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Collaborative Research: The role of eddies in the upper ocean heat and carbon
budgets at the Kuroshio Extension Observatory

Stuart P. Bishop (NCSU) & Andrea J. Fassbender (MBARI) & Dongxiao Zhang (UW) & Chris
Roman (GSO) & Zhaohui Wang (WHOI)

1 Introduction

Western Boundary Current (WBC) regions exhibit the largest sea-to-air heat loss O(1000 W
m−2) of anywhere in the global ocean during winter, in connection with cold-air outbreaks (Marshall
et al., 2009). Near the Kuroshio Extension (KE, Fig. 1), this heat loss has important feedbacks
on the atmospheric circulation (Kelly et al., 2010; Kwon and Joyce, 2013); affecting the jet stream
storm track and regional climate of the western United States. Convective ocean mixing associated
with this heat exchange results in the formation of Subtropical Mode Water (STMW), which is a
water mass characterized by low potential vorticity (PV) and nearly constant temperature (17◦C;
Oka and Qiu (2012)). Mode waters are observed on the equatorward side of all WBCs and account
for a majority of anthropogenic carbon dioxide (CO2) uptake in the midlatitudes (Sabine et al.,
2004). They are also co-located with regions of high eddy kinetic energy (EKE, Fig. 1). There are
still many open questions about the processes driving STMW formation and its long-term evolution.
In order to improve future climate projections, it is pivotal to characterize these processes, their
modes of variability, and how they influence carbon uptake and storage.
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Figure 1: Annual mean sea-air CO2 flux from Takahashi et al. (2002) (left) and surface eddy kinetic energy
(EKE) derived from the AVISO sea surface height product (right). The white dot in the North Pacific is
the location of the Kuroshio Extension Observatory (KEO). The WBC regions are co-located with areas
exhibiting large CO2 fluxes into the ocean. KE = Kuroshio Extension, GS = Gulf Stream, ARC = Agulhas
Return Current, EAC = East Australian Current, and BMC = Brazil-Malvinas Confluence.

The KE exhibits a clear bi-modality in its meandering state within the first 1000 km east of
Japan (Qiu and Chen, 2005). The volume of STMW is observed to modulate with this variability,
with a notable decrease in formation between 2007–2010 during a strongly meandering state [Fig. 3d,
Rainville et al. (2014); Cerovecki and Giglio (2016)]. Qiu et al. (2007) argue that year-to-year
STMW variability is not correlated with atmospheric forcing, but rather the dynamic state of the
KE jet. During strongly meandering (“unstable”) states there is a notable increase in the presence of
cyclonic eddies, or cold-core rings (CCRs) (Sasaki and Minobe, 2015; Bishop, 2013), which can cut
off surface communication in the STMW density layers (25–25.5σθ). Further, the slow movement of
CCRs can stunt formation of STMW and modify surrounding waters by facilitating the exchange
of high PV water from the CCR core (Qiu et al., 2007; Bishop and Watts, 2014). Aside from CCR
activity during unstable KE jet states, the processes that inhibit STMW formation remain unclear.

Submesoscale processes are particularly relevant in wintertime mixed layer variability (Thomas
et al., 2013). The submesoscale is home to an intriguing, intermediate class of processes between
the larger mesoscale circulation and small-scale turbulence, that still feels the effects of the Earth’s
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Figure 1: Annual mean sea-air CO2 flux from Takahashi et al. (2002) (left) and surface eddy kinetic energy
(EKE) derived from the AVISO sea surface height product (right). The white dot in the North Pacific is
the location of the Kuroshio Extension Observatory (KEO). The WBC regions are co-located with areas
exhibiting large CO2 fluxes into the ocean. KE = Kuroshio Extension, GS = Gulf Stream, ARC = Agulhas
Return Current, EAC = East Australian Current, and BMC = Brazil-Malvinas Confluence.
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EXPORTS Goal: To predict the 
export and fate of ocean Net 
Primary Production (NPP) from 
satellite and other observations.
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