May, and thus we did not use its data collected after June for analyses together with
that of the other floats. All the floats functioned until late October (Table 1). Note that the data obtained
from the profiling floats had a vertical resolution of about 5, 10, and 20 dbar at depths from the surface of
200, 200-500, and 500-1000 dbar, respectively.

In addition to the profiling float data, we also used daily absolute dynamic topography (ADT) and sea sur-
face height anomaly (SSHA) data with a resolution of 1/4° provided by the Segment Sol multimissions
d’altimétrie, d'Orbitographie et de localization précise/Data Unification and Altimeter Combination System
(SSALTO/DUACS) and distributed by the Archiving, Validation, and Interpretation of Satellite Oceanographic
Data (AVISO) project, with support from the Centre National d’Etudes Spatiales (CNES). We also used the sat-
ellite sea surface temperature (SST) maps provided by the Group for High Resolution Sea Surface Tempera-
ture (GHRSST) as the GHRSST multiproduct ensemble (GMPE), via The Centre ERS d’Archivage et de
Traitement (CERSAT), French Research Institute for Exploitation of the Sea.

We visually detected the examined ACE after an automatic extraction of ACEs in the western North Pacific on
ADT maps following the method used by ltoh and Yasuda [2010a]. Next, following the method of /toh and
Yasuda [2010b], the eddy’s center was determined based on the gravitational center of relative vorticity. The
eddy’s area was defined by the Okubo-Weiss parameter, W. The area in W is less than the critical value of
—2 X 10" "% s~ 2 for more than four grid cells [Chelton et al,, 2007] and W=4[(du/dx)*+(dv/dx)(du/dy)]. A
negative value of W indicates that rotation is dominant over deformation.

We analyzed CTD (SBE9plus, SeaBird Electronics) data obtained from two contemporary shipboard observa-
tions on the R/V Wakataka-maru (WK1305 cruise, data were obtained from 9 to 22 May) and the R/V Rhofu-
maru (RF1304 cruise, data were obtained from 16 to 21 May) of the Tohoku National Fisheries Research
Institute and Japan Meteorological Agency, respectively (Figure 1a).

3

We defined mixed layer depth as the depth at which the density dropped by 0.02 kg m™
et al., 2005] from the density at 5 dbar (or the shallowest available depth).

[e.g., Cisewski

3. Results

) 3.1. Propagation Pattern of ACE From April to October
Table 1. Dates of Final Ascents and Number of Profiles

Recorded for Each Float 2013

Final Ascent Number of After the deployment of the floats near 41°N and 147°E,
Float Date Profiles the ACE merged with another ACE that had pinched off
A 24 Oct 2013 202 from the Kuroshio Extension from mid-April to May during
B 29 Oct 2013 207 its southward movement (Figure 2a). Subsequently, the
¢ 24 0ct 2013 202 ACE rapidly moved northward until the end of May (Fig-
D 20 Oct 2013 198

ure 2b). After this rapid northward movement, float D was
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Figure 2. Monthly averages of sea surface temperature (SST, color shading) and absolute dynamic topography (ADT, contours) with the float trajectories during each month. The thick
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Figure 3. Time series of float positions. (a) Longitude and longitudinal extent (gray bars) of the core area (with a negative W value) [Itoh
and Yasuda, 2010a] of the eddy as estimated from the SSH anomaly. (b) Same as Figure 3a but for latitude. (c) Distance of the floats from
the center of the eddy. (d) Magnitudes of geostrophic velocity averaged within the eddy, orbital velocity estimated from the ascending
positions of float B, and eddy propagation speed calculated from the center position.

detrained from the ACE in early June (Figure 2c). Until this point, the trajectories of the four floats were very
similar.

In June, the ACE became enlarged showing an increase in the ADT (Figure 2c). The remaining three floats
(A, B, and C) rotated inside the ACE after this enlargement and were trapped in the ACE until October (Fig-
ures 2c-2g). During this period, some changes in the propagation pattern of the ACE’s and floats’ trajecto-
ries occurred about every 40-55 days (Figure 3). In the early part of the period (June), the ACE gradually
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moved northward along the Japan

Table 2. Dates and Cast Numbers for Each Period® Trench (~146.5°, 40°N-41°N: Fig-

Movement Cast
Paied FesiEs Date Nos. ures 3a and 3b), and after that, the
P-1 Interaction 6 Apr 2013 to 4 Jun 2013 1-60 ACE was stalled off Hokkaido from
P-2 Northward 5 Jun 2013 to 14 Jul 2013 61-100 July to mid-August. In late August,
P-3 Stalled 15 Jul 2013 to 28 Aug 2013 101-145 the ACE began to move again, to the
P-4 Eastward 29 Aug 2013 to 22 Oct 2013 146-200

east, and continued its northeast-
“We omitted profiles from P-4 after 200 casts. eastward propagation until October
(146.5°E-148°E, ~42°N; Figures 3a
and 3b). From June to September, the ADT contours greater than 40 cm, which corresponded to the ACE,
were almost separate from those located south of 40°N, which represented the northern edge of the Kur-
oshio Extension meander (Figures 2c-2f). After the end of the float observation period (29 October), the
ACE turned southwestward, decreasing in radius until early December, and its center was located near
42°N, 147.5°E; it then showed a frequent connection to the ADT crest branched from the Kuroshio Extension
(not shown).

The trajectories of the three floats A-C within the ACE from June to October also indicated changes in
radii of rotation (Figure 3c). From June to mid-July, during which the ACE moved northward, floats A
and C stayed near the center of the ACE, whereas float B generally rotated near the outer part. In con-
trast to this separation, the three floats rotated showing a similar range of radii (10-20 km) from mid-
July to mid-August, during which the ACE was stalled. They were separated again from mid-August to
October when the ACE moved to the east; float A was nearest the center, followed by float C, and finally
by float B.

The magnitude of the geostrophic velocity averaged within the ACE showed several months variation asso-
ciated with the movement of the floats (Figure 3d). The magnitude was higher from June to November
(0.25-0.3 m s~ ', except mid-September), when the floats were trapped within the ACE, than from April to
May (0.15-0.25 m s~ '), when the floats showed drastic movement rather than rotation relative to the ACE
center. The orbital velocity estimated from the ascending position of float B is consistent with the magni-
tude of the geostrophic velocity, especially from August to November, although the orbital velocity showed
prominent shorter-term variation. In contrast, the eddy’s propagating speed, as estimated from its center
position, was 0.025-0.05 m s~ ', which is generally much lower than the magnitude of the geostrophic
velocity.

Based on the behavior of the ACE estimated from the ADT and the trajectories of the floats as mentioned
above, we divided the observed time frames into four periods for descriptive purposes (Table 2): (1) interac-
tion (P-1; April to May), (2) northward (P-2; June to mid-July), (3) stalled (P-3; mid-July to late-August), and
(4) eastward (P-4; late-August to October). We refer to the eddy-like structures that contained floats during
P-1 as Pre-ACE13 (including the mergers in April and May), and to the ACE after the enlargement in early
June as the isolated ACE13 because the ADT contours of >40 cm that corresponded to the ACE were gener-
ally separate from those in the Kuroshio Extension from P-2 to P-4 (Figures 2c-2f), and the three floats
remained trapped during these periods.

3.2. Temperature and Salinity Profiles in and Around Pre-ACE13 and ACE13

The float trajectories were close together until early May, and thus the temperature and salinity time series
obtained from each float showed similar features over this time. The time series indicated that a vertically
homogeneous layer occurred above 300 dbar during P-1 (Figure 4); the temperature during this time was
4.7-4.9°C, the salinity was 33.65-33.7 psu, and the density was 26.6-26.7 g,. The temperature and salinity in
this homogeneous layer were similar to those reported by Itoh et al. [2011a] for an overwintered warm-core
ring, suggesting that the eddy in which the floats were deployed had experienced one winter since it was
detached from the Kuroshio Extension. Indeed, according to some profiling floats that were deployed into
the ACE before the winter and stayed in the ACE during the winter, the occurrence of saline water (>34
psu) was indicated at ~100 dbar in November 2012 (V. Faure, personal communication, 2014). Note that
just after the deployment, this vertically homogeneous layer almost outcropped to the surface; however,
warm and saline water appeared near the surface around 10 April, and the homogeneous layer was rapidly
isolated from the surface. Thus, we defined the homogeneous layer at 26.6-26.7 g, after its isolation from
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Figure 4. Evolution of (left column) temperature and (right column) salinity profiles as observed by (a and b) float A and (c and d) float B. The contours denote potential density. Profiles
observed by (e and f) float C and (g and h) float D.

the surface as the “remnant layer” of the winter mixed layer. The remnant layer was observed at 150-300
dbar until autumn (except by float D, which escaped from ACE13); it was most prominent in the profiles
from float A and decreased in thickness due to erosion by cold and fresh waters (Figures 4a and 4b).

In addition to the declining trend in the remnant layer, the profiles (except the detrained float D) showed
two kinds of temporal change: midterm (~50 days) changes associated with each period defined from the
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Figure 5. Latitudinal distributions of the sea surface height anomaly (SSHA) along (a and b) the transects, (c and d) the vertical temperature transects, (e and f) the vertical salinity trans-
ects, and (g) meridional velocity. The right (left) column is along the WK1305 (RF1304) sections. The contours denote potential density. Vertical distribution of (h) correlation coefficients
between temperature and velocity, and (i) heat transport in the eddy.

trajectories of floats in section 3.1 and shorter-term variations indicated by the oscillations of the isopycnals.
For example, float B showed midterm changes in the thickness of the 26.6-26.7 g, density layer associated
with each period (thick P-1, thin P-2, thick P-3, and thin P-4) (Figures 4c and 4d). As additional midterm
changes, floats A and C encountered a sudden distinct cold-water layer (<2°C) beneath the remnant layer
at a density of 26.7-26.8 g from mid-May to July (Figures 4a and 4e, respectively).

With regard to the interior of Pre-ACE13 just before the formation of ACE13, vertical sections obtained dur-
ing the WK1305 (from 9 to 22 May) and RF1304 (from 16 to 21 May) cruises revealed a vertically aligned-
layer structure of the ACE (Figure 5). During the shipboard observations, the floats were located around the
southwestern part of Pre-ACE13 (40°N-40.5°N, ~145°E) relative to the center (Figure 2b). The WK1305
transect just crossed Pre-ACE13, which was centered at 40.5°N, 146°E, and thus an elevation in SSHA associ-
ated with Pre-ACE13 was clearly represented between 145.25°E and 146.5°E along the WK1305 transect
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(Figure 5a). As Pre-ACE13 extended to the northeast during this time (Figure 2b), the edge of Pre-ACE13
was also recognized as an elevation in SSHA between 145.5°E and 147°E in the RF1304 transect, which was
conducted around the same time as and east of the WK1305 transect (Figure 5b). Concerning the interior
structure of Pre-ACE13, warm (>10°C) and saline (>33.8 psu) water shallower than 100 dbar located at
145.25°E-146°E existed as a warm-core ring above the thick remnant layer between 200 and 400 dbar (26.6-
26.7 ay) at 145.7°E-146.3°E (Figures 5c¢ and 5e). Both the surface warm saline ring (145.25°E-146.25°E) and the
subsurface remnant layer (145.75°E-146.25°E) contained warmer and saltier waters than those in the western
(northwestern) region of Pre-ACE13. Moreover, both layers had two horizontal temperature maxima around
the periphery of Pre-ACE13, centered at 145.7°E and 146.2°E in the surface warm-core ring as well as the rem-
nant layer. Beneath the remnant layer, cold freshwater between 400 and 500 dbar (26.7-26.9 gy) existed at
145.7°E-146.3°E as patchy extrema. Note that marked cold freshwater beneath the remnant layer was
observed by floats from ~23 May to July (Figures 4a and 4b), just after this observation. Slanting of the ACE to
the west (northwest) with decreasing depth was indicated by the depressed peak of the isopycnals at
middepths, near 146.1°E at 800 dbar and 145.8°E at 400 dbar. In contrast, upward-convex isopycnals at
147.1°E-147.8°E were represented in the RF1304 transect, which corresponded to the offshore side of the ACE
(Figures 5d and 5f). Whereas the distributions of temperature, salinity, and isopycnals relative to the center of
the ACE along the WK1305 transect were asymmetric, the meridional velocity distributions were relatively sym-
metric relative to the center of the eddy located at 146°E (Figure 5g). Both the zonal and meridional velocities
between 145.5°E and 146.3°E were positively correlated with temperature at depths shallower than 500
dbar (Figure 5h). Although negative correlations between the velocities and temperature were also evident at
500-700 dbar, the heat transport gﬁ::;: pCpu't'dx ( 11:56_‘53:5 pva’t’dx>) indicated that the integrated values
of these parameters at depths shallower than 500 dbar were far larger than those beneath this depth (Figure
5i). Here p is the density, C, is the heat capacity, u’ (V') is the zonal (meridional) velocity anomaly between
145.5°E and 146.3°E, and t’ is the temperature anomaly between 145.5°E and 146.3°E at each depth. Therefore,
northward and eastward heat transport due to the ACE during the shipboard observation was indicated.

Concerning the interior structure of ACE13 after the ship observations, cold water was observed at middepths
(Figures 4a and 4e), and the occupation continued during P-2, when floats A and C were located near the cen-
ter of the northward-propagating ACE13. The 26.7-26.8 a4 density layer was obviously thicker than before
this appearance of cold water. Composite sections obtained by data from three floats showed thick aligned
cores beneath the region —20 to 20 km from the center of the ACE (Figures 6a and 6b), the remnant core at
depths of 200-400 dbar (26.6-26.7 ), and the cold fresh core at 400-600 dbar (26.7-26.9 ay). In addition to
the cold water appearance observed by the near-core floats, prominently cold and fresh water patches with a
vertical scale of 50 m or less were frequently observed at depths of 100-400 m by float B, which typically
rotated on the periphery of ACE13 from June to July (Figures 4c and 4d). For example, cold (<2°C) and fresh
(<33.2 psu) waters were frequently observed at densities of 26.5-26.8 g (150-400 m) in early June.

During the stalled period, P-3, the remnant layer and the cold fresh core became thinner and more elon-
gated than during P-2 (Figures 6¢ and 6d). The time series from individual profiles showed that a weak verti-
cal salinity minimum around 200 dbar was observed in addition to the deeper temperature-salinity
minimum around 400 dbar (Figures 4b, 4d, and 4f). The temperature (4-5°C) and salinity (33.5-33.6 psu) at
this shallower salinity minimum were obviously greater than those reported by Ueno and Yasuda [2005], as
the remnant layer of the winter mixed layer was formed in the subarctic region (2-3°C and 33.2-33.4 psu,
respectively, around 41°N-42°N, 146°E-147°E), in spite of the similar density range (26.6-26.8 ). Therefore,
this shallower salinity minimum was likely a mixture of subarctic and subtropical water.

During the eastward-propagating period, P-4, composite profile sections indicated that the thickness of the
remnant layer and the cold core in the 26.7-26.9 g, layer decreased to almost 150 and 100 m, respectively
(Figures 6e and 6f). The salinity in the remnant layer also became fresher than in April. During P-4, the time
series obtained by floats B and C indicated that prominent cold fresh waters again intermittently occurred
around the remnant layer. For instance, float C observed markedly cold (<2°C) and fresh water (<33.2 psu)
at 26.3-26.7 g, (50-300 dbar) at around 15 September (Figures 4e and 4f). Moreover, prominently
cold-water patches (<2°C) were also intermittently detected by float B at 26.7-26.8 4 from early to mid-
September (Figure 4c). In addition to these patchy cold freshwater occurrences, in late-October, the disap-
pearance of the saline layer at <100 dbar was observed because of the development of a mixed layer that
contained fresher water.
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Figure 6. Vertical composite sections in the radial direction averaged horizontally in each 10 km bin. Separate averages are shown for values north and south of the center of the ACE,
where north is positive. The left (right) column is temperature (salinity). The contours denote potential density. Number of profiles in each bin are shown above the plot.

The temperature and salinity of the remnant core during P-4 decreased compared with P-2. Indeed, the
T-S diagram demonstrated decreases in temperature (salinity) at 26.6-26.7 g from ~4.9°C (~33.7 psu)
during P-2 to ~4.2°C (~33.55 psu) during P-4, and these values are between the range of subarctic and
subtropical properties (Figure 7). In contrast, an increase in temperature (salinity) at 26.7-26.8 g, that cor-
responded to the cold core was observed and ranged from ~2°C (~33.4 psu) during P-2 to ~2.5°C
(~33.45 psu).

With respect to the timing of the changes in the interior structure from P-2 to P-4, the time series of the
near-core water properties demonstrated midterm temporal changes associated with each period in addi-
tion to a general decreasing trend throughout the whole period (Figure 8). For example, it was clearly
shown that drastic decreases in salinity at densities lighter than 26.7 g occurred between P-3 and P-4 (Fig-
ures 8a and 8b). A similar rapid change in properties was also recognized at 26.2-26.8 g between P-2 and
P-3, showing a step-like decrease in salinity (except for 26.4-26.6 g, at which a remarkable increase
occurred in contrast). As an example of the evaluation of the water modification rate, we showed that the
evolution at 26.65 oy corresponded to the core of the remnant layer (Figure 8c). Although salinity had a
decreasing trend from P-2 to P-4 (—7.4 X 10~ * psu d "), step-like changes in salinity were clearly indicated
between P-2 and P-3 and between P-3 and P-4. Therefore, the timing of the change in the ACE13 move-
ment generally corresponded to that of the change in the interior water mass salinity.

3.3. Warm and Cold Water Appearances and Their Impact on Interior Structures and Water

Properties

Based on the time series provided by the floats (Figure 4), during P-1, rapid profile changes were demon-
strated at least twice. The first one occurred during the merging of Pre-ACE13 with another ACE pinched off
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from the Kuroshio Extension in April, and the second was the encounter with subarctic water characterized
by low temperature and salinity into middepths in May. The merge began in early April, just after the
deployment of the floats (6 April) and lasted until almost late April (Figures 9a-9c¢). During this interaction,
high-temperature and salinity water above the surface and winter mixed layer was rapidly isolated from the
surface and recognized as the remnant layer (Figure 10).

After that, the second major change in the Pre-ACE13 structure was caused by the appearance of cold fresh
subarctic water beneath the remnant layer that occurred in mid-May. This change in properties was trig-
gered by the development of a northward-warm (southward-cold) tongue-like SST distribution (Figures 9d-
9f), and it remained until July as the appearance of cold-water in profiles observed by floats A and C. Just
after this appearance of cold-water, float D was detrained from Pre-ACE13 via the northern edge of Pre-
ACE13 at the end of May, which was similar to the subsequent detrainment of floats from an ACE after cold-
water intrusions as reported by /toh et al. [2011a]. The time series obtained by float C indicated that the
encounter with the cold freshwater at 400-500 dbar occurred beneath the southwest part of the ACE
around 23 May, when its trajectory drastically changed and the radius of the float trajectory became mark-
edly small (Figure 11). In addition to subarctic water at middepths, warm saline water also appeared near
the surface (<100 dbar) in profiles from around 20 May. And then, the formation of ACE13 and its multilayer
structure occurred: a near-surface warm-core ring, a subsurface remnant layer (warm core), and a middepth
cold-core structure. It was noted that after the second event, the radius of the ACE was larger than before
the event, although /toh et al. [2014a] reported shrinking of the upper warm core after the intrusion of cold
waters into middepths.

After the formation of the ACE13 as an isolated anticyclone, the time series of the near-core water proper-
ties showed a midterm temporal change associated with each period (P-2, P-3, and P-4), as mentioned
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Figure 8. The evolution of salinity in the core of the eddy (R = 0-12.5 km). (a) Isopycnal average. (b) Anomalies with respect to the aver-
ages over the entire observational period (from P-1 to P-4). (c) Anomalies at 26.65 g (core of the remnant layer).

above (Figure 8). The SST distribution indicated that just before the change from P-2 to P-3, cold water
(<15°C) occurred near the northern periphery of the ACE13 at areas >42°N and >146°E (Figure 9g). In con-
trast, after the change from P-2 to P-3, warm water rapidly spread to the east of ACE13 around 42°N,
148.5°E (Figures 9h and 9i). During this change, the trajectories of floats A and C elongated and that of B
shrank. However, on 23 August, just before the change from P-3 to P-4, a relatively cold (19.5-20.5°C) SST
distribution was found to reach near the center of ACE13, showing a tongue-shaped distribution near the
southern edge of ACE13 (Figure 9j). After that, the trajectories of the floats rapidly separated and the SST
within ACE13 got colder, from 20.5-21°C (Figure 9j) to 19-19.5°C (Figures 9k and 9l). The occurrences of the
tongue-shaped SST distributions were similar to those during the interactions in P-1 (Figures 9a-9f).

3.4. Short-Term Variations in Temperature and Salinity as Observed by the Floats

As mentioned in section 3.2 (e.g., Figure 4), the oscillations of isopycnal surfaces with a period shorter than 20
days (especially ~10 days) were correlated with the position of the floats relative to the ACEs (Figure 12).
High-pass-filtered potential density at 500 dbar, dp, obtained with a Butterworth high-pass filter with a half-
power of 20 days, and high-pass filtered latitude of ascending float positions, dy, showed a significant nega-
tive correlation (r = —0.33, p < 0.01), especially when the floats were in the ACEs (Figures 12a and 12b). In con-
trast, float D did not show clear relationships between Jdp and float position after June, when the float was
detrained from ACE13 (Figure 12c). The high-passed potential density at 500 dbar, dp, also had a significant
positive correlation with longitude (r = 0.12, p < 0.01; data not shown). These results suggested denser water
tended to be distributed in the southeast to the center of ACE13. As an example, Figure 13 clearly shows the
horizontal distribution of the positive density anomaly at 500 dbar in the southeastern part of ACE13.

The time series of the correlations between 20 day high-passed density and position (represented in com-
plex number form) indicated that increases in the correlation coefficients (r) generally occurred at depths of
>350 dbar, and changes in direction from north in a clockwise manner (®) were related to behavior modu-
lations of ACE13 (Figure 14). For example, a clear change in ® from 180° (southward) to 270° (westward)
was recognized during the period from mid-May to early June (Figure 14b). After this change, r drastically
decreased once, and ® was around 135° (southeast). The timing of this drastic change corresponded to the
timing of the ACE13 isolation from the Kuroshio Extension. Similar drastic changes in r and ® were observed
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in late August, when the modulation from P-3 to P-4 was recognized. In contrast to the corresponding
changes between ACE13 movement and the indicators (r and @), from mid-June to mid-July (northward
P-2) and during September (early eastward P-4), ® showed a unidirectional pattern around 135° from north
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Figure 10. Vertical sections of temperature in the radial direction. (a) From 6 to 19 April before the first interaction. (b) From 23 to 30 April
after the first interaction. The crosses represent the mixed layer depth (see section 2). The triangles above the sections denote the posi-
tions of the profiling floats. The contours represent potential density.

(i.e, southeast) (Figure 13b). The vertical average of ® at 350-700 dbar, ®, clearly indicated the direction
orthogonal (southeast) to the isobaths, especially during the northward P-2 and eastward P-4 periods (Fig-
ure 15a). In contrast to this unidirectional density anomaly pattern, ® during the stalled P-3 period varied
from southeast to southwest from early to mid P-3, and was directed east in late P-3 (Figure 15b). The cen-
ter of ACE13 was generally located within 150-200 km of the 500-1000 m isobaths.

4. Discussion

4.1. Temporal Changes in Observed Profiles Around Pre-ACE13

In the above sections, we examined temporal changes in the structure and water mass of the long-term
eddy and investigated the relationship between the eddy propagation pattern and its interior structure.
Floats deployed in an eddy can move toward another eddy due to eddy-eddy interactions and the wave-
like behavior of the eddy (e.g., linear Rossby waves) when the ratio of the orbital velocity of the eddy to its
propagating speed is small [e.g., Ichikawa et al., 1995; Ebuchi and Hanawa, 2001]. Thus, we discuss below
the temporal changes in structure before the isolation of ACE13 (i.e., Pre-ACE13 during P-1), when some
active interactions between eddies were recognized.

In addition to the lower magnitude of the geostrophic velocity averaged within Pre-ACE13 during P-1 com-
pared with that during P-2 to P-4, a drastic decrease in the magnitude over several days occurred as a sube-
vent during the second half of April (Figure 3d). The temporal changes in profiles around Pre-ACE13
occurred as drastic short-term events over periods from a couple of days to 10 days, showing warm saline
water at the surface in April. During this event, the floats appeared to move toward another ACE located
southwest of the eddy in which the floats were deployed (e.g., Figures 9a-9c). Therefore, the profile
changes recorded by the floats are likely to be associated with weakening of the geostrophic velocity
caused by rapid interactions between ACEs aligned north-south, rather than the propagation of linear
Rossby waves aligned east-west. During these interactions, the satellite data show a tongue-shaped intru-
sion of warm water spread over both eddies at the surface, suggesting a merger between them (Figures
9a-9c¢). Such interactions and subsequent merger have previously been reported in this region [e.g., Yasuda
et al, 1992]. The entrainment of warm and saline water in April could move the surface mixed layer to
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Figure 11. Time series sections of float C around the occurrence of a thick cold freshwater intrusion. (a) Same as Figure 4e but from 10 to
31 May. (b) A 3-D display of Figure 11a focused at depths of 350-550 dbar.

shallower depths. Thus, such intrusions near surface are regarded as a positive lateral buoyancy flux from
the south and may determine the timing of regional blooms [e.g., Shiozaki et al., 2014].

During the event in May (Figures 9d-9f), we again found tongue-shaped intrusions of warm water in Pre-
ACE13 at the surface. In addition to the surface, WK1305 revealed the formation of structures, including patches
of cold freshwater, at middepth beneath the mesoscale eddy (145.25°E-146.5°E; Figures 5a, 5¢, and 5e). Thus,
the appearance of cold water can also be interpreted as an intrusion at middepths. The magnitude of the
geostrophic velocity rapidly decreased again from early-May to mid-May (Figure 3d). In addition, it
became difficult to detect the eddy based on the Okubo-Weiss parameter, W, in mid-May (Figure 3d) in
spite of the obvious ADT structure (Figure 9e), suggesting that deformation was dominant over rotation.
Therefore, the decrease in the magnitude of the geostrophic velocity associated with the interactions
and/or deformation may have led to the intruded patches at middepths in the eddy and to detrainment
of the floats (e.g., float D).

According to float C and the ADT from 23 May (Figures 9d-9f and 11b), thick cold water appeared at mid-
depths beneath the southwest part of the eddy after the decrease in the magnitude of the eddy’s
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geostrophic velocity (Figure 3d). In spite of drastic changes in its orbit around 23 May, float C generally
stayed within the mesoscale eddy after this time (e.g., Figure 9f), until P-2. In addition, the thick cold water
remained near the center of ACE13 until July (Figures 4a and 6a). Thus, rapid entrainment of thick cold
water into middepths (beneath the remnant layer) is likely to have occurred [e.g., Itoh et al., 2014a],
although the faster movement of the ACE center due to interactions, relative to the floats’ orbital velocity,
sometimes led to pseudovariations in the time series.

In contrast to the decreasing trend during the first half of May, the magnitude of the mean geostrophic
velocity within the eddy increased from mid-May to June (Figure 3d). In addition, enlargement of the eddy’s
radius, especially in the longitudinal direction, is apparent from the ADT data (Figure 3a). Ueno et al. [2009,
2012] suggested that along the Alaskan Stream near 170°W, eddies sometimes intensified possibly due to
the outflow of low-potential vorticity water from the Bering Sea. The similar amplification and regeneration
of ACEs by low-potential vorticity waters from the Sea of Okhotsk was reported around the Kuril Islands
[Yasuda et al., 2000; Itoh et al., 2014a]. Although the floats were distant from the Sea of Okhotsk (40°N-
41°N) in May, the thick cold-water intrusion and the subsequent enlargement of ACE13b was similar to
intensification reported in previous studies [e.g., Yasuda et al., 2000].

In the present study, it was suggested that the rapid decrease in the magnitude of the orbital velocity, com-
pared with the propagating speed and/or deformation of the eddy, may have led to rapid inside/outside
water mass exchanges (from a couple of days to ~10 days). However, we should pay attention to the hori-
zontal resolution of AVISO (1/4°) and the accuracy of the orbital velocity estimations from floats that gener-
ally flowed at middepths. These factors could have caused uncertainty concerning the propagation speed
and orbital velocity (including geostrophic velocities within the ACE). To understand such exchanges rela-
tive to the mesoscale features of an eddy, further studies are required based on position-controlled obser-
vations relative to the eddy (e.g. glider time series and gridded shipboard transects), more accurate
estimations of orbital velocity via surface drifter buoys, and eddy-resolved numerical models that can pro-
vide a snapshot of the eddy’s structure and its temporal changes.

4.2. Temporal Changes and Variability in the Water Mass Within ACE13

The multilayer structure of ACE13 (i.e., the thick cold freshwater intrusion) could have contributed to the
gradual modification of the water mass near the center of ACE13 via vertical interactions by cooling the
upper warm saline layer. Despite the ambient subarctic water, increases in the temperature and salinity at
the cold core from P-2 to P-4 (Figure 7) suggested a downward positive temperature and salinity flux from
the remnant layer. Salt-finger convection was responsible for these fluxes, similar to the observations
reported by Saito et al. [2011] concerning the Transition Region Mode Water at the 26.4-26.6 g layer and
the above layer. Salt-fingering between vertically aligned layers might play an important role in the rapid
modification of North Pacific Intermediate Water (NPIW) in addition to salt-finger convection caused by lat-
eral mixing between subtropical and subarctic waters at densities lower than 26.8 o, (the core density of
NPIW) [Talley and Yun, 2001].

In addition to the gradual modification of the water mass in the ACE13, the rapid change in salinity near
the center (0-12.5 km) might also be related to the water mass modification (Figure 8c). From P-2 to P-4,
we found that the timing of the change in the ACE13 movement generally corresponded to that of the
change in the interior salinity (Figure 8c). Based on the drastic change in the SST distribution around
ACE13 (Figures 9g-9I), we presume that exchanges of water masses along the edge of ACE13 occurred.
As the interior changes occurred after the enlargement of the cold front at the northern side of ACE13
(Figure 9g) and the cold-tongue-shaped distribution in the center of ACE13 (Figure 9j), interactions
between the poleward-propagating ACE and ambient waters, such as Oyashio water, would be expected.
These interactions along the edge, including submesoscale disturbances [Shcherbina et al., 2010], could
change the interior structures and contribute to water mass modifications within ACE13. Although the causes
of the drastic export of water from the center of ACE13 are unclear, the rapid decrease in the magnitude of
the geostrophic velocity during mid-September (Figure 3d) might be related to these interactions.

4.3. Temporal Changes in Interior Structures and Propagating Pattern of ACE13
We demonstrated significant relationships at 500 dbar between horizontal density anomalies and high-
pass-filtered longitude and latitude, with negative and positive correlation coefficients, respectively (see
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Figure 16. Relationships between northward geostrophic velocity and sea surface temperature anomalies along the east-west transect of ACE13. The definition of the center and area of
ACE13 are given in section 2. Highlighted points denote days for which r > 0.3 (<0.3) in Figure 14b during P-2 and P-4 (P-3). Another correlation coefficient, r., is calculated from the
highlighted points. The geostrophic velocity data and sea surface temperature data are from AVISO and GHRSST, respectively (see section 2).

section 3.4). Assuming that the float positions recognized at the surface were attributed to velocities at 500
dbar, these significant relationships suggested that the trajectory relative to the center of ACE13 crossed
isopycnal contours at 500 dbar, showing a tendency toward the distribution of lighter densities near the
shore in the cross-trench direction (Figure 13). We presumed that the reason for the trajectory crossing the
isopycnals at 500 dbar was the vertical slanting of the vortex and isopycnals in the offshore side of the ACE
that were shallower than those in the nearshore side relative to the axis of the ACE (e.g., the 27.0 g isopyc-
nal in Figure 5d). This interpretation of the tilting of the ACE was reinforced by shipboard observations (Fig-
ures 5a and 5b). A similar tilting of ACEs northward and westward toward the trenches was reported by Itoh
and Yasuda [2010b, Figure 14]. In addition, the upward cyclonic isopycnals east of the ACE obtained during
the RF1304 cruise (Figures 5c and 5d) were similar to those reported by Iltoh and Yasuda [2010b].

Image effect Net heat transport

/ / (Including poleward component)

Velocity
(correlated with temperature)

Isopycnals

Denser anomaly
in the offshore side

Floats
(crossing isopycnals)

Tilted eddy axis

Along trenches

Figure 17. A schematic diagram of the correspondence between the interior structure and poleward movement of ACE13.
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The clear southeast-unidirectional pattern of ® suggested tilting of the vortex tube on the steep slope of
the trenches during the northward P-2 and eastward P-4 periods (Figure 15). In contrast, during the stalled
P-3 period, ® indicated directions varying from southeast to southwest. Therefore, we can conclude that
the ACE13 movement was very sensitive to local topography, probably through the tilting of the vortex
tube. This tilting of ACE13 toward the topography was consistent with the compression of an ACE due to
steep slopes, as reported in previous numerical studies [/toh and Sugimoto, 2001; Sutyrin et al., 2003; Hyun
and Hogan, 2008], which emphasized that the image effect could result in poleward movement of ACEs.

Although the physical processes that caused the changes in the direction of the eddy’s tilt are unclear, in
addition to topographic effects, such changes could result from disturbances triggered at the eddy’s periph-
ery due to ambient currents and other eddies. For example, from late May to early June, a drastic change in
® occurred (Figure 14c) in conjunction with prominent cold and fresh water located in the outer part of the
ACE, as observed at 100-400 dbar by float B, although a temporally solid remnant layer was detected near
the center by float A (Figure 4). Thus, interactions with cold water along the edge of the ACE might have
contributed to the change in ®.

4.4. Role of ACE Interior Structures in Poleward Movement and Heat Transport

The poleward net heat transport of the tilting ACE due to the correlation between temperature and velocity
[Roemmich and Gilson, 2001] also allowed ACE13 to move northward because of the poleward propagation
of the gravity center of the warm core. According to the WK1305 transect, the positive heat transport at
depths shallower than 500 dbar was more extensive than the negative transport at 500-700 dbar (Figure
5i). This result indicates that the net heat transport to the northeast was associated with the tilting of
ACE13. Similar correlations were observed during P-4 based on the horizontal velocity derived from the
ascending position of the floats (data not shown). Moreover, daily data during P-2 and P-4 show clear posi-
tive correlations between the SST anomalies along the east-west transects through the center of ACE13
and the meridional geostrophic velocity along the transects (Figure 16). In contrast, the relationships
between the SST anomalies and geostrophic velocity during P-3 were more variable (Figure 16b). Therefore,
the results provided by the satellite data are consistent with the enhancement of net northward heat trans-
port during P-2 and P-4, and the subsequent poleward propagation of the warm core’s gravity center due
to transport during these periods.

In conclusion, we proposed that the tilting of the ACE toward the steep slope of the trenches functioned as
an efficient poleward transport mechanism for heat and materials because of the net heat transport resulting
from the ACE's tilting structure [Roemmich and Gilson, 2001; Qiu and Chen, 2005] and the poleward movement
of the ACE itself from the image effect [/toh and Sugimoto, 2001; Sutyrin et al.,, 2003; Hyun and Hogan, 2008].
This model of effective poleward heat transport is consistent with features of the eddy corridor [Iitoh and
Yasuda, 2010a]. In addition, we also demonstrated the transport exhibited 1-2 month variability associated
with changes in the interior structure of the ACE. Poleward movements of ACEs are probably affected by back-
ground flows, such as the Oyashio current; however, interior structures of ACEs, such as unidirectional density
anomaly patterns, also contribute to transport and modifications of water masses. Figure 17 shows a sche-
matic diagram depicting the correspondence between eddy structure and propagation. More research is
required to understand this relationship, including the influence of currents (e.g. the northeastward return
flow of the Oyashio [e.g., Isoguchi and Kawamura, 2006]), anticyclonic barotropic circulation around the rise in
the region of 40°N-40.5°N, 145°E-147°E (including the Neptune effect; H. Nishigaki, personal communication,
2015), and the pseudo f effect [e.g., Yasuda et al., 2000] on the behavior of poleward ACEs. Poleward ACEs
could also affect intermediate gyre transport in the North Pacific, surface circulation, and the formation of
NPIW through intergyre movement via various water-mass intrusions, modification of the water masses (e.g.,
vertical processes such as salt-fingers), and exchanges of water masses at higher latitudes.
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