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Fig. 1

Bathymetry of our research domain and the time-mean current vector field, only speed exceeding 0.25 m/s
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a. Which indicates the mean path of the Kuroshio during 1993-2018 is shown; b. three typical paths of the Kuroshio south of Japan (i.e., the LM, oNLM and

nNLM path); c. the composited sea level anomaly (SLA) field and current vector field in the Kuroshio extension’s elongated mode and contracted mode. The

numbered geographic positions are: 1. Miyake-jima; 2. Hachijo-jima
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Fig.2 Time series of the negative Pacific decadal oscillation (PDO) index (a) and Kuroshio extension (KE) index based on the area-mean

(31°~36°N, 140°~165°E) of the 3-day interval sea level anomaly (SLA) data (b)
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Fig. 3 Schematic of the (3X3) self-organizing map (SOM) for the spatial pattern extraction (a), and the temporal pattern extraction (b)
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The sample vectors are the sea level anomaly (SLA) spatial series and temporal series in a and b respectively
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Fig. 4 Nine spatial patterns (MP1-MP9) extracted from the 3-day interval sea level anomaly (SLA) data south of Japan
through the (3x3) self-organizing map analysis (a) and trajectory of the best matching unit (b)
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In a, the frequency of occurrence is given as a percentage number at the upper left corner of each pattern, the Kuroshio axis is denoted by the 1 m sea surface
height isoline, with the gray solid line denoting the time-mean axis and the purple solid line representing the axis in the associated self-organizing map pattern.
The gray arrows denote the geostrophic velocity. In b, the blue, green and red lines represent the large meander, offshore non-large meander and nearshore non-
large meander path, respectively. The MP3, MP7 and MP9 (in bold fonts) represent the mature state for the three typical paths. b1, b2 are the best matching unit

migration tracks of large meander path occurring in 2004 and 2017, respectively; b3 is the best matching unit migration track of the non-large meander path
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Fig. 5 Time series of the southernmost position axis of the Kuroshio axis
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a. Jet position anomaly between 136°E and 139°E; b. jet position anomaly between 140°E and 142°E; c. best matching unit series of the Kuroshio south of Ja-

pan. The blue, green and red shading bars denote the period of the large meander, offshore non-large meander and nearshore non-large meander path in a and b,

respectively. The blue, green and red corss marks denote the large meander, offshore non-large meander and nearshore non-large meander paths in c, respectively
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Fig. 6 The nine spatial patterns (KP1-KP9) extracted from the 3-day interval sea level anomaly (SLA) data in the Kuroshio extension re-

gion using the (3%x3) self-organizing map analysis (a); KE index of KP1-KP9 (b); best matching unit series of the KE (c)
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In b, KE index is used to evaluate the stability of each pattern; in c, the interval is 3-day, the stability of the patterns (the y-axis) gradually increases from the

bottom to the top
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Fig. 8 Typical regions of sea level anomaly (SLA) variability (MR1-MR6) in the Kuroshio region south of Japan identi-
fied with the (2X3) self-organizing map (a), typical regions of SLA variability (KR1-KR6) in the Kuroshio extension re-
gion identified with the (2%3) self-organizing map (b), time series of SLA in the six typical regions (MR1-MR6) (c), time
series of SLA in the six typical regions (KR1-KR6) (d)
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Table 1 Information flow between the Kuroshio sea level anomaly (SLA) typical regions (MR1-MR6) and the Kuroshio extension SLA

typical regions (KR1-KR6) during the large meander (LM), offshore non-large meander (0NLM) and nearshore non-large meander
(nNLM) path states
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Fig. 9 Composited sea level anomaly (SLA) and velocity maps during the large meander (LM), offshore non-large meander (0NLM) and

nearshore non-large meander (nNLM) path states (a); snapshots in a case when the Kuroshio is in the offshore non-large meander (oONLM)

path state. In the rectangle box, negative SLA signals move from MRS to KR2 which later gradually merge into the southern recirculation

gyre of the Kuroshio extension, and weaken the stability of the Kuroshio extension SLA (b)
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Typical spatiotemporal patterns of the Kuroshio south of Japan and the
Kuroshio extension using self-organizing maps and their causal relationship

Wu Youting ", Yang Yang®, Liang Xiangsan™®?

(1. Key Laboratory of Marine Science and Numerical Modeling, First Institute of Oceanography, Ministry of Natural Resources, Qingdao
266061, China; 2. School of Marine Science, Nanjing University of Information Science and Technology, Nanjing 210044, China; 3. Col-
lege of Ocean and Earth Sciences, Xiamen University, Xiamen 361102, China; 4. Department of Atmospheric and Oceanic Sciences, Fudan
University, Shanghai 200438, China; 5. IRDR ICoE on Risk Interconnectivity and Governance on Weather/Climate Extremes Impact and
Public Health, Fudan University, Shanghai 200438, China; 6. Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai),
Zhuhai 519000, China)

Abstract: Previous studies have shown that the decadal modulation of the Kuroshio extension (KE) system is con-
trolled by the Pacific decadal oscillation-associated forcing from downstream. However, recent observation reveals
that this mechanism ceases to function after August 2017. Meanwhile, a large meander is under development in the
KE’s upstream, i.e., south of Japan. Using the self-organizing map (SOM), we investigate the characteristic spatial
and temporal patterns of the Kuroshio south of Japan and the KE and their causal relations, based on the 26-year
(1993-2018) satellite altimetry data of sea level anomaly (SLA). The typical spatial patterns are well extracted, and
their temporal trajectories indicate that the KE tends to be stable (unstable) when the upstream Kuroshio takes a
large meander (an offshore nonlarge meander) path. To further unravel the underlying cause-and-effect relation
between the two systems, we apply the information flow-based causality analysis to the typical regions of SLA and
its associated temporal modes identified with the SOM. It is found that during the large meander event, the Kurosh-
io south of Japan and the KE are mutually causal, but have different hotspots. The information flows from the
former to the latter mainly occur in the southeastern area off the Kii Peninsula and the time-mean ridge and trough
of the KE jet, while those from the latter to the former are mainly concentrated in the time-mean ridge and trough of
the KE jet, and the recirculation gyre of the Kuroshio. These results indicate that the Kuroshio large meander is an
important factor influencing the KE’s stability, while the KE affects its upstream Kuroshio via modulating the asso-
ciated recirculation gyres. In contrast, when the offshore nonlarge meander path is taken, a one-way causality is
identified from the Kuroshio to the KE, mainly occurring over the Izu-Ogasawara Ridge and in the recirculation
gyres. This may be attributed to the constantly downstream transport of negative SLAs into the KE’s recirculation

gyre, which leads to an unstable KE.

Key words: Kuroshio large meandering; Kuroshio extension; self-organizing map (SOM); causality analysis; information

flow
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