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1.研究背景及科学问题
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1. 研究背景

中尺度涡
- 时空尺度
- 输运性
- 巨大能量
- 能量级串
- 多尺度相互作用
- 海气相互作用
- 其他交叉学科

黑潮亲潮延伸体
- 涡旋活动最活跃
- 最大涡动能带
- 中纬度海气相互作用

471Oceanic fronts and jets around Japan

1 3

we have also created a table of metrics that summarizes 
the basic dynamical properties of each front. We believe 
that such a table will be helpful for discussing common 
and unique aspects of oceanic fronts around Japan and 
serves as a benchmark for examining how well these fronts 
are represented by numerical models.

This article is organized as follows. In Sect. 2, we intro-
duce the dynamical parameters (i.e., metrics) that are com-
monly used to describe oceanic fronts and present a table 
of metrics for the oceanic fronts in the above-mentioned 
western North Pacific. In Sect. 3, we review the indi-
vidual fronts in more detail and use the metric table for 

Fig. 1 Global distribution of the sum of latent and sensible heat 
fluxes based on the J-OFURO2 (1993–2007). The region of the 
fronts focused on in this article is the squared dotted lines and is 
shown in Fig. 2. The locations of the Gulf Stream, Agulhas Current, 

Agulhas Return Current, and Subantarctic Front are shown by black 
solid lines, where they show some resemblance to the western North 
Pacific as a region of enhanced heat fluxes

Fig. 2 Geographical locations of oceanic fronts over the western 
North Pacific that are described in this article. The inset shows the 
tidal front in the Seto Inland Sea of Japan. The start and end of the 
frontal lines are those in Tables 1, 2, 3, 4, and 5, and the arrows cor-
respond to the direction of the currents along the frontal axis. As indi-
cated with different colors, the fronts are grouped together based on 

the sections in this article. Light-colored lines are drawn to illustrate 
the connection of fronts. The names of the fronts are abbreviated as 
indicated in Tables 1, 2, 3, 4, and 5. SAB is the subarctic boundary. 
The front associated with the SAC is indicated as SAF here based on 
Ueno and Yasuda (2000) and Yasuda (2003)

图 1:西北太平洋主要流系和锋面
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2. 研究进展 1.涡旋表面特征

图 2: [Chelton et al., 2011]

已有研究的不足
- 数据陈旧，分辨率低
- 仅关注子区域
- 无法识别涡旋事件
- 无法涡旋溯源
- 统计特征量不足

图 3: [Itoh and Yasuda, 2010]

图 4: [Sasaki and Minobe, 2015]

图 5: [Ji et al., 2018]

图 6: [Cui et al., 2019]
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2. 研究进展 2.涡旋垂直结构

图 7: [Feng et al., 2021]

已有研究的不足
- 合成涡旋数据杂糅
- 未考虑空间变异
- 未考虑涡旋事件
- 无法涡旋溯源
- 缺少拉氏不稳定

图 8: [Zhang et al., 2013]

图 9: [Sun et al., 2017]

图 10: [Dong et al., 2017]

图 11: [Jing et al., 2019]
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3. 科学问题

1. 黑潮-亲潮延伸体区域中尺度涡不同子区域的涡旋表面特征是怎样的？
2. 涡旋的垂直温盐结构是怎样的？该区域涡旋垂直结构的主要类型有哪些？不同类
型涡旋的真实源地在哪里？它们在全生命周期中垂直结构存在怎样的变化？

3. 影响涡旋垂直结构的主要因素有哪些？造成该区域涡旋垂直结构的空间变异性和
时间变异性的原因是什么？

4. 涡旋事件（拆分和合并）主要发生在哪些区域？涡旋事件的发生对涡旋垂直结构
有怎样的影响？
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4. 研究思路

1. 使用 TOEddies识别算法对海表面高度进行涡旋识别，构建涡旋拆分和合并及父
子代关系数据库；

2. 对形态特征、传播特征和其他运动特征进行统计；对比不同分辨率下各种涡旋特
征量的异同；

3. 利用聚类分析根据涡旋垂直结构相似性对涡分组，结合水团分析和父子代关系对
各组涡旋溯源；利用斜压不稳定分析讨论各组涡旋生成机制，以及其他影响涡旋
垂直结构的因素；

4. 利用涡旋数据库统计涡旋拆分和合并事件发生的主要区域，以及事件发生对涡旋
垂直结构的影响；
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2.数据和方法介绍
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1. 数据介绍 1.观测数据

CMEMS
-延迟时间模式
-多卫星任务融合
-时间分辨率：1天
-版本：DT-2021
-空间分辨率：0.25°
-时间：2000-2020
-变量：ADT, U, V

表面识别

Argo

-经质量控制
- 10万条剖面
-时间：2000-2020
-变量：T, S, PRES

原始剖面

WOA18
-空间分辨率：0.25°
-时间：2007-2015
-月平均
-变量：T,S,RHO

背景场
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1. 数据介绍 2.再分析数据

同化参数
- 方法：四维变分同化
- 同化周期：每月 3 次
- 原位温盐剖面：WOD13 &
GTSPP
- SST: 融合卫星 & 原位观测
（MGDSST）
- SLA: T/P, Jason-1/2 等
- 海冰: SSM/I
- 大气强迫：JRA-55 日均
- 空间范围：西北太平洋

FORA-WNP30
-空间分辨率：1/10°（外层 1/6°）
-时间分辨率：1天
-层深：0-6300m（54层）
-时间：1982年 1月-2014年 12月
-变量：SSH, U, V, T, S

数据来源：JAMSTEC & JMA/MRI
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1. 数据介绍 3.数据对比

图 12: KOE区域划分

观测数据
- CMEMS+ARGO+WOA18
-空间分辨率：1/4°
-时间分辨率：1天
-垂向层深：0-1000m
-时间范围：1993年 1月-2020年 12月

再分析数据
- FORA-WNP30
-空间分辨率：1/10°（外层 1/6°）
-时间分辨率：1天
-垂向层深：0-1000m
-时间范围：1982年 1月-2014年 12月
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2. 方法介绍 1.TOEddies涡旋识别追踪算法

Journal of Geophysical Research: Oceans 10.1029/2018JC014270

Figure 4. Schematic of a simple network of trajectories up to order 2. This
network is characterized by four formations, four disappearances, and three
merging and splitting events. With each merging and splitting, the cost
function is applied to follow the main trajectory by associating a segment
with a higher order.

The cost function we used (called CF in the following) is presented in
equation (3) where, for a difference Δ! of the generic variable ! between
two independent segments, Δ! and "Δ! denote, respectively, the mean
and the standard deviation of the differences. They are calculated between
all pairs of a parent eddy associated with a single child eddy and con-
versely. The variables we used in defining the cost function are based on
the work of Le Vu et al. (2018). In addition, we prescribed the mean and the
standard deviation estimates of the variables used in the cost function fol-
lowing Pegliasco et al. (2015) to ensure similar ranges of variation for every
variable to assign them the same weight.

In order to reduce the effect of spurious variations in the gridded ADT
product, the values used in CF are averaged over the last or the first 7 days
of each independent segment in the case of eddy merging and splitting,
respectively. In this way, the CF can, for example, identify two trajectories
that merge for only few time steps before splitting again. In this case, this
event is identified as an interaction instead of a real merging followed by
a splitting. This is close to the neutral interactions presented in Le Vu et al.
(2018) with an interaction period set at 5 days. To limit the number of short

life segments that connect the trajectories or increase the number of eddy-eddy interactions, each indepen-
dent segment must last more than 4 weeks to be taken into account. This ensures that the segments of a
trajectory are consistent over a relatively long period of time.

Taking into account eddy merging and splitting, the meaning of an eddy trajectory radically changes the
traditional view of mesoscale eddies moving as isolated and coherent structures from their formation zone
to their dissipation zone. This is why we propose here to characterize the evolution of these structures not in
terms of eddies, but by a network of trajectories. Such a network is composed of several branches identified
as independent segments that begin either with a merging or splitting event or with the formation of a new
structure, and end with another merging or splitting event or with the disappearance of the structure in the
altimetry maps.

To match the in situ observation of isolated eddies with the associated trajectory network, we propose assign-
ing an order to each segment of a main trajectory as shown in Figure 4. In this formalism, the order 0 of the
trajectory network is the main trajectory identified by applying the CF for each occurrence of merging and
splitting. With order 1, we assign segments that are linked to the main trajectory either by an eddy splitting or
an eddy merging. Similarly, the order 2 refers to segments that are associated with eddy merging or splitting
with order 1 trajectories, etc. This recursive classification in ordered trajectories continues until no new orders
are detected. Each network is therefore associated with an order n of trajectories. The order 0 of each network
of trajectories is defined according to the target of the study as, for example, the assessment of the origin and
fate of a mesoscale eddy identified by in situ observations or a global view of mesoscale eddies formed in a
particular region of the ocean, such as the Agulhas Rings.

2.3. The AVISO+ Mesoscale Eddy Trajectory Atlas
Chelton et al. (2011) is the most publicly available atlas cited for mesoscale eddies automatically defined
from satellite altimetry data. A new version of this algorithm has been implemented by Schlax and Chelton
(2016), which is used by SSALTO/DUACS to produce the Mesoscale Eddy Trajectory Atlas (hereafterMETA2017;
Duacs/AVISO+, 2017) distributed by AVISO+ (http://www.aviso.altimetry.fr/) with support from CNES, in
collaboration with Oregon State University with support from NASA.

The META2017 detection method is based on the geographical properties of the two-sat-merged SLA maps
after application of a spatial high-pass filter. The META2017 algorithm identifies anticyclonic (cyclonic) eddies
by locating the pixel at a local maximum (minimum) of SLA and successively finding all neighboring pixels
with SLA values above (below) a sequence of decreasing (increasing) thresholds following the growing method
of Williams et al. (2011). This growth of the eddy structure continues until one of the five criteria defining
a compact and coherent structure is violated. The five criteria used are chosen to generate eddies statisti-
cally similar to those obtained by Chelton et al. (2011). Eddies with an amplitude of less than 1 cm are not

LAXENAIRE ET AL. 7657

图 13: TOEddies算法

算法流程
1. 识别包含单一极值的 SSH最外等值线
2. 空间重叠 50%连接成为涡旋片段
3. 补全临时消失 5天内的涡旋片段
4. 以成本函数 (CF) 极小值判断主轨迹，其余作为涡
旋事件（拆分、合并）轨迹
5. 仅保留 30天以上长涡旋

CF =

√√√√√
(

∆ Center − ∆ Center

σ∆ Center

)2

+

(
∆Ro − ∆Ro

σ∆Ro

)2

+



∆RVmax − ∆RVmax

σ∆RVmax




2

算法来源：[Laxenaire et al., 2018]
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2. 方法介绍 2.升序层级聚类技术 HAC

图 14:层次聚类

聚类流程

1. 计算代表涡旋垂直结构的平均剖面（θ′/S′/σ′）
2. 将平均剖面标准化，仅保留剖面形状
3. 计算剖面间的欧拉距离
4. 使用Ward算法聚合剖面 [Ward, 1963]
5. 在合适的位置切割聚类树，获得所需聚类

WardDistance : d(r, s) =

√
2nrns

(nr + ns)
‖x̄r − x̄s‖2

方法参考：[Pegliasco et al., 2015]
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3.黑潮-亲潮延伸体区域涡旋的统计分析
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1. 形态特征 1.基于两种数据源的统计比较

图 15:涡旋特征量概率密度分布

高低分辨率涡旋主要差异
1. 振幅、半径、切向速度、非线性参数
峰值位置差异明显
2. 高分辨更多，更小，更少的空间覆盖
3. 更弱，旋转更慢，传播更快，距离更短
4. 总体能量更小，单位面积能量更大
5. 更弱的非线性
6. 更高的变形率，稳定性更差

详细参数比较见表 3-1和表 3-2
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1. 形态特征 2.涡旋特征量的演化

图 16:涡旋特征量的演化

演化特点
1. 时间反演特性
2. 五分位式变化
3. 传播速度、EI、变形率先小后大
4. 振幅、半径、切向速度、EKE、涡度、
非线性参数先大后小
5. 子区域差异显著

姚恒恺 黑潮-亲潮延伸体涡旋垂直结构研究与溯源分析
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2. 传播特征 1.涡旋的传播过程

Propagation Speed for AE(cm/s)
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Propagation Speed for CE(cm/s)
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图 17: CMEMS涡旋传播分布

西行速度和距离随纬度显著减小 图 18: CMEMS涡旋轨迹合成 &位移角
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2. 传播特征 2.涡旋的出生与死亡过程

图 19: CMEMS涡旋出生与死亡事件

传统涡旋统计常误将合并与拆分考虑在内，涡旋真实出生死亡空间倾向性不强
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2. 传播特征 3.涡旋的拆分与合并过程

Split Area for AE
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图 20: CMEMS涡旋拆分与合并事件

AE与 CE涡旋事件有显著不
同的空间倾向性，AE倾向于
SKE，而 CE倾向于亲潮两侧
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3. 小结

1. 全面系统地对 KOE区域涡旋特征量统计分析；
2. 高低分辨率下涡旋特征量差异显著；
3. 真出生死亡区域 AE较均匀，CE偏黑潮以北居多；
4. 涡旋拆分合并区域 AE偏黑潮南翼，CE偏亲潮入侵流两侧；
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4.黑潮-亲潮延伸体区域涡旋的垂直结构
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1. 水柱中的温盐异常 1.典型水团和水文特征
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图 21: WOA18气候态平均断面

390 I. Yasuda

As mentioned above, studies on the Kuroshio-
Oyashio Transition Area are quite important. However,
previous studies are still not sufficient; we need to fur-
ther understand the physical, chemical and biological
processes occurring in this area. We here try to provide a
current view of circulation and water masses with frontal
structures from surface to intermediate depths (up to 1200
m or 27.4σθ) by briefly reviewing previous studies for
the area 25–50°N and 140°E–180°, and try to address re-
maining issues.

2.  Current Structures
Near-surface current structures in the Kuroshio-

Oyashio Transition Area are schematically illustrated in
Fig. 1. The Kuroshio south of Japan and the Kuroshio
Extension (KE) east of Japan are the western boundary
currents (WBCs) of the North Pacific subtropical gyre
and transport warm and saline surface waters.

Subarctic WBCs are strongly modified along the
pathway. The East Kamchatka Current (EKC) is a part of
the cyclonic circulation of the Western Subarctic Gyre
(WSAG) and flows southwestward from the Bering Sea.
Near-surface water in EKC is characterized by
dichothermal water formed in the winter mixed layer and
mesothermal water in the intermediate depth below a
strong halocline (e.g. Uda, 1963; Dodimead et al., 1963;
Favorite et al., 1976; Ueno and Yasuda, 2000). A part of
EKC flows into the Okhotsk Sea in the northern Kuril
Straits (e.g. Ohtani, 1989) and is then considerably modi-
fied in the Okhotsk Sea along the cyclonic circulation
through sea-ice formation and mixing with Okhotsk Sea
waters (e.g. Kitani, 1973). In the Okhotsk Sea, the East
Shakalin Current (ESC) is intensified in fall and winter
(Itoh and Ohshima, 2000; Mizuta et al., 2001; Simizu and
Ohshima, 2002; Ohshima et al., 2002). In the Okhotsk
Sea Kuril Basin, a large anti-cyclonic circulation
(Wakatsuchi and Martin, 1991; Yasuda, 1997) contains
the Okhotsk Sea Mode Water (Yasuda, 1997; Transitional
Water by Kitani, 1973) in the subsurface. The Okhotsk
Sea water outflows to the Pacific and merges with EKC
to form the Oyashio (e.g. Ohtani, 1989; Talley, 1991;
Talley and Nagata, 1995; Yasuda, 1997; Kono and
Kawasaki, 1997a). The Oyashio water has characteris-
tics intermediate between EKC and Okhotsk Sea waters.

The Oyashio (OY) flows southward and some part
reaches KE (Yasuda et al., 1996, 2001; Shimizu et al.,
2001; Okuda et al., 2001); whereas the other part
recirculates northeastward along the WSAG. The
subarctic surface water along the recirculation could drift
southward across the subarctic front (SAF) as Ekman drift
and could cover the surface in the Transition Domain
between SAF and the Subarctic Boundary (SAB) (Fig.
1).

In the area east of Japan, KE and OY converge. We

often refer to this area between SAF and KE as the
“Kuroshio-Oyashio Interfrontal Zone” (e.g. Kawamura et
al., 1986; Yasuda et al., 1996), where several intense
meso-scale eddies, such as Kuroshio warm-core rings (e.g.
Kawamura et al., 1986; Yasuda et al., 1992) and cold-
core rings (e.g. Kawai, 1972) distribute, especially west
of 155°E. Eddy-eddy interaction, vortex merger and eddy-
Kuroshio interaction are often observed (Kawamura et
al., 1986; Yasuda et al., 1992); for theoretical and
modeling studies, see Yasuda (1995) and Yasuda and Flierl
(1995, 1997). Kuroshio warm-core rings near the east
coast of Japan sometimes move northward along Honshu
(e.g. Kitano, 1975; Yasuda et al., 1992) and further
northeastward along Hokkaido and Kuril Islands (Yasuda
et al., 2000a). This movement might be explained by a
mirror-image effect (Yasuda et al., 1986; Itoh and
Sugimoto, 2001) or by a pseudo-beta effect (Yasuda et
al., 2000a: interaction between eddy and northeastward
deep WBC). For the deep WBC, see Owens and Warren
(2001). Modification of water-masses is quite large in this
area, as is described in Section 4.

Fig. 1.  Schematic illustration of the near-surface current, front
and water-mass structures in the Kuroshio-Oyashio transi-
tion area. EKC: East Kamchatka Current, WSAG: Western
Subarctic Gyre, ESC: East Shakalin Current, OY: Oyashio,
KE: Kuroshio Extension, TC: Tsushima Warm Current, SAF:
Subarctic Front, SAB: Subarctic Boundary, KBF: Kuroshio
Bifurcation Front, STF: Subtropical Front, MLF: Mixed
Layer Front, STMW: Subtropical Mode Water, S-CMW:
Shallow Central Mode Water, D-CMW: Dense Central Mode
Water, DSW: Dense Shelf Water, OSMW: Okhotsk Sea
Mode Water. The yellow circles denote warm-core rings and
light green ones cold-core rings.

图 22: KOE主要水团流系分布 [Yasuda, 2003]
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1. 水柱中的温盐异常 2.涡旋引起的异常

图 23: CMEMS涡旋异常深度分布

图 24: CMEMS涡旋异常强度分布

不同深浅和不同强弱的涡旋存在空间上的重
合，传统纬向平均易引起歧义
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1. 水柱中的温盐异常 3.子区域间的结构差异
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图 25: CMEMS子区域涡旋垂直结构

合成涡旋剖面和合成涡旋断面易
出现不同垂直结构涡旋混淆引起
的双核心结构或过厚结构
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图 26: CMEMS涡旋异常强度分布
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2. 层级聚类法涡旋结构 1.层级聚类结果

图 27: WNP30-HAC聚类树状图

1. 高度差代表类间差异性
2. 越低的聚类代表越高的
相似性

3. 最易筛选出中层、强涡
4. 其次是表层、次表层、
弱涡
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2. 层级聚类法涡旋结构 1.层级聚类结果
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根据聚类可以分成 3类：表层、次表层、中层
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图 29: WNP30聚类涡旋出生地分布
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2. 层级聚类法涡旋结构 2.涡旋溯源分析

图 30: WNP30聚类温盐图 图 31: WNP30聚类子父代分布
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3. 垂直结构影响因素

参考：[Pegliasco et al., 2015; Keppler et al., 2018]
1. 涡旋自身旋转引起的上升/下沉过程引起的位移；
2. 环流系统结构造成的不稳定性；
3. 涡旋生成阶段捕获的水团；
4. 涡旋传播过程中途径的背景场变化；
5. 涡旋表层的海气相互作用；
6. 跨密度面混合；
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3. 垂直结构影响因素 1.涡旋生成阶段
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图 32: CMEMS聚类涡致垂直位移
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图 33: WNP30聚类涡致垂直位移

讨论
1. 次表层位移需要考虑涡旋自身和背景层结影响
2. 涡致垂向位移是涡旋垂直结构的最大影响因素
3. Surface2型涡旋涡致垂直位移最小
4. 其他类型涡旋在对应深度均有体现

等密线的垂直位移：

r(z) = − ρ′(z)
∂ρ(z)/∂z

(1)

方法参考：[Keppler et al., 2018]
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3. 垂直结构影响因素 1.涡旋生成阶段

图 34: WNP30线性不稳定 |ψ|2 剖面

线性不稳定
1. TOEddies父子代关系找到真实出生点
2. 61×41格的空间平均和 31天的后向时间平均
3. 在 0.1-4 倍 Kdef 波数空间，以 0.1Kdef 分辨率
扫描，找到增长率最大的波数
4. 仅保留表面型 (Charney_s) 不稳定剖面，否则
取增长率次大波数，循环全部直到舍弃该剖面

无粘准地转位涡方程（QGPV）：

qt + U ·∇q+ u ·∇Q = 0, −H < z < 0 (2)

Φzt +U ·∇Φz + u ·∇
(
Φz + f−1N2η

)
= 0, z = 0,−H,

(3)

方法参考：[Jing et al., 2019; Feng et al., 2022]
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3. 垂直结构影响因素 2.涡旋传播阶段

图 35: WNP30聚类涡旋传播背景场（标准化生命期）

各组涡旋传播途径背景场基本保持稳定，KOE区域涡旋背景场影响不大
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4. 生命演化过程中的结构变化 1.非涡旋事件中涡旋的结构变化

图 36: WNP30聚类涡旋传播垂直结构（标准化生命期）
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4. 生命演化过程中的结构变化 2.涡旋事件中涡旋的结构变化
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图 37: WNP30涡旋事件前后垂直结构变化概率密度分布

算法流程
1. 以非涡旋事件涡旋每 15天异
常深度变化作为基准；
2. 计算涡旋事件前后 15天异常
深度变化最大值；
3. 正值为上升，负值为下降；
4. 涡旋事件与非涡旋事件相减
为正则显著；
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5.总结与展望
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1. 主要结论

1. 全面系统地获得了黑潮-亲潮延伸体海域不同子区域涡旋的表面特征量及其演化
特征，在标准化生命周期中存在显著的时间反演特性和五分位式的演化过程；

2. 对比了不同分辨率数据下的涡旋统计结果，高分辨率下涡旋总体表现为更小更弱
更不稳定，揭示了全球涡旋统计中潜在的涡旋特征高估问题；

3. 在多个子区域内获得了合成涡旋的三维结构，并根据涡旋垂直结构进行聚类分析，
理清了该区域内的几种主要涡旋结构，并利用水团分析和涡旋父子代关系发掘各
类涡旋的源头；

4. 讨论了几种涡旋垂直结构的影响因素；
5. 阐明了在涡旋事件（拆分和合并）和非涡旋事件生命演化过程中涡旋垂直结构的
变化特点。
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2. 创新点

1. 使用观测数据和再分析资料获得了研究区域内多个子区域涡旋表面特征在不同分
辨率数据下的显著差异，揭示了目前全球涡旋统计中可能存在的涡旋特征量高估
问题；

2. 利用层次聚类分析厘清了研究区域内多种典型的涡旋垂直结构及其生成源头，并
揭示了各类涡旋的线性不稳定生成机制，阐明了涡旋各生命阶段中不同垂直结构
的影响因素；

3. 通过较先进的涡旋识别算法阐明了在涡旋事件（拆分和合并）和非涡旋事件生命
演化过程中的涡旋垂直结构变化特点。
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3. 不足与展望

1. 中尺度涡在出生时、耗散时和发生涡涡相互作用时，涡旋结构发生怎样的变化，
涡旋能量进行了怎样的转移？

2. 本区域海表面高度变异高值区与海表温度变异高值区分布不对称性的原因是什么，
不同垂直结构的涡旋在其中发挥了怎样的作用？

3. 涡旋在发生涡旋事件（拆分和合并）过程中的垂直结构变化的动力机制是什么？
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