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ABSTRACT

The Ulleung eddy owes its existence to 3 and nonlinearities: A nonlinear
theory for the generation of the Ulleung Warm Eddy (UWE) (formed close to the
separation of the East Korea Warm Current in the Japan/East Sea) is proposed.
Using the nonlinear reduced gravity (shallow water) equations, it is shown analyti-
cally that the eddy is established in order to balance the northward momentum flux
exerted by the separating western boundary current. In this scenario the presence
of 3 produces a southward (eddy) force balancing the northward momentum flux
imparted by the separating East Korean Warm Current.

The solution is derived using an expansion in powers of €!/6 (here ¢ = BRy/ fo
where Ry is the Rossby radius based on the undisturbed upper layer thickness H).
It is found that, for a high Rossby number western boundary current (i.e., highly
nonlinear current) the eddy radius is roughly 2R /¢'/¢ implying that the UWE has a
scale larger than that of most eddies (R;). This solution shows that, in contrast to the
familiar idea attributing the formation of eddies to instabilities (i.e., the breakdown
of a known steady solution), the UWE is an integral part of the steady stable solution.

A reduced gravity numerical model is used to further analyze the relationship
between beta, nonlinearity and eddy formation. First, we show that high Rossby
number western boundary current which is forced to separate from the wall on an
f-plane does not produce an eddy near the separation. To balance the northward
momentum force imparted by the nonlinear boundary current the f-plane system
moves offshore producing a southward Coriolis force. We then show that as, 3 is
introduced to the problem, an anticyclonic eddy is formed. The numerical balance of
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forces shows that, as suggested by the analytical reasoning, the southward force
produced by the eddy balances the northward force imparted by the boundary
current. We also found that the observed eddy scale in the Japan/East Sea agrees
with the analytical and numerical estimate for a nonlinear current.

The Mindanao and Halmahera eddies are due to the bending of their
parent currents, nonlinearities and [: Starting with the simple case of a
northward (southward) western boundary current (WBC) flowing along a concave
solid boundary with a sharp corner on an (3-plane, it is shown that an anticyclonic
(cyclonic) eddy is established to balance the upstream momentum flux. (On an
f-plane no eddy is established because a pressure force which balances the WBC
momentum flux is generated.) The solution is derived by expanding the dependent
variables in powers of €!/6 for the northward current (anticyclonic eddy) and €!/2 for
the southward current (cyclonic eddy). Here € = BRy/ fo, where Ry is the Rossby
radius based on the undisturbed upper layer thickness H. It is found that, for a high
Rossby number (i.e., highly nonlinear current), the length scales are R4/€'/6 and
Ry/€'/? for the anticyclonic and cyclonic eddies (respectively) implying that these
eddies are larger than most eddies in the ocean (which scale with Ry). A reduced
gravity numerical model is used to validate these analytical results. The balance of
forces and the eddy size estimates (derived form the numerical simulations) agree
with the analytical results.

With the aid of the above analysis we then examine the collision of two opposing
western boundary currents on a (-plane. It is shown that this problem can be
conceptually reduced to the above problem of two WBCs turning in a solid corner
on a (-plane where the streamline separating the two colliding currents acts like a
“zonal wall.” We show that an eddy is established (to balance the momentum flux
of the respective WBC) on each side of the dividing streamline. Comparison of the
analytical momentum balances and the eddy radius estimates with those derived
from a numerical model show that the two are in very good agreement.
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Based on the above ccllision problem, an explanation for the generation of the
Mindanao and Halmahera eddies in the equatorial western Pacific is proposed.
It is argued that these eddies are required to balance the nonlinear momentum
fluxes of their colliding parent currents, the southward flowing Mindanao Current
(MC) and the northward flowing South Equatorial Current (SEC). Hellerman and
Rosenstein wind stress is used to estimate the offshore thickness and the radii of the
Mindanao and Halmahera eddy. The obtained values are in excellent agreement with
observations.



CHAPTER 1

INTRODUCTION

1.1 Objectives

The objective of this study is to explain the existence of permanent eddies
associated with: (a) Separation of a western boundary current (WBC) from the
coast in absence of any opposing current. Observations off East Australia Current
and numerical simulations (Olson, 1991) suggest the formation a permanent eddy
so-called “intrusion eddy”. (b) Collision of opposing western boundary currents
forming a joined eastward flowing current. This process would lead to the formation
of an anticyclonic eddy on the northward flowing WBC side and a cyclonic eddy on
the southward flowing WBC side.

1.2 The Present Work

Even though the Chapters are related we chose to write them in a self-contained
form, what makes the presentation clearer.

In Chapter 2 we present a nonlinear theory for the generation of the Ulleung
Warm eddy attached to the separating East Korea Warm Current in the Japan/East
Sea. The Ulleung Warm eddy is a typical case of “intrusion eddy”. In Chapter 3 we
present a nonlinear theory for the generation of the Mindanao and Halmahera eddies
in the equatorial western Pacific asociated with the collision of two opposing western
boundary currents: The southward flowing Mindanao Current and the northward
flowing South Equatorial Current. In Chapter 4 we presents the conclusions.

1



CHAPTER 2

THE ULLEUNG EDDY OWES ITS EXISTENCE
TO 3 AND NONLINEARITIES

2.1 Introduction

The Japan/East Sea (JES) is a part of a chain of marginal seas adjacent to
the northwestern Pacific. It is a deep semi-enclosed sea bounded by the Japanese
Islands, the Korean Peninsula, and the Asian continent. With dimensions of
about 1600 x 900 km and a maximum depth about 3700 m, it contains large-
scale circulation features resembling those in major ocean basins (e.g., cyclonic
and anticyclonic gyre systems and deep homogeneous water mass). The JES also
contains wind-driven and thermohaline-driven circulation, deep convection, ice-sea
interactions, and mesoscale circulation features. Here, we focus on one of the most

prominent features of the JES, the Ulleung Warm Eddy (UWE).
2.1.1 Observational Background

The northward flowing Tsushima Warm Current (TWC) has a major impact
on the hydrography and circulation in the JES. Its minimum transport is in the
summer-autumn, with an annual mean of 2 Sv and a seasonal variation of about
1.3 Sv (peak to peak) [Preller and Hogan 1998]. Perkins et al. (2000) and Jacobs et
al. (2001) verified the earlier ideas that, within the Tsushima Strait, the TWC
is divided into two different currents, one flowing through the eastern channel

and the other through the western channel. This so-called “primary branching”
2



(Fig. 2.1) is thought to be due to the Tsushima Island and the topography but
Ou (2001) proposed an alternative splitting mechanism. According to the classical
interpretation of Suda and Hidaka (1932) and Uda (1934), the northern part of the
TWC ultimately splits again forming a total of three distinct branches (Fig. 2.1)
originally named (from east to west) first, second and third branches. The structure

45
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Figure 2.1. Schematic diagram of the Tsushima Warm Current (TWC) and the
triple branch view with the first, second, and third branches [sometimes referred to
as the East Korean Warm Current (EKWC)]. The broken circles show the splitting of
the TWC and the closed circle represents the Ulleung Warm Eddy (UWE). (Adapted
from Preller and Hogan 1998)

and variability of the TWC were studied using a variety of data sets: hydrographic

(Kawabe 1982a; Lie 1984; Lie and Byun 1985; Kim and Kim 1983; Katoh 1994;

Preller and Hogan 1998), satellite-derived sea-surface temperature (SST) (Kim and
3






