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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.

xi



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

—~ 35N

T T
Primary 130E 135 140

branching

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



Legeckis 1986; Cho and Kim 1996), and numerical models experiments (Kawabe
1982b; Hogan and Hurlburt 2000).

For clarity we shall refer to the East Korean Warm Current (EKWC) as the
”third branch” of the TWC. The EKWC flows northward along the continental slope
off the east coast of Korea up to about 37-38°N, where it meets the much weaker
southward-flowing North Korea Cold Current (NKCC) (Suda and Hidaka 1932; Kim
and Kim 1983; Kim and Legeckis 1986). At the confluence, the currents separate
from the coast and flows east-northeast toward the Tsugaru Strait. This separation
appears to be analogous to the classical western boundary current separation which
occurs around 37-38°N (e.g. Guif Stream), but it is probably forced by the Tsugaru
strait outflow situated to the east.

Using ADCP (Acoustic Doppler Current Profiler) data, Katoh (1994) estimated
that the transport of the EKWC amounted to about 1.54 Sv in June 1998, 0.70 Sv
in August 1998, and 1.77 Sv in June 1989. Tanioka (1968) argues that 80-90% of the
volume transport of the EKWC returns southward around Ulleung Island forming
the Ulleung Warm Eddy (UWE) (Ichiye and Takano 1988; Kang and Kang 1990; Kim
et al. 1991; Katoh 1994). The UWE is located in the central part of the Ulleung
Basin (where the depth exceeds 1500 m) and has a diameter of approximately 150 km
(Fig. 2.2).

Lim and Kim (1995) argued that topography is controlling the eddy’s position,
and Isoda and Saitoh (1993) reported the formation of a large-scale northward flow
near the Korean coast when the eddy approaches the western slope of the continental
margin. However, the eddy does not always migrate. Using satellite-tracked drifters,
Lie et al. (1995) showed that the eddy was almost stationary from December 1992
to September 1993. They also suggested that the EKWC splits further into two
parts: the main stream, which meanders around Ulleung Island, and a branch flowing
northeast along the Korean coast. Besides the UWE, the JES shows a high eddy
activity and various studies examined the horizontal eddy scales in the basin (Toba

4
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Figure 2.2. Bathymetry and horizontal temperature distribution at 200 m depth
during July 8-15, 1989, showing the Ulleung Warm Eddy (UWE). The temperature
contour interval is 1°C. The arrowed lines show the third branch (EKWC) and the
second branch. (Adapted from Lim and Kim 1995)

et al. 1982; Kim and Legeckis 1986; Ichiye and Takano 1988; Tameishi 1987; Isoda
and Nishihara 1992; Sugimoto and Tameishi 1992; Matsuyama et al. 1990; Miyao
1994).

2.1.1.1 The EKWC separation. Our aim is to provide an explanation for
the establishment of the UWE. To do so we shall assume that the EKWC leaves the
coast due to a vanishing thermocline depth induced by the Tsugaru outflow to the
East. There have been numerous studies of western boundary current separation and
the reader is referred to: Parsons (1969), Veronis (1973), Huang and Flierl (1987),
and Dengg et al. (1996). Two related aspects need to be addressed here. First,
we shall examine the issue of whether the momentum flux of the opposing NKCC is



negligible and, second, we shall show that the outflow through the Tsugaru strait in
the eastern JES is most likely the cause of the separation.

2.1.1.2 The EKWC and NKCC momentum fluxes. We shall neglect
the momentum flux of the NKCC on the ground that it is small in most of the time
when compared with the momentum flux of the EKWC. To see this we note that the

momentum flux of each boundary current can be approximated as

/ hvzdx:ﬁ/ hv dz (2.1)
0 (1]

where ¥ and j;)°° hv dz are the average speed and the transport over the boundary
current respectively. Observations (Gordon 1990; Preller and Hogan 1998; Rostov et
al. 2001) suggest that on average, the EKWC has a transport of ~ 1.5 Sv and a speed
of ~ 25 cm s~! while the NKCC has a transport of ~ 0.5 Sv and a speed ~ 5 cm s™!.
This gives a momentum flux ratio of 1/15 indicating that the momentum flux of the
NKCC is usually negligible. Note, however, that these values change on various time
spans and that, consequently, the momentum flux of NKCC is not always negligible.
Using ADCP data collected during June-July 1999, Ramp et at. (2002) computed a
transport of 1.45 Sv and a momentum flux of 2.27 x 10° m* s~2 for the EKWC and
a transport of 0.78 Sv and a momentum flux of 1.59 x 10° m* s~2 for the NKCC.
This gives a ratio of 0.7 for the momentum fluxes which is clearly not negligible. It
is important to realize that, for the time period considered by Ramp et at. (2002) no
UWE was observed. Consequently, they could apply the theory for the collision of
boundary currents on an f-plane (Agra and Nof 1992) and conclude that the separated
current should leave the coast at a calculated angle of 80° which was in very good
agreement with their observations.

2.1.1.3 The mechanism forcing the EKWC separation. To see that,
for most of the year, the wind stress (which is the classical force associated with

separation) may not play an important role in the EKWC separation, consider the
6



depth integrated linear reduced gravity z-momentum equation,

_ _goam) T
V=5 *7

' (2'2)

where h is the upper layer thickness, V is the vertically integrated velocity component
in the y direction, g’ the reduced gravity, 7 the zonal wind stress component
(assumed to be a function of y only) and p is the upper layer density. Integrating (2.2)
zonally across the basin and temporality assuming that there is no net meridional

volume transport through the section (i.e., no “sink”), we have

27%
h2, — hiy = 7 L.,
where n,, and h., are the wind induced upper layer thicknesses on the western
boundary and eastern boundary respectively, and L. is the basin length. At the

separation latitude h,; = 0, so

1/2
hey = (i—: L,) . 2.3)

Using (2.3) and the climatological Hellerman-Rosenstein zonal wind stress for 37° N,
we can calculate monthly values for the no-sink wind-induced upper layer thickness
hes. From November to March the average zonal wind stress is high (0.78 dyn cm™2
for January) giving a mean value of 57 m for h.;. For the rest of the year the average
zonal wind stress is much weaker (giving k., of 10 m for April) and even negative from
May to October. According to Chu et al. (2001), the the upper layer thickness on
the eastern boundary is between 150 and 200 m from November to April, indicating
that, even during the strong wind stress period, the calculated k., is too small. We
conclude that the JES has a too short zonal width to accommodate a separation of
the EKWC by the wind stress, indicating that the Tsugaru strait outflow is the main

mechanism responsible for the EKWC separation.
7



2.1.2 Objectives of the Present Study

Observations off the East Australia Current and numerical simulations of the
Brazil Current (Olson 1991) suggest that the separation mechanism of a western
boundary current leads to the formation of an “intrusion eddy”!. In what follows
we shall argue that the UWE belongs to the same category. The identification of
physical mechanism responsible for the existence of the intrusion eddy is the focus
of this paper.

This paper is organized as follows: In section 2 we derive an analytical relationship
that represents the balance of forces in a control region surrounding the eddy. In
section 3 we derive an estimate for the eddy radius based on the relation found in
section 2. In section 4 we describe the comparison between the analytical results
from the previous sections and the outputs of a numerical model. In section 5 we
investigate the linear limit and in section 6 we discuss the results and present the

conclusions.

2.2 Formulation

We shall study the “intrusion eddy” (formed when a western boundary current
separates from the coast due to an outflow east of the boundary) in the framework of
a baroclinic reduced gravity model on a 3-plane (Fig. 2.3). Though the wind stress
and the ocean interior are responsible for the existence of the western boundary
current in the ocean, we assume that their role in the dynamics of the eddy is
minor, because the length scale of the wind systems is much greater than that of the
boundary current [~ O(Rg)].

Consider a single northward flowing western boundary current in an upper layer
(with density p) above an infinitely deep layer of slightly denser water (with density

1This term was first used by Olson (1991) to describe an eddy associated with a western boundary
current separation.
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Figure 2.3. Schematic diagram of the separation of the EKWC (defined as an inflow)
forced by the Tsugaru outflow on the eastern side of the basin. The shaded area
represents the region where the lighter layer is present. The origin of the coordinate
system is situated at the separation point. A close up of the region bounded by the
dashed-dotted line is shown in Fig. 2.4.



p+ Ap). As the current flows northward it reaches a latitude where the upper layer
thickness vanishes on the wall due to the outflow to the east and, consequently,
a separation takes place. We place the origin of our coordinate system right on
separation point on the wall and assume that far away from the western boundary
and far south from the separation latitude the upper layer thickness approaches an
undisturbed value H. As alluded to earlier the effects of an opposing southward
flowing boundary current are neglected.

The separated current forms a front where the outcropping streamline divides the
domain into two sections. Both layers are present in the southern part of the basin
but only one (the motionless denser layer) is present in the northern part. As we shall
see later, it will not be necessary for us to derive the solution for the entire region
and the separation point because we shall use an integrated approach which that
avoids need. A schematic diagram of our domain of study is depicted in Fig. 2.4.

2.2.1 North-South Momentum Balance

Assuming a steady state and integrating (after multiplying by k) the steady and

inviscid nonlinear y-momentum equation,

u@+v@+fu+ G _ o
az 6y gay_ 1

over the fixed region S bounded by the dashed line ABC DA shown in Fig. 2.4, we
get

/.[s(hugv—z +hv%) dz dy + //s(f0 + By)uh dz dy

2
+%//s?%ldzdy=o, (2.4)

which, by using the continuity equation and stream function %, can be reduced to

10
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Figure 2.4. A close up of the region bounded by the dashed-dotted line in Fig. 2.3.
A northward flowing western boundary current (WBC) [with width of O(Ry)] in a
layer of density p separates from the coast and forms an intrusion eddy. After the fluid
circles within the eddy it flows zonally eastward. H is the undisturbed upper layer
thickness at the basin interior. It will be shown that the eddy scale is of O(Rg/€'/®)
and that the momentum imparted on the region bounded by ABCD through AB by
the boundary current is balanced by the 8-induced force of the anticyclonic eddy.
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././s [6(g:v) + 6(3;'2)] drdy — / o+ ﬂy)%% dz dy

2
+%/s ag;) dzdy=0. (25)

Here, the notation is conventional, that is, u and v are the velocity components in

the z and the y direction, h is the upper layer thickness, ¥ is the transport stream
function defined by Oy /3y = ~uh; Oy /0z = vh, and ¢ is the reduced gravity, gAp/p
(for convenience variables are defined both in the text and in Appendix).

Eq. (2.5) can be rewritten as,

/ / [3(’"‘”) 3(’"’2)] dzdy — / / fo2X dzdy
] e[S, o

and application of Green'’s theorem gives

gh
huvdy—f (hvz-{——) dl"*‘fof Ydz
as as 2 as

+ﬂ£sy¢dz+ﬁ//s¢dzdy=o, (2.7)

where 9S is the boundary of S.
Next, we assume that ¥ = 0 along the wall and on the outcropping front and
note that at least one of the three variables h, u, and v vanishes on every portion of

the boundary 3S. It then follows from (2.7) that

/AB [h"2+7h2'-(fo+ﬂy)¢] dx-ﬁ//swdzdy=0. (2.8)

Assuming now that the flow is geostrophic in the cross-current direction, we get [after
multiplying the geostrophic relation (fo + By)v = ¢’0h/3z by h and integrating on
the segment AB],

(fo+ By +C=Lw2,
12
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where C is the constant to be determined. Note that at £ — oo the the zonal flow
is geostrophic in the y direction so that
g d(h?)

(fo + By)uh = 2oy

and an integration in y gives,

Un n Un
(fo+ﬂy)¢| —ﬁf 'ﬁoody=%lh2 , T — 00
Vs Vs Vs
where o, (which is a function of y) is the stream function at z — oo, and y, and y,

are the y-components of points A and D (Fig. 2.4) respectively. Since v = h =0
at y = Yy it follows that C = 3 [ ¥ dy so that (2.8) can be written as,

/Othzdx-ﬁ//s(«z:—zﬁm)dmy:o, 2.10)

where L is the width of the boundary current. Note that the integrand of the second
integral vanishes as £ — oo and, consequently, the integral does not change when
the zonal extent of S is increased (as should be the case).

Let y be the latitude where 9o, = 0. Then, from (2.9)

/othzd:t—ﬂ L+wdzdy-ﬂ-//s_(w-¢m)dzdy=0, (2.11)

where S* and S~ are subsets of S corresponding to y > o and y < yo, respectively.
We shall now leave (2.11) temporarily aside and discuss the relevant scales.

2.2.2 Scaling

Assuming nonlinear dynamics we take the following scales:

13



L ~O(Rq); v~O((¢H)"?);

gH? outside the eddy; v ~ O gH: inside the eddy,
I G

where Ry = (¢’H)'/?/ fo is the Rossby radius of deformation, and H, > H is the
depth scale for the eddy.

o~of

Note that the integrand of the third term in (2.11) is zero in the area outside the
currents so each term of (2.11) can be scaled as,

/ - hv?dz ~ O (¢ H*Ry) (2.12)
0

8[[ w-vaway~o(riLE) 1)
B/ . vdrdy~O0 (BR?,%.?) , (2.14)

where Ry, = (¢ H.)Y?/fo, |ys| = L2 > Ry, and L, is the length of the integration
domain ABCD (Fig. 2.4). Note that the ratio between (2.13) and (2.12) is
BLa/fo < 1. Consequently, the only term that can balance the momentum flux
(2.12) is the 3 term (2.14). Taking

L2 ~ O(Rq.), (2.16)

where € = BR4/ fo < 1, we have a balance between (2.12) and (2.14) and the ratio
between (2.12) and the two other terms is O(¢%/%).

Two comments should be made with regard to (2.14). First, as is frequently
the case, the scaling may conceal potentially large numbers such as powers of the
known 2v/2 ratio between the eddy radius and the Rossby radius (see, e.g. Nof 1981;
Killworth 1983). Second, the 1/6 power of e implies that, for most cases [¢ ~ O(0.1)],
R4, will comparable to R4 (though it will be somewhat larger).

14



2.2.3 Solution

The scale analysis performed in the last section shows that the leading order

nonlinear balance is,

jobhu2dz=ﬂ/$+wdxdy. (2.17)

To find an estimate for the eddy radius, we shall first look at the case where both the
eddy and the western boundary current have zero potential vorticity, i.e., the highly
nonlinear case. Note that this zero potential vorticity limit makes the solutions for
the boundary current and the eddy straightforward despite the nonlinearity. We shall
see later that, for this limit, we obtain a lower bound estimate for the eddy radius.
2.2.3.1 Zero potential vorticity boundary current. For a zero-pv north-

ward flowing boundary current,

{f(L-z) , z<L
v = (2.18)
0 , z>L
_A(L-z)
B = {H 0 ==t (2.19)
H , xz>1L,

where, as mentioned, L is the width of the current. From (2.19) it follows that along
the wall (z = 0),

2
h(0,y) = H — % y<0. (2.20)

Since the transport of the geostrophic boundary current through the zonal segment
AB (Fig. 2.4) must be the same as the transport of the separated geostrophic current
through the meridional segment BC (Fig. 2.4), we have

g _ 9
?f’ (II2 -hz(O,y,)) = msz
15



implying that

1/2
h(0,y) = H (-‘if'i’-') , y<0. (2.21)

Combining (2.20) and (2.21), we get an expression for the upstream boundary current
width L,

_(2.¢H)1/2 ~ _ﬁ_l_y_l 1727 1/2
b= [1 (%) ] |

Note that the upper layer thickness k in (2.21) vanishes at y = 0 so that the separation
condition is satisfied. The actual separation latitude is a Rossby radius upstream
from y = 0, because the geostrophic assumption is not valid in the vicinity of the
separation point.

Since |ys| ~ O(R4.), if follows that Bly,|/fo ~ O(¢%/8), implying that to leading

order,
L=2Y2R,. (2.22)

By combining (2.18), (2.19), and (2.22), we find that the momentum flux imparted
on the region S by the upstream boundary current through the zonal segment AB
(Fig. 2.4) is to leading order,

L
/; hv? dz = 11—5 252f2HRS . (2.23)

This relationship will be employed shortly.

2.2.3.2 Zero potential vorticity eddy. The right hand side of (2.17)
includes contributions from both the eddy and the separated current surrounding
it. It is easy to see that the second contribution can be scaled as O(BR4R4 ¢’ H?/ fo)
and that its ratio to g [, ¥ dzdy, is of O(¢%/®). So, to find an estimate for the 3

term we can take ¥ = 1., where . is the zero potential eddy stream function.
16



For a zero-pv eddy,

v = -%, r<R (2.24)
1.2
he = H(1-f), r<hi, (2.25)

where, vp is the orbital speed, r is the radial distance from the center of the
eddy, h. is the eddy upper layer thickness, H, is the maximum thickness, and
= (8¢'H.)'/2/ fo. It follows from (2.25) that the eddy radius is.

R [M] " (2.26)

f3

where H, is the depth on the closed stream line bounding the eddy. The correspond-
ing stream function for the eddy is,

be = 2@(3&; —PP LK,
where the constant K is found by matching the transport of the separated boundary
current with the value of the stream function along the eddy boundary (¢, =
g HZ/2fo at r = R). This gives K = —¢’H?/2fo so that,

vo=wm-rp-2 y<r. @21)
It is worth pointing out here that it is obvious that this solution conserves the
potential vorticity along the streamlines but it is less obvious that it conserves the
Bernoulli function. It is easy to see, however, that the Bernoulli is also conserved
because the eddy’s streamlines are closed so that the Bernoulli function inside the
eddy (¢’H.) need not be equal to that outside the eddy (¢’ H).

17



As a consequence of (2.15), we have H, ~ O(e"?/6H), and in view of (2.26) and
(2.27) it follows that to the leading order,

3
R=R, and v, = J(R2—1?)?, r<R. (2.28)
2g
Then, integrating (2.28) over the eddy we get,

/ /«m Yedzdy =276 (g) gf,—°32 : (2.29)

which just like (2.23) will be shortly used to get our solution.
2.2.3.3 Radius estimate. By combining (2.17), (2.23), and (2.29), we obtain
our desired nonlinear eddy scale

R=2 (2/3) v R4 | (2.30)

Relation (2.30) is an analytical estimate for the eddy radius based on our momentum
balance approach. It relates the eddy size to the known physical parameters
upstream. It is opportune to point out that (2.30) is a lower bound estimate for
the eddy radius, because the zero pv eddy is highly nonlinear and, as a consequence,
it is the steepest anticyclonic eddy possible.

2.3 Numerical Simulations

In order to test our analytical result and further investigate the role of 3
in the eddy formation, numerical simulations are performed and the results are
quantitatively analyzed. In these simulations we compare the evolution of the system
on both f-plane and 3-plane (for the same set of physical parameters).

18



2.3.1 Numerical Model Description

We use a reduced gravity version of the isopycnic model developed by Bleck
and Boudra (1981,1986) and later improved by Bleck and Smith (1990). This
model is suitable for our study since it allows isopycnic outcropping by using the
“Flux-Corrected Transport” algorithm (Boris and Book 1973; Zalesak 1979) in the
continuity equation.

The equations of motion are the two momentum equations,

du Ou Bu ,Oh v
5ty T Vg ~ o+ Bu = —g'gn+ 7V (k)
v v B ,0h v
o Tz g t ot BYu = —gd'zm+ 3V (AVY),

and the continuity equation

oh + O(hu) + d(hv)

5 oz T oy O

where v is the friction coefficient.

The model uses the Arakawa (1966) C-grid where the u-velocity points are shifted
one-half grid step to the left from A points, the v-velocity points are shifted one-half
grid step down from the h points, and vorticity points are shifted one-half grid step
down from the u-velocity points. The integration domain is rectangle with a closed
western and northern boundaries, open eastern boundary, and imposed inflow on the
southern boundary. The Orlanski (1976) second-order radiation boundary condition
was implemented on the open boundary .

Three extensive experiments were performed and the respective parameters are
listed in Table 2.1. Additional experiments are not necessary for two reascns. First,
the parameter controlling the experiment is the undisturbed upper layer thickness
H as it sets up both the the boundary current transport (¢’ H/2f,) and the Rossby

radius of deformation R4. So, all boundary current parameters are determined by
19



H, and consequently, after nondimensionalizing the equations of motion of any two
runs would differ only by the nondimensional 3 (8R4/fo) and the nondimensional
coefficient of friction (v/ foR%). As long as the western boundary current is inertial the
parameter SR4/ fo is the only one that is controlling the experiment. In midlatitude
the parameter 3Ry/ fo does not have a significant variation so three experiments are
sufficient. Second, for each of the three experiments that are conducted, we let the
model run for 10,000 days, giving a massive data set.

The parameters adopted for the main experiment E1 are indicated in Table 2.1.
The baroclinic Rossby radius of deformation is 25 km and the transport of the
boundary current is about 7.7 Sv (1 Sv = 10° m3 s~!). Due to computer time
limitation we take a time step of 720 seconds and a grid size of 15 km, so that we are
barely resolving the Rossby radius. Since the eddy is greater than the Rossby radius
this is not an issue. It would, of course, been better to use a higher resolution but, as
we shall see, the results are so robust that this apparent weakness is not significant.
We adopt the free slip boundary condition and a relatively large horizontal friction
(v = 1500 m® s™!) in order to smooth out transient features. The initial condition
for the B-plane experiments is the day 200 fields of an f-plane run with a zonal wall
dividing the domain (the f-plane experiment will be discussed later). On the southern
edge we use the same parameters as above and on the northern edge the upper layer
thickness is zero. We then take the wall out and, at the same time turn beta on. We
then let the system evolve for 10,000 days.

For economical reasons the parameters used in the numerical experiment E1 are
not identical to those of the JES, where the EKWC has transport of merely 1.5 Sv
(which would imply an undisturbed upper layer thickness H = 133 m). For the
real JES the Rossby radius of deformation would be smaller and we would have to
decrease the integration time step, making our runs more time consuming. This is
not an issue even though our 3 effect is stronger than that in the JES, because it
merely makes our runs spin up faster.
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Table 2.1. List of experiments

Experiment Parameters Resolution, Basin size
Time Step

fo=10.8573 x 1074 571,

El B=1849%x 107 m! s, 15 km, 1500 km x 3000 km
¢ =0.014 m®s7}, 12 min
H =300 m,
v = 1500 m? s}
fo=0.8573 x 10~% s7t,

E2 B =1849 x 107! m~!s!, 15 km 1500 km x 3000 km
g =0.014 m®s7!, 12 min
H =300 m,
v =500 m? s}
fo=0.8573 x 10~ s,

E3 B8=0, 15 km, 1500 km x 3000 km
g =0.014 m? s}, 12 min

Fig. 2.5 and Fig. 2.6b,d show the contour plots of the nondimensional upper

2.3.2 General Results

layer thickness for the f-plane run (experiment E3 in Table 2.1) at days 100, 500, 1000,
and 3000. The most important aspect is that there is no eddy. Even though there is
an area of increased upper layer thickness and transport due to accumulation of fluid
displaced from the western boundary, the resulting circulation is much weaker than
that of the G-plane run (Fig. 2.6a,c). It can be seen that the entire system moves
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Figure 2.5. Contour maps of the upper layer thickness nondimensionalized by
H = 300 m for the f-plane run (experiment E3 in Table 2.1) at days: (a) 100; (b)
500; (c) 1000; (d) 3000. The contour spacing is 0.2. The axes marks are 10 grid
points (150 km) apart.
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(a) Nondimensional upper layer depth (b) Nondimensional upper layer depth

[/- plane] |

0.1

0.9

(c) Nondimensional streamfunction (d) Nondimensional streamfunction

B plane | | [f- plane] |

Figure 2.6. Snapshots at day 3000: (a) Contour map of the nondimensional upper
layer thickness (h/H) for the (-plane run (experiment E1 in Table 2.1). Contour
spacing of 0.2; (b) Same as in (a) for the f-plane run (experiment E3 in Table 2.1); (c)
Contour map of the nondimensional stream function [y/(¢’H/2f,)] for the 3-plane
run (experiment E1 in Table 2.1). Contour spacing of 0.25; (d) Same as in (c) for the
f-plane run (experiment E3 in Table 2.1). The axes marks are 10 grid points (150
km) apart.
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offshore and, consequently, it cannot reach a steady state. In order to highlight the
offshore movement of the system we plot in Fig. 2.7, the 0.3 contour for each of the

!
[day 100} ?IOOOI

Figure 2.7. Superposition of the 0.3 contours for the f-plane run (experiment E3 in
Table 2.1) at day 100, 500, 1000, and 3000, showing the offshore movement of the
system.

days depicted in Fig. 2.5. In analogy with the ballooning outflow situation studied by
Nof and Pichevin (2001), the eastward movement of the separated boundary current
produces a Coriolis force directed to the south. This force balances the northward
momentum flux of the separated boundary current.

In Fig. 2.6, we plot side by side snapshots of the nondimensional upper layer
thickness and nondimensional streamfunction at day 3000 for the 3-plane experiment
El and f-plane experiment E3 (Table 2.1). This day is chosen as a representative
of the entire experiment E1 because it reflects a steady solution. We see that the
intrusion eddy is a very prominent feature on the S-plane plots [Fig. 2.6a,d] with
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maximum nondimensional upper layer thickness greater than 1.3 and maximum
nondimensional transport of 2. It is important to note that the boundary current
is inertial (i.e., nonlinear) as its width is O(R4) = 25 km, much smaller than the
frictional boundary layer width O [(v/3)!/3] =200 km. Here, the friction used is high
enough to avoid the transient features but not so large to change the dynamics of the
boundary current. The downstream zonal flow is broad compared with the upstream
boundary current due to friction diffusivity. To go further with the comparison of the
numerical results to our analytical relations, let’s rewrite (2.8), using (2.9) evaluated
at r = 0 and assuming that ¥ = 0 on the wall. Then

L
/ hv? dz + %hz(o,y,)Lg -8 / / Ydzdy =0, (2.31)
0 | - - 4 s
N, s’ s . ~ )
WBC momentum flux pressure B-force

where L is the boundary current width and L, is the length of the segment AB (see
Fig. 2.4). In this form (2.31) represents a balance between three forces. The first is
the northward force associated with the momentum flux of the alongshore current.
The second is a northward pressure force due to the difference in thickness on the
wall between points A and D (Fig. 2.4). The third term is a southward 3-force
resulting from the fact that a particle circulating anticyclonically within the eddy
senses a larger Coriolis force on the northern than it senses on the southern side of
the path.

Fig. 2.8 displays each term of (2.31). It is evident that the intrusion eddy exists
in order to balance the northward momentum flux of the western boundary current
because, according to (2.17) and the scale analysis, the eddy is the major contributor
for the net 8 term [combination of the second and third terms in (2.31)].

As stated before, the frictional coefficient used acts merely to smooth out transient
features and does not play an important role in the integrated momentum balance.
To verify that this is indeed the case, we performed experiment E2 (Table 2.1) with
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Figure 2.8. Estimate of the terms in the equation (2.31) from the experiment E1
(Table 2.1).

lower friction and we got essentially the same results as in E1. The only difference
between the two is that here the separated current showed meanders that eventually
closed upon themselves pinching off eddies that died off (or were reattached to the
main flow after some time).

In Fig. 2.9 we show the analytical estimate of the eddy radius from (2.30) against
the numerical estimate [taking the 1.3 closed (nondimensional) streamline as the eddy
boundary (Fig. 2.6¢c)]. As expected, the radius based on the zero potential vorticity
assumption is a lower bound for the actual eddy radius because the zero pv eddy is
the steepest possible eddy (Nof 1981; Killworth 1983). Nevertheless, the agreement
is pretty good, as we get 4.2 Ry for the analytical estimate and about 5 Ry (after
day 1000) for the numerical estimate.

2.4 The Linear Dynamics

We shall now show that for a small Rossby number flow (i.e., a linear geostrophic

flow) there is no eddy associated with the current separation from the coast. In
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Figure 2.9. Estimates of the eddy radius. Solid line: Analytical {from equation
(2.30)]. Dashed line: Numerical (taking the value of 1.3 for the nondimensional
streamline as the eddy boundary). Both plots are scaled by the Rossby radius.

the linear limit, the boundary current width is large (due to the frictional nature of
the boundary layer) compared with the Rossby radius so that the current is slower
and the associated momentum flux is negligible. As we will see, in this situation
the frictional dissipation balances the 3 term in the boundary layer and no eddy is
necessary.

Consider the familiar, steady linear reduced-gravity (depth integrated) equations

of motion for the upper layer

_ _gom?) Tt
—fvh = —5 9z +7 (2.32)
2
fuh = —%%h)—nvh (2.33)
O(uh)  OA(vh)
e + oy 0, (2.34)

where & is the interfacial friction coefficient and the rest of the notation was previously
defined. In the inviscid interior, Sverdrup dynamics dominates the field. Within the
western boundary current interfacial friction dissipates the energy input of the wind
over the entire basin.
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2.4.1 Momentum Balance in the Whole Domain

Integrating the y-momentum equation (2.33) over the integration area S (contain-

ing the western boundary current) bounded by ABCD (Fig. 2.10), and assuming

Figure 2.10. Schematic representation of the linear limit, i.e., here we take the
boundary current to be a linear frictional current rather than inertial. The shaded
area represents the region where the lighter layer is present. The circulation is
established by the wind stress 7; in the basin interior the slow southward Sverdrup
flow takes place, while in the narrower western boundary layer (of width L) a stronger
northward western boundary current (WBC) closes the anticyclonic gyre. In this
linear limit the boundary current leaves the coast by vanishing the upper layer
thickness (4 la Parsons 1969).
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that ¥ = 0 on the bounds of the region containing the upper layer, we find,

/Ozs [%hz-(fwﬁy)w] M—B/Lwady—n :w|,=bdy=o, (2.35)

where L is the boundary current width, ¥|.=_ is the stream function at z = L, zg is
the z-component of B and y, and y, are the y-components of A and D respectively

(Fig. 2.10). We shall now leave (2.35) aside for a moment and discuss the interior.

2.4.2 The Interior Balance

We note from (2.33) that in the inviscid ocean interior (where friction is unim-

portant),

o |g _
2 |2 - o+ o] = -pv, (236

which can be integrated from y, to y, to give,

(L0 -orouw| =5 [Tvay (2:37)

Y=Vs Vs

for any z > L. Integrating (2.37) from z = L to £ = zp, we get

/za [%—lhz —(fo+ ﬁy)fl’] dr - ﬂ/:B/:n vdydz =0. (2.38)

L
This balance is valid in the integration domain (S) within the ocean interior.
2.4.3 The Western Boundary Layer Balance

Subtracting (2.38) from (2.35) we obtain,

[ [~ ov o] ae—s [ [“viods—r [" sty =0. 39
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Neglecting the wind stress term (since its role is minor in the boundary current), it
follows from (2.32) that
IR (fo+B)w=C ,z<L, (240)

where C is a constant to be determined by matching (2.40) and (2.37) at £ = L,
obtaining C = [7* |.=, dy. Substituting (2.40) into (2.39), we obtain

vn pL
8 /, . /0 @ = Vlor)dzdy+ 5 [ Plemsdy =0. (2.41)

Vs

The integrand of the second term of (2.41) is positive, implying that the first
term should be negative. Note that an anticyclonic eddy would make a negative
contribution to the 8 term. By scaling (2.41), it follows that the boundary current
by itself produces a S-force that is able to balance the friction dissipation [second
term in (2.41)] as long as L ~ O(x/B) (which is the well known Stommel boundary
layer scale).

We see that (2.41) represents a balance between the [-force in the western
boundary current and the frictional dissipation of the integrated wind stress curl
over the entire basin. Under these conditions, no eddy is necessary for the required
momentum balance showing that the establishment of the intrusion eddy is due to

inertia (nonlinearities) and 3.
2.5 Conclusions

Taking into account that the western boundary current in the JES is forced
to separate from the coast by an outflow to the east, we derived a theory for the
existence of the “intrusion eddy”. Our analytical relations and numerical simulations
show that, without the generation of the eddy, the nonlinear momentum flux of the

northward flowing boundary current on a $-plane could not have been balanced [on
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an f-plane the situation is quite different. To balance the northward momentum force
imparted by the boundary the system simply moves offshore (Fig. 2.7) producing
a southward Coriolis force]. On this basis, we argue that the existence of the UWE
is not related to instabilities but rather is due to 8 and nonlinearities (Fig. 2.6 and
Fig. 2.8). Furthermore, we argue that the UWE semi-permanent characteristic is
not due to topographic arrest but rather a part of the dynamics which includes the
generation of a permanent eddy (Fig. 2.6a,c). For a mean transport of ~ 1.5 Sv for
the EKWC, we find a Rossby radius of 16.3 km, and an €/ of 0.39. Our predicted
value for the UWE diameter from (2.30) is then 141 km, whicl: agrees fairly well with
the observed 150 km radius (Fig. 2.2) suggesting that its generation is related with
the mechanism proposed here.

The present theory cannot be applied to the Gulf stream and Brazil-Malvinas
confluence for three reasons. First, in both cases there are strong opposing (cold)
currents (Labrador current in the first case and the Malvinas current in the second)
whose momentum fluxes cannot be neglected. Second, there is a marked difference in
density between the two colliding currents so that the denser (colder) current would
slide under the less dense current and even separate form the coast in a different
latitude. Third, there is a coastline tilt in both cases that could cause significant

change in the momentum balance.
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CHAPTER 3

THE MINDANAO AND HALMAHERA EDDIES
ARE DUE TO THE BENDING OF THEIR
PARENT CURRENTS, NONLINEARITIES

AND 3

3.1 Introduction

The western equatorial Pacific has been the subject of increasing attention in the
last few decades. It plays a key role in the establishment of El Nifio and Southern
Oscillation (e.g., Webster and Lukas 1992) and, it may also be an important part
of the so-called “great conveyor belt” (e.g. Gordon 1986) because of the Pacific-to-
Indian throughflow (ITF). The eddies and the low-latitude western boundary currents
addressed here (Fig. 3.1) are important aspects of these processes.

The equatoward flowing western boundary currents (WBC) provide the closure
to two Sverdrup asymmetrical gyres relative to the equator (Kessler and Taft 1987).
One gyre is entirely in the Northern Hemisphere whereas the other (which is mostly in
the Southern Hemisphere) crosses the equator. The North Equatorial Countercurrent
(NECC) forms the boundary between these two gyres at about 5°N. North of
the NECC the westward flowing North Equatorial Current (NEC) bifurcates as it
encounters the Philippines (Toole et al. 1990) into the northward flowing Kuroshio
and the southward flowing Mindanao Current (MC). A similar situation takes place
in the Southern Hemisphere where the westward flowing South Equatorial Current

(SEC) bifurcates around 15°S into a branch flowing northwestward and a branch
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Figure 3.1. The flow pattern in the western equatorial Pacific (adapted from Ffield
and Gordon 1992). The Mindanao eddy (ME) and the Halmahera eddy (HE) are
semi-permanent and do not usually drift away from their generation area. Dashed
arrows denote the southern part of the Indonesian throughfiow (ITF).

flowing southward. Along the New Guinea coast the northwestward flowing branch
of the SEC is usually recognized as a subsurface current, the New Guinea Coastal
Under-Current (NGCUC), and a surface current, the New Guinea Coastal Current
(NGCC). The SEC which retroflects to the east of the Halmahera Island joins the
retroflected flow of the MC and flows eastward as the NECC.

There are two semi-permanent eddies in the retroflection area of the MC and
SEC (Fig. 3.1). The first, the Mindanao eddy (ME), is situated north of the NECC
(near 7°N, 128°E) and has cyclonic circulation, whereas the second, the Halmahera
eddy (HE), which is situated south of the NECC (near 4°N, 130°E) has anticyclonic
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circulation (Wyrtki 1961). We shall now briefly describe the two colliding boundary
currents (MC and SEC), the Mindanao and Halmahera eddies, and the Indonesian
throughflow (ITF) which plays a secondary (but still important) role in the dynamics
of the eddies.

3.1.1 The Mindanao Current

The Mindanao Current extends to a depth of 600 m and a distance 100 km
offshore (Wyrtki 1961, Masuzawa 1968). Wyrtki (1956, 1961) estimated a baroclinic
transport ranging from 8 to 12 Sv (1 Sv = 10° m? s™!) in the upper 200 m and
25 Sv in the upper 1000 m. Masuzawa (1969) estimated a transport from 13 to
29 Sv relative to 600 dbar. Kendall (1969) used historical hydrographic data to
argue that the MC carries 14 Sv which is half of the NECC estimated transport
(43 Sv). From two synoptic sections separated by 180 km, Cannon (1970) estimated
a geostrophic transport of 18 to 31 Sv relative to 1000 dbar and a surface current
speed of 1.0-1.2 ms™!. Toole et al. (1988) estimated a transport of 17-18 Sv for waters
warmer than 12°C relative to 1000 dbar. Using direct current measurements, Lukas
et al. (1991) calculated a transport in the upper 300 m increasing from 13 Sv to 33 Sv
between 10°N and 5.5°N. Acoustic Doppler Current Profiler (ADCP) measurements
along 8°N analyzed by Wijffels et al. (1995) show the Mindanao Current as an intense
200 km wide coastally trapped jet with typical inshore velocity maximum of 1 m s™!.

3.1.2 Mindanao Eddy

Takahashi (1959) noted the existence of “a cold region of distorted elliptic form”
east of Mindanao in observations made in the early 1950s, and related this feature to
the cyclonic circulation inferred from dynamic topography. This closed circulation
is named “Mindanao eddy” after Wyrtki (1961). Wyrtki noted that the ME is a
quasi-permanent eddy associated with the turning of the NEC waters at the coast
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of the Philippines and their subsequent flow to the east in the NECC. Lukas et
al. (1991) reported that drifters launched in the ME described closed loops with a
diameter of about 250 km. Using a climatology of the circulation near the Philippine
Coast (derived from historical hydrographic data combined with recent cruises), Qu
et al. (1999) identified the ME as a depression (of less than 130 m) in the 24.5 oy
isopycnal surface centered at 7°N, 129°E.

3.1.3 The South Equatorial Current

As mentioned, the westward flowing SEC bifurcates near 15°S. The equatoward
branch is the Great Barrier Reef Undercurrent (Church and Boland 1983), which
flows into the NGCUC (Tsuchiya et al. 1989). Using a vertical section along 133.5°E
and 137°E during January-February, Masuzawa (1968) observed the existence of a
shallow eastward and northwestward monsoonal current (the NGCC) overlying the
strong northwestward flow of the NGCUC. Cantos-Figuerola and Taft (1983) found
a transport of 11 Sv in the SEC over 2°S to 2°N during the Hawaii-Tahiti Shuttle
Experiment. The mean SEC transport poleward of 2°S is 35.1 Sv with a standard
deviation of 5.1 Sv. Using profiling current meter data between 2°S and the equator,
Wryrtki and Kilonsky (1984) estimated a SEC transport of about 40 Sv. Using data
collected between January 1994 and July 1991, Gouriou and Toole (1993) found,
a SEC transport (at 165°E) of 24.8 Sv from direct measurements, 37.7 Sv from
geostrophy relative to 600 dbar, and 41.7 Sv from geostrophy relative to 1000 dbar.
At 142°E they found 23.8 Sv from direct measurements and 31 Sv from geostrophy
relative to 600 dbar.

3.1.4 The Halmahera Eddy

As the Mindanao eddy, the Halmahera eddy appears in the dynamic topography
maps of Takahashi (1959) and was named by Wyrtki (1961). It is well developed only
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during the summer monsoon, when the South Pacific water from the SEC recurves
into the NECC. Lukas et al. (1991) released drifters (between June and July 1998)
into the HE. They executed closed loops of about 300 km diameter (with overall size
appearing to be about 470 km) and velocity about 50 cm s~!. Using current measured
by shipboard ADCP during June 1995 and July 1996, Kashino et al. (1999) located
the center of the Halmahera eddy to be east of 130°E and the horizontal scale of
about 500 km (at 50 m). Using data from drifters released in the HE during summer
and fall of four different years, Waworuntu (1999) showed that the HE has large
relative vorticity suggesting that its core contains mainly south Pacific water.

3.1.5 The Indonesian Throughfiow

The convergence of the strong equatoward flows in the western equatorial Pacific
is compensated by strong eastward flows which are part of the equatorial Pacific
circulation (e.g., the NECC) and also by the loss of some water to the Indian Ocean
via the ITF. Observational estimates of the throughflow range from 2 to 20 Sv but
the most up-to-date estimate is of 6-12 Sv (Wyrtki 1961; Piola and Gordon 1984;
Fine 1985; Fu 1986; Toole et al. 1988; Murray and Arief 1988; Murray et. al 1990;
Meyers et al. 1996; Fieux et al. 1994; Cresswell et al. 1993; Wijffels 1993; Aung
1998; Gordon et al. 1999; Molcard et al. 2000; Sprintall et al. 2002; Wijffels et al.
2002). Computational estimates based on numerical modeling are in the same range
(Cox 1975; Godfrey 1989; Godfrey and Golding 1981; Godfrey et al. 1993; Semter
and Chevin 1988, 1992; Kindle et al. 1987, 1989; Inoue and Welsh 1993; Hist and
Godfrey 1993). For observational and theoretical studies about the ITF composition
(i.e., the question of whether the ITF carries south or north Pacific water) the reader
is referred to Fine (1985), Godfrey (1989), Ffield and Gordon (1992), Godfrey et
al. (1993), Wajsowicz (1993a,b), Fine et al. (1994), Gordon (1995), Nof (1995a,b),
Wajsowicz (1998), Waworuntu (1999), and Waworuntu et al. (2000,2001) among
others.
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It is straightforward to show that the ITF is very important for the existence of
the cross equatorial flow of the SEC, for its retroflection, and for the eddies under
discussion. Without the ITF there would not be any collision of boundary currents
in the western Pacific and, consequently, there would not be any eddies. To see
this we note that, in a reduced gravity scenario the thickness at the offshore edge
of the western boundary currents (H) can be computed from the familiar vertically

integrated z-momentum equation,

gy o g0

where V is the meridional transport and 7* is the z-component of the wind stress.
(For convenience variables are defined both in the text and in the Appendix.)
Eq. (3.1) holds in the sluggish ocean interior away from the boundaries, as well
as in the intense western boundary currents where the flow is geostrophic in the
cross-stream direction. To obtain the desired thickness H, the Sverdrup relation
[BV = —(1/p) 7% /8y] which holds only in the interior, is substituted into (3.1) and
the resulting equation is integrated from the eastern edge of the boundary current
to the eastern boundary of the Pacific Ocean. Following the observations of Collin
et al. (1971), it is further assumed that the upper layer thickness along the eastern
boundary vanishes. One then finds

o (?)1/2 [Ef; oLpa,rz o /LP = ] ’ (3.2)

where Lp is the width of the basin (much greater than Ry).

Using the Hellerman and Rosenstein (1983) mean wind stress and ¢’ = 0.02 ms™2
the calculated value [from (3.2)] for the offshore depth is 235.32 m at 1°N and
97.83 m at 9°N. Taking fo at 5°N, the associated NECC geostrophic transport

[¢'(H? — H3)/2f,] is about 36 Sv which is in good agreement with observations
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(Kessler and Taft 1987). Note that what we have done so far is independent of the
WBC structure which we will now tend to.

Integrating (3.1) from the western to the eastern boundary and temporarily
assuming no net meridional transport, i.e, a WBC with a transport equal and

opposite to the interior Sverdrup transport which is equivalent to saying that there
is no ITF, we find,

() L5

where h,, is the upper layer thickness on the western boundary. Using the Hellerman
and Rosenstein (1983) mean wind stress the calculated values of h,, from (3.3) are
235.24 m at 1°N and 301.57 m at 5°N. In view of the earlier calculated offshore values
(235.32 m at 1°N and 97.83 m at 9°N), this means that, in the above conditions of
no ITF, there is essentially no SEC at 1°N and the southward MC transport at
5°N is 35.7 Sv. This leads to the important conclusion that, in the absence of the
ITF, there would be no collision and no eddies. It also shows the importance of
the ITF in establishing the cross equatorial flow of the SEC. This completes the
demostration that the ITF is critical to our problem and we shall now return to our
general introduction.

As mentioned our goal is to examine the nonlinear collision of opposing western
boundary currents on a (-plane. We shall see that it is the curving of the
retroflecting currents and 3 which are responsible for the generation of the eddies.
The presentation is organized as follows: In Section 2 we formulate the problem
of a western boundary current in a concave solid corner. In Section 3 we analyze
numerical model simulations for the above the problem of a western boundary in a
concave solid corner. In Section 4 we present analytical eddy radius estimates for
the problem of a western boundary current in a concave solid corner on a 3-plane.

In Section 5 we focuses on the collision problem. In Section 6 we apply the results
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of the previous sections to the equatorial western Pacific and suggests the physical
mechanism responsible for the existence of the Mindanao and Halmahera eddies. In

section 7 we present our conclusions.

3.2 Flow in a Concave Solid Corner

Before attacking the full collision problem it is useful to first examine the behavior
of currents in a concave solid corner formed by a solid boundary. We shall do so by
using the momentum flux approach introduced in Chapter 1.

3.2.1 Formulation

As the WBC (Fig. 3.2) flows northward it encounters a zonal wall that forces it
to turn the corner and flows eastward. We place the origin of our coordinate system
at the corner and assume that, far away from the western boundary and a few Rossby
radii south of the zonal wall, the upper layer thickness is H. We shall later expand
the boundary current dependent variables around an f-plane solution with potential

vorticity depth H.
Assuming a steady state and integrating (after multiplying by h) the steady and

inviscid nonlinear y-momentum equation,

ov v ,0h
U— + v+ fu+g —

oz "5y Yl

over the fixed region S bounded by the dashed line ABCD shown in the upper left
panel in Fig. 3.2, we get

//(hu—+hv—)dzdy+//(fo+ﬂy)uhdzdy+9'// h?) hray =0, (3.4)

which, by using the continuity equation and stream function 1, can be reduced to

39



k

2 ' Sy o8
5 i S R E
A ! wr b
1 h=H I
/] i | ¢
/+‘| (P)-l .
o i
S
2
z
Z Inflow profile
/
o
D ®

Side view

/ (p+8p)

Figure 3.2. Schematic diagram of the model. Upper panels: A northward
(southward) flowing western boundary current (WBC) encountering a zonal wall.
H is the upper layer far east from the western boundary on a latitude a few
Rossby radius away from the zonal wall; Lower panels: Vertical cross-section of
the approaching northward (southward) flowing WBC.
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/I [a(gzv) ‘ 8(;;2)] azdy - [[ o+ 805 doay

2
+% /.[q-a%—zdzdy =0, (3.5)

where ¢’ is the reduced gravity, gAp/p.
Eq. (3.5) can be rewritten as,

/ / [3(huv) 6(hvz)] drdy / / 2 drdy

-/[ [a(gyy'”) —ﬂw] wway+ L [[ X AR i ay = (3.6)

and application of Green’s theorem gives,

_ 2 IH_ } _
fashuvdy f;;s [hv + (fo + By)y dz+ﬁ/L¢dxdy—0, (3.7)

where 9S is the boundary of S.
Next, we assume that ¥y = 0 along the wall and note that at least one of the

velocity components vanishes on every portion of the boundary 8S. It then follows
from (3.7) that

/A[h +—2’1__(f°“’ ] /gl—hzdx ﬁ//wdxdy 0. (38)

Assuming now that, away from the corner, the flow is geostrophic in the cross-current
direction, we get [after multiplying the geostrophic relation ( f + By)v = g'0h/0z by
h and integrating on the segment AB],

(fo+By)w+C= -92—' h?, (3.9)

where C is the constant to be determined. Evaluating (3.9) at y = 0, we get
C = ¢’h%*(0,y,)/2. Combining (3.8) and (3.9) we get our desired expression,
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where L is the boundary current width and L, is the zonal extent of our region S.
The terms denominations will be discussed shortly (Fig. 3.2). It is straightforward
to show that, for a southward flowing WBC, the equivalent momentum balance in
the region S (bounded by ABCD) is,

/ hotdz + g-'/ (K3(z,0) — h2(0,3n)) dz — B//wda:dy 0, (3.11)

WBC mom. ﬁux Pressure term J¢] term

Relations (3.10) and (3.11) show that, on a 3-plane, the momentum balance is
composed of three terms. The first is the momentum flux imparted by the WBC as it
enters the region S. The second is a pressure force and the third is a S-force; together
these two forces balance the momentum force of the WBC. It is opportune to point
out the various limits of (3.10) and (3.11). The f-plane and 3-plane situations are
treated separately because, all we shall see shortly, the balance of forces on a 3-plane
is very different from that on an f-plane.

3.2.2 The f-plane Limit

On an f-plane the pressure force should balance the WBC momentum flux if a
steady state is to be established. We shall now show quantitatively that this indeed
possible. To see this, as we approach the corner, the magnitude of the velocity along
the walls gradually decreases to zero (see Kundu 1990, Chapter 4). Since the walls
are a streamline, the Bernoulli function [B = g’k + (u?® + v?)/2] implies that, the
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upper layer thickness increases to a maximum in the corner (Fig. 3.3 upper panel).

Consequently, the pressure force in (3.10) and (3.11) points in the opposite direction

Figure 3.3. Schematic three-dimensional diagram of the upper layer thickness on
the boundaries of a northward flowing western boundary current on an f-plane (upper
panel) and on a (-plane (lower panel). Note that the upstream near wall thickness
is greater in the 3-plane case. This is why the eddy is established (see text).

to that of the WBC momentum force and a balance without an eddy appears to
be possible. Numerical simulations will later verify this outcome. Note that, in
the case of no zonal wall (i.e., the WBC separates due to a vanishing upper layer

thickness), the pressure term vanishes (since A = 0 on the western boundary and on
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the outcropping streamline). As a result, the WBC momentum flux is unbalanced
and the f-plane system cannot reach an steady state (see Arruda et al. 2002).

3.2.3 The (-plane Limit

The geostrophic transport relationship [T = ¢/(H*—h2)/2f, where H and h,, are
the thicknesses off and on the wall] implies that on a S-plane the near wall thickness
of a northward flowing WBC decreases as we proceed downstream along the western
boundary (Fig. 3.3 lower panel). We shall shortly see that it is this shallowness
which is responsible for the eddy generation. To show this we temporarily assume
that no eddy is associated with the turning boundary current on a 3-plane and then
show that this scenario is impossible. We note that the region where the speed on
the zonal wall decreases dramatically near the corner is confined to a very small area
(Page and Johnson 1991). In view of this, the average value of h? on the zonal wall
is much closer to H3 (where Hj is the value of h as x — oo on y = 0) than to HZ,
(i.e., h%(0,0)).

Consequently, without an eddy, the pressure force points in the same direction as
the WBC momentum force and cannot balance it. Taking the zonal extent of S to be
O(R4) we see that the 3-term in (3.10) and (3.11) is negligible compared to the WBC
momentum flux so that it cannot balance the WBC momentum flux either. The no
eddy scenario therefore is impossible. The above conclusion also applies to the case
when there is no zonal wall (i.e., and the northward flowing WBC separates from the

coast by vanishing the upper layer thickness). This leads to the establishment of the
intrusion eddy (Arruda et al. 2002).

3.3 Numerical Simulations for a Flow in a Concave Solid
Corner

In this section we shall analyze numerical model simulations to validate the
analytical momentum balance (3.10) and (3.11).
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3.3.1 Numerical Model Description

We use a reduced gravity version of the isopycnic model developed by Bleck
and Boudra (1981,1986) and later improved by Bleck and Smith (1990). This
model is suitable for our study since it allows isopycnic outcropping by using the
"Flux-Corrected Transport” algorithm (Boris and Book 1973; Zalesak 1979) in the
continuity equation.

The equations of motion are the two momentum equations,

Ou Ou Ou ,0h v

5t + ub; + 1.1—'a —(fo+Byv = —g 9z + Ev - (hVu)
v v B Oh v

E + u% + v'——a + (fo + By)u = -9 _a + Ev : (th) '

and the continuity equation

oh  O(hu)  B(hv)
oo T oy

0,

where v is the friction coefficient.

The model uses the Arakawa (1966) C-grid where the u-velocity points are shifted
one-half grid step to the left from h points, the v-velocity points are shifted one-half
grid step down from the h points, and vorticity points are shifted one-half grid
step down from the u-velocity points. On open boundaries the Orlanski (1976)

second-order radiation boundary condition was implemented.
3.3.2 Northward Flowing WBC in a Concave Solid Corner

The parameters for the f-plane experiment E1 and the 5-plane experiment E5 are
given in Table 3.1.

The Rossby radius of deformation Ry is 26.8 km and the integration domain is
a rectangle with the dimensions 750 km x 1125 km (28 Ry x 42 R;). The walls
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Table 3.1. List of of experiments. The parameters fo = 0.8573 x 1074 s7}, ¢ =
0.014 m? s~! Az = Ay = 7.5 km (horizontal resolution), and At = 12 min (time
step) are common for all experiments.

Exp. Parameters Figure
El |8=0,v=50m?s7},
H=360m, Hy =270.3 m Figs. 3.4, 3.5, 3.6
E2 |B=0,v=50m?s!,
H=200m, Hy =270.3 m Figs. 3.7, 3.8, 3.9
E3 |3=1849x 107" m~!s!, v =500 m? s},
H=360m, Hy =270.3 m
E4 | 4=1849x10"" m~! s}, v =500 m?s7!,
H=200m, Hy=2703 m
E5 | 3=1849x 10" m~!s!, » = 1500 m? s},
H=360m, Hy =2703 m Figs. 3.4, 3.5, 3.6
E6 | 8=1849x 107" m~!s™!, v =1500 m?s~!,
H=200m, Hy =270.3 m Figs. 3.7, 3.8, 3.9
E7 | 8=1849x 10" m~! s}, v =3000 m?s~!,
H=360m, Hy =270.3 m
E8 | 3=1849x10""" m~!s}, v =3000 m?s!,
H=200m, Hy=2703 m
E9 |[8=1849x10""! m~!s!, v = 1500 m?s~!

H,=200m, H, =360 m, Hy = 270.3 m

Figs. 3.12, 3.13, 3.14

are slippery, and we impose an inflow of 4.8 Sv on the southern boundary (and an

outflow with an equal transport on the eastern boundary). Fig. 3.4 shows the upper

layer thickness and streamfunction for the f-plane experiment E1 and and (-plane
experiment E5 (Table 3.1) at day 2500, and Fig. 3.5 shows the upper layer thickness
along the western boundary and along the zonal wall.

We see that, as mentioned, on an f-plane the upper layer thickness increases to a

maximum near the corner, producing a southward pressure force. The downstream

upper layer thickness along the zonal wall (for the f-plane experiment E1) is 270.7 m

which is in excellent agreement with our specified value of 270.3 for Hy as should be
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Figure 3.4. Upper layer thickness contours (upper left) and streamfunction contours
(lower left) for the f-plane experiment E1 (Table 3.1) at day 2500; Upper layer
thickness contours (upper right) and streamfunction contours (lower right) for the
B-plane experiment E3 (Table 3.1) at day 25000. The contour spacing is 20 m for
the upper layer thickness and 15 Sv for the stream function. The axis marks are 10
grid points (75 km) apart. Areas within the closed contours are shaded.
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Figure 3.5. f-plane upper layer thickness h (in meters) along the western boundary
(upper left) and along the zonal wall (lower left) at day 2500; 3-plane upper layer
thickness h (in meters) along the western boundary (upper right) and along the zonal
wall (lower right) at day 25000. Shaded area is the upper layer. The horizontal axis
marks are 10 grid points (75 km) apart.

the case. (Recall that the values of H and H, set the WBC inflow.) It is opportune
to point out that, since the numerical model is implemented on a C-grid there is no
h-points on the boundaries. Hence, we estimate the upper layer thickness on the
boundaries by geostrophy using the values of h and velocity component parallel to
the boundary at half grid size away from the boundary.

Fig. 3.6 shows the terms in (3.10) for the f-plane experiment E1 (Table 3.1). We
see that the pressure force points southward and balances the northward momentum

flux of the WBC [showing that the inviscid balance (3.10) is attained]. We also
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Figure 3.6. Terms of the momentum balance (3.10) computed from the f-plane
experiment E1 (upper panel), and the 3-plane experiment E3 (lower panel). Note
that by day 500 for the f-plane run and day 800 for 3-plane run the steady state
balance holds.
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see that, as mentioned, in this f-plane case, no eddy is necessary to achieve the
momentum balance.

When 3 is introduced (Fig. 3.4) an anticyclonic eddy (attached to the curving
flow) is generated. Also, as seen in Fig. 3.5, the pressure force points northward
since the upper layer thickness along the western boundary is larger than its average
value on the zonal wall (270.2 m). In addition, note that the thickening of the upper
layer at the corner is compensated by the eddy so that the average value of the
upper layer thickness on the zonal wall is 270.2 m, which is indistinguishable from
the initial value for Hy (270.3 m). This numerical observation will be used shortly in
our detailed analytical derivations. Fig. 3.8 shows that, the combination of 3 and
the pressure terms is a southward force which balances the northward momentum
force of the WBC. With the aid of (3.12) and a scale analysis that we shall perform
later, we shall show that the eddy is the main contributor to the combined 8 and
pressure terms. The eddy’s (-force is due to the particles circulation within the
anticyclonic eddy which causes a greater Coriolis force on the northern portion of
the eddy than on the southern.

To investigate the role of friction in the 3-plane simulations we run experiments
E3 and E7 (not shown) with lower and higher friction coefficients. In the first case,
the system did not reach an steady state while in the second case friction smoothed
out the eddy, making it weaker and meridionally elongated.

3.3.3 Southward Flowing WBC in a Concave Solid Corner

The parameters for the f-plane experiment E2 and the 3-plane experiment E6 are
given in Table 3.1. The Rossby radius of deformation Ry is 20 km and the integration
domain is a rectangle with the dimensions 750 km x 1125 km (37.5 R4 x 56.3 Ry).
As before, the walls are slippery, and we impose an inflow of 2.9 Sv on the northern
boundary (and leave the western boundary open).

Fig. 3.7 shows contour plots of the upper layer thickness and streamfunction at
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Figure 3.7. Upper layer thickness contours (upper left) and streamfunction contours
(lower left) for the f-plane experiment E2 (Table 3.1) at day 2500; Upper layer
thickness contours (upper right) and streamfunction contours (lower right) for the
B-plane experiment E4 (Table 3.1) at day 25000. The contour spacing is 20 m for
the upper layer thickness and 15 Sv for the stream function. The axis marks are 10
grid points (75 km) apart. Areas within the closed contours are shaded. Note the
diagonal symmetry of the f-plane runs and the diagonal asymmetry of the 3-plane
runs.
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day 2500 for the f-plane experiment (E2) and the 3-plane experiment (E6). Similarly,
Fig. 3.8 displays the upper layer thickness along the western boundary and along

h along the westem boundary h along the western boundary
265 T 265 p=r——m = ~
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E €
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Figure 3.8. f-plane upper layer thickness kA (in meters) along the western boundary
(upper left) and along the zonal wall at day 2500; 3-plane upper layer thickness along
the western boundary (upper right) and the zonal wall (lower right) at day 25000.
Shaded area is the upper layer. The horizontal axis marks are 10 grid points (75 km)
apart.

the zonal wall at the same day. In the f-plane situation, the upper layer thickness
increases to a maximum in the corner, producing a northward pressure force which,
according to Fig. 3.9, balances the southward momentum force of the WBC. This
indicates that the inviscid balance (3.11) is attained.

When 4 is introduced (Fig. 3.7), a cyclonic eddy (attached to the curving flow)
is formed. Also, as seen in Fig. 3.8, the pressure force points southward since the

upper layer thickness along the western boundary is larger than its average value
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Figure 3.9. Terms of the momentum balance (3.11) computed from the f-plane
experiment E2 (upper panel), and the 3-plane experiment E4 (lower panel). Note
that the f-plane run reaches a steady state right away [whitin a period of O(f™!)]
while the 3-plane run takes 500 days to reach a steady state.



on the zonal wall (268.6 m). The average value of the upper layer thickness along
the zonal wall is 268.6 m which coincides with its average value at the last 50 grid
points, showing that the thickening at the corner (associated with Bernoulli function
conservation) is compensated by the shallowness produced by the eddy. Again,
this will be used shortly in our analytical derivations. As seen in Fig. 3.9, the
combination of the 8 and the pressure terms is a northward force which balances the

southward momentum force of the WBC.

3.4 Estimates of the Eddy Radius Generated by a Flow in
a Concave Solid Corner on a S-plane

3.4.1 Formulation

An alternative form of the momentum balance relation for a northward flowing
WBC in a concave solid corner (3.10) can be derived as follows. At £ — oo the zonal
flow is geostrophic in the y-direction so that,

N _ g ah?)

(fo+5y)3y'= 2 oy

and an integration in y gives,

o+ 00 ~8 [ Ywdy=Zw" | 2o
o Vs

2" ly=y

where 1, (which is a function of y) is the streamfunction at £ — oo, and y, is the
y-component of point A (Fig. 3.2 upper left panel). Since ¥ = 0 at y = 0 it follows
from the above relationship that C in (3.9) is,

C=Lu+5 [ vudy,
Vs

where Hj is the value of h along the zonal wall as £ — oo. Hence, (3.8) can be
written as,

54



L gl La _
/ohuzdm-E/o (Hg-hz(x,O))dz—ﬂ//s(tp—rpw)dzdy—-o, (3.12)

It is straightforward to show that, for a southward flowing WBC,

L gl La _
—/(; hvzdx+-2-/o (hz(z,O)-Hg)dz—ﬁ/[g(w-ww)dzdy—o. (3.13)

In the next two subsections we shall use (3.12) and (3.13) to derive analytical
expressions for the eddy radius. We shall treat the cases of a northward and a
southward flowing WBC separately (because the scales are different).

3.4.2 Northward Flowing WBC

As pointed out earlier, the numerical simulations indicate that the average value
of the upper layer thickness on the zonal wall is approximately Hy (the value of h
on the zonal wall as z — o0). Although we cannot come up with any argument
explaining why this should be so, we shall use this info for our calculations and
neglect the second term in (3.12). Recall that, on an f-plane, the pressure term is
negative and that a neglect of a negative term would overestimate the eddy size.

With the above neglect, the momentum balance (3.12) reduces to,

/oLhuzdx=ﬂ//Szdedy, (3.14)

where L is the boundary current width, ¥ = ¥ — Yoo and Ve is the streamfunction

at r — oo.
Note that the integrand of the second integral vanishes as ¢ — oo and,

consequently, the integral does not change when the zonal extent of S is increased
(as should be the case).
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3.4.2.1 Scaling Assuming nonlinear dynamics we take the following scales:

L ~O(Ry); AH = (H — Hy) ~ O(H); v~ O ((¢H)?);

1/3 ~ 0 (g’f}{’) in the current;
0

¢~o(9'f’ff) in the eddy,
(1]

where Ry = (¢H)Y?/fo and H, is the depth scale for the eddy. Note that the
second term in (3.14) is non zero only in the eddy and the boundary current
(because the streamfunction ¥ coincides with ¥, in the interior). Note that the
assumption AH ~ O(H) implies that the momentum flux of the boundary current is

non negligible (otherwise the quasi-geostrophic dynamics would take place and the

momentum flux goes to zero).

Using the above scales, each term of (3.14) can be scaled as,

/ thzdz ~ O(fSHR)) (3.15)
0
8 / bdedy ~ O (BfoHR ) (3.16)
wBC
i N )
8 / /mw dzdy ~ O (BfoH.Rs), (3.17)

where y, is the y-component of point A (Fig. 3.2 upper left panel), and Ry, =
(¢'H.)"/*/ fo. Taking

l¥:| ~ O(Ra), (3.19)

where € = SR/ fo < 1, we see that there is a balance between (3.15) and (3.17) and
that the ratio between (3.16) and the two other terms is O(¢%/%). Two additional
comments should be made with regard to (3.18). First, as is frequently the case, the
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scaling may conceal potentially large numbers such as powers of the known 2v/2 ratio
between the eddy radius and the Rossby radius (see, e.g. Nof 1981; Killworth 1983).
Second, the 1/6 power of € implies that, for most cases, R4, will be comparable to
R4 (though it will be larger). Note that similar scales were found by Pichevin and
Nof (1996) and Nof and Pichevin (1999).

Given the above scales we now introduce the following nondimensional parame-
ters. For the WBC entering the integration area S through AB (Fig. 3.2 upper left

panel), the scaled variables are,
z* =z/Ry; y" =y/Rae; v" =v/(foRa)
h*=h/H; Ra=(gH)'?/fy, (3-20)

while for the eddy they are,

-~

h Y
c= ;o Ye= i he=—— V.=
z, I/Rd /) y/Rd H(Rde)z ¢ (g’Hf/fo)
Ry
Ry, = Ra/€’®; €= BRa/fo. (3.21)

3.4.2.2 Expansions Substitution of (3.20) and (3.21) into (3.14) (noting
that, according to our scales analysis, the second integral is calculated only over
the eddy) gives,

L.
h*(v*)? dz* = / Y. dz. dy; , (3.22)
Se

where S, is the closed region encompassed by the eddy. Each dependent variable is
expanded in a power series of the small parameter €!/¢, implying that the basic states
for the WBC and the eddy are subject to perturbations of O(¢'/). For simplicity we
assume that the eddy’s basic state has a circular shape.
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From (3.22), the leading order balance is,

L(0)
/ hO (1) dz* = / / O dz: dy? , (3.23)
0 e

where @, (v@), y{? and L@ are the zeroth-order approximations of the respective

dependent variables.

3.4.2.3 Basic state for the northward flowing WBC and anticyclonic
eddy Taking the flow in to have zero potential vorticity (i.e., the highly nonlinear
case) we find that the solutions are straightforward despite the nonlinearity. Note
that, with this assumption, the interior of the basin is motionless with thickness
H because the velocity is zero along the bounding streamline of the current offshore
(Anderson and Moore 1979). As we shall see later, in this limit, the obtained estimate
will be a lower bound on the eddy radius.

Zero potential vorticity current For a zero-potential vorticity northward

flowing boundary current,

L-z) , z<L
___{ J(L—z) T (3.24)
0 , z>L
fAL = 2P
h={ H-"p =<l (3.25)
H , z>L,

where L is the width of the current.

Since the transport of the geostrophic boundary current through the zonal
segment AB must be the same as the transport of the separated geostrophic current
through the meridional segment BC (Fig. 3.2 upper left panel), we have,

g

% (B - K O.u) = £ (5° - H)). (3.26)
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From (3.25) it follows that along the wall (z = 0),

h(0,y) = H - %‘3, y<o. (3.27)

Combining (3.26) and (3.27), we get an expression for the upstream boundary current
width L,

ccrnfi- [ (E T

Non-dimensionalizing (3.28) and using our scales, it follows that, at leading order,
L =22R,,, (3.29)

where Ry. = [¢'(H — Ho)]'/?/ fo is the (upstream) boundary current Rossby radius.
So, at leading order for the zero potential vorticity boundary current

{fo(L—z) , <L
v= (3.30)
0 , z>L
oL —z)°
h={H‘ ST (3.31)
H , =>1L,

Zero potential vorticity eddy Since the eddy’s upper layer thickness scale is
H, = H(R4./Rd)? = ¢'/3H, we can take h. = 0 along the eddy’s boundary. Then,
for the zero potential vorticity eddy,

w=-2C r<r (3:32)
h,=fz(1-%), r<R, (3.33)
v ——f‘:”—ufz?-r’)2 r<R (3.34)
3—269, ] -_— i -



where vy is the orbital speed, r is the radial distance from the center of the eddy, h.
is the eddy’s upper layer thickness, h is the eddy’s layer thickness at the center, and
R = (8¢'h)'?/fo.

Radius of anticyclonic eddy in a concave solid corner on a 3-plane Substituting
(3.29)-(3.34) into (3.23), the desired zeroth-order anticyclonic eddy radius is found
to be,

93/2 1/6 H - H, 1/2 H 3 1/6 R,
e2() (7)) (7mo8) &) oW

Relation (3.35) is an analytical estimate for the eddy radius based on the momentum
balance approach [note that the parameter (23/2 /71')1/6 = 1]. It relates the eddy size

to the known upstream parameters. It is a lower bound, because the zero potential
vorticity eddy has the strongest nonlinearity (due to the highest steepness) and, as
a consequence, it also has the smallest radius.

To validate the analytical relation (3.35) we determine analitically the numerical
eddy radius using the parameters of numerical experiment E5 (Table 3.1), getting
€/6 = 042 and R = 2.84 R;. Taking the 6.5 Sv streamline as the eddy boundary
(Fig. 3.4) we find that 3.7 Ry is the average numerical radius between days 1500 and
5000, which is in very good agreement with the above analytical estimate (2.84 R;).

In the next subsection we shall derive the radius estimate for the cyclonic eddy

formed as a southward flowing WBC in a concave solid corner on a $3-plane.
3.4.3 Southward Flowing WBC

For a southward flowing current in a concave solid corner, we proceed in a similar
fashion to that of the previous section, pointing out that in this case the eddy upper
layer thickness scales with H, so that the obtained eddy size scale is Ry/e!/2. We

take the zeroth-order (basic state) boundary current and eddy to have uniform
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potential vorticity and use the Csanady (1979) solution for a uniform potential
vorticity cyclonic eddy (Fig. 3.10). Specifically, the current is expanded around

Ro

(p+Ap)

Figure 3.10. Schematic representation of a radial section of the Csanady (1979)
cyclonic eddy. Ry is the radius of the outcropped region and R is the eddy mean
radius. H is the undisturbed thickness at r — oo.

the f-plane solution with potential vorticity depth H. Doing so, we get
e (Ro\? /"" ( Ko(r/Ra) )2 ' o
=l=] + 1-{1—-—r— dr' =
2 (R,,) RolRe [ Ko(Ro/R)) | 7

_6_11r_ (Ho; H)2 (!I'(H +R23HO)/f§) ’ (3.36)

where K, and K, are Bessel functions of second kind and Ry is the radius of the
outcropped region. By solving (3.36) we can obtain R,. If we replace the two terms
on the left hand side of (3.36) by § (%)2 where R is defined as the mean eddy radius
[it larger than R,, because K is a positive decaying function, so that the integrand
in the second tem of (3.36) is positive], we get
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1\ fHy— H\ [H+2H,\'? Ry
@) E R e

This eddy radius is compatible with our scales where the eddy streamfunction scales

with ¢’H?/fo. As in the anticyclonic case, (3.37) is a lower bound, because the
uniform potential vorticity eddy outcrops along a contour of radius R, (where
the streamfunction reaches the minimum value of —g’H?/2f;). From there the
streamfunction increases to zero very rapidly with a concentrated contribution of
the 3-term in a small region.

To validate (3.37) we estimate the eddy radius using the parameters of the
numerical experiment E6 (Table 3.1), obtaining ¢!/2 = 0.06, Ry = 1.92 Ry, and R =
3.35 Ry. Taking the minus 3.5 Sv streamline as the eddy boundary in E6 (Fig. 3.7)
we estimate 4.28 Ry as the average numerical radius between days 1500 and 5000.
This is in good agreement with the analytical estimate (3.35 R4). Estimates of the

eddy radius generated by a flow in a concave

3.5 The Collision Problem

In this section we will examine the full collision problem of opposing western
boundary currents on a (-plane. Recall that, as in the earlier case mentioned
above, the variation of the Coriolis parameter is very important here as, for an
analogous f-plane situation, Agra and Nof (1993) showed that net momentum flux
of the colliding currents is balanced, i.e., no eddy is necessary for the momentum
balance to hold.

3.5.1 Formulation

Consider two opposing WBCs (Fig. 3.11). We shall denote the northward

flowing current as the "main current” and the southward flowing one as the “counter
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Figure 3.11. Schematic diagram of the collision between a northward flowing
boundary current (Main current) and a southward flowing boundary current (Counter
current) on a S-plane. After the collision the two currents merge into a joined offshore
current. All the currents are embedded in the upper layer of density o. Far east of
the western boundary and a few Rossby radius away from the dividing streamline
(v = 0) the upper layer the thickness has value of H, in the main current side and
H, in the counter current side.



current”. At some point on the western boundary the currents collide and veer
offshore as a joined current. We place the origin of our coordinate system at the
collision (stagnation) point on the western boundary and assume that, far east of the
western boundary and a few Rossby radius away from the dividing streamline the
upper layer thickness has value of H, in the main current side and H,, in the counter
current side.

Assuming a steady state and integrating (after multiplying by h) the steady,
inviscid nonlinear y-momentum equation over the fixed region S bounded by ABCD,

we get

L, Ln g/ La
/ hv? dz — / hv?dz + ) / (R*(0, 3.) —hz(ﬂ,yn)) dz
Jo 0 e Jo

Net mom. flux Pressure term (3.38)

—B//wdzdy 0,

ﬁterm

where L, and L, are the main current and counter current widths, S is the integration
region bounded by ABCD (Fig. 3.11), L, is the zonal width of S, and y, and y,
are the y-coordinates of the southern and northern boundaries of S.

As before, (3.38) represents three forces, the net momentum flux (first two terms
combined) imparted by the boundary currents as they enter the integration domain
S through AB and CD (Fig. 3.11), a pressure force (third term) which is due to
the difference in the upper layer thickness A and D and a (3-force (last term).

To apply our previous analytical approach to the collision problem, we divide the
momentum balance (3.38) into the two sub-dominans S* and S—, north and south
of ¥ = 0, respectively. After some algebra we obtain,



Le g’ Ly
2 2 — h2 — =
hv da;' + ;5-/0 (h3(0,y.) — h¥(z, 9)) d:i‘ ﬂ.[/s_wdzdgi 0,

Ly -~ (3-39)
Main current Pressure term B term
mom. flux
and
La g’ La
- hv¥dz + 5/ (h*(z, 8) — h*(0,yn)) dz
_ Jo L Jo _
Counter current Pressure term
mom. flux (3.40)

- ﬁ/ vdzdy =0,
‘ S+

>

Bt:rm

which, as expected, have a mutual term % fo[" h?(z, ¢) dx where y = ¢(z) is cartesian
representation of the curve ¥ = 0. Eqgs. (3.39) and (3.40) can also be written as,

L, La
hv’da:+%’/o (Hg-h’(z,ep))dz—a//;_(w—ww)dzdy=o, (3.41)

0

and

Ln gl La _
—/0 hv’dx+5/0 (hz(z,cb)—Hg)dz-ﬁ/[g+(w—wm)dzdy—0, (3.42)

where Hj is the value of the upper layer thickness on ¥ = 0 as £ — 00, and ¥ (a
function of y only) is the limit of ¥ as z — oo.
We shall see in the next subsection that the second term in (3.41) and (3.42)

is approximately zero and that, consequently our solid corner solutions will also be
valid here.
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3.5.2 Numerical Simulations for the Collision Problem

The parameters for the collision experiment E9 on a (-plane (Table 3.1) are
identical to those used for experiments E5 and E6 for the concave corner. The
Rossby radius of deformation Ry is 20 km for the counter current and 26.8 km for
the main current. The integration domain is a rectangle with the dimensions of
1500 km x 1125 km. The walls are slippery and we impose inflows of 4.8 Sv in the
southern boundary (main current) and 2.9 Sv in the northern boundary (counter
current). On the western boundary we impose an outflow that matches the inflow
total transport.

Fig. 3.12 shows contour plots of the upper layer thickness and streamfunction
for experiment E9 at day 2500. It is evident that an anticyclonic eddy is formed
south of the joined offshore current and a cyclonic eddy north of it. Fig. 3.13 shows
the upper layer thickness along the western boundary (upper panel) and along the
¥ = 0 streamfunction (lower panel). Note the similarity with Figs. 3.5 and 3.8 for
the S-plane experiments E5 and E6. The pressure force points in the same direction
than the momentum flux (in each of the individual sub-domains). Therefore, the
eddies are necessary in order to reach the integrated momentum balances in S~
and S* individually. The average value for the upper layer thickness on the zero
streamfunction is 270.8 m while the mean value outside the eddy influence area is
271 m (Fig. 3.13), showing that, even in the collision problem, the assumption that
the second term in (3.41) and (3.42) vanishes agrees with the numerical simulations.

Fig. 3.14 shows the numerical estimates for the terms in (3.38) (upper panel),
(3.39) (middle panel), and (3.40) (lower panel). In all the cases the inviscid
momentum balances hold. The analytical estimates for the flow inside a concave
corner can also be used here, by considering the iy = 0 streamfunction as a “wall”
dividing the basin in two parts (the main current side and the counter current side).
Taking the minus 4 Sv streamline as the boundary of the cyclonic eddy and the
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Upper layer thickness (m) Stream function (Sv)
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Figure 3.12. Upper layer thickness contours (left panel) and streamfunction
contours (right panel) for the collision experiment E8 (Table 3.1) on a (3-plane at
day 2500. As before, the contour interval is 20 m for the upper layer depth and
15 Sv for the stream function. The axis marks are 10 grid points (75 km) apart.
Area within closed contours are shaded. Recall that no eddies are produced in the
f-plane case (see Fig. 5 in Lebedev and Nof 1997).
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h along the western boundary

h alongy =0

X

Figure 3.13. Upper layer thickness A (in meters) along the western boundary
(upper panel) and along the offshore branch of ¥ = 0 (lower panel) for the collision
experiment E8 at day 2500.

6.5 Sv streamline as the boundary of the anticyclonic eddy (Fig. 3.12) we estimate
(from the numerics) an average radius of 4.5 Ry, [where Ry, = (¢’H.)"/?/fo] and
3 R4, [where Ry, = (¢’H,)"/?/ fo]. These are in decent agreement with the analytical
estimates [derived from (3.35) and (3.37)] of 3.35 Ry, and 2.84 Ry,, respectively.
Recall that these analytical estimates neglect the second term in (3.39) and (3.40).
In the next section we shall apply the theory of the collision of opposing flowing
western boundary currents on a 3-plane to the equatorial western Pacific. In this
scenario, the South Equatorial Current is the “main current” and the Mindanao
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Figure 3.14. Momentum balance (3.38) for area containing both colliding currents
(upper panel); Momentum balance (3.39) for the area south of the zero stream-
function (middle panel); Momentum balance (3.40) for the area north of the zero
streamfunction (lower panel). All terms were computed from experiment ES8.
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Current is the “counter current”. As is expected by now, the collision would lead to
the formation of the cyclonic Mindanao eddy and the anticyclonic Halmahera eddy.

3.6 The Western Equatorial Pacific

Considering the scheme in Fig. 3.15 showing the northward flowing SECC
colliding with the southward flowing MC. Most of the fluid transported by the
currents flows into the (eastward flowing) NECC and a small amount forms the
ITF. (As we pointed out earlier even though the transport of the ITF is small its
existence is essential for the establishment of the SEC.) The streamline ¥ = 0 divides
the amount of fluid in each current that flows into the NECC.

Considering the integration region bounded by ABCD in Fig. 3.15, it is easily
seen that the momentum balance for this situation follows immediatly from the
collision problem without the ITF. Note that the momentum fluxes of each one of
the colliding currents must be calculated by considering only the part of each current
that effectively flows into the NECC.

Since our main goal is to study the eddies, we use observed values for the total
transports of the MC and SEC and the respective amounts flowing through the
Indonesian passages in order to estimate Hy. We take 26 Sv for the MC transport
and 22 Sv for the SEC transport. Around 11 Sv from MC and 1 Sv from SEC
flow into the ITF. Using the previously calculated values of the offshore upper layer
thicknesses for the colliding currents (H, = 97.83 m for the MC and H, = 235.32 m
for the SEC) we obtain Hy = 270 m. Substituting the values of H,, H,, and Hj into
(3.35) and (3.37), we get a radius of 1.144 R4, for the Mindanao eddy (where Ry,
= 110 km and ¢, = 0.2) and a radius of 1.52 R,, for the Halmahera eddy (where
Ri, = 171 km and ¢, = 0.3). The estimated radius compares very well with the
observations (Lukas et al. 1991; Kashino et al. 1999) of 1.136 Ry, (175 km) for the
Mindanao eddy and between 1.37 R4, and 1.46 R4, (between 235 and 250 km) for
the Halmahera eddy.
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Figure 3.15. Schematic representation of the convergence of the Mindanao Current
(MC) and South Equatorial Current (SEC). The currents collide such that most of
the water transported from each current form the eastward flowing North Equatorial
Counter Current (NECC) and a small part flows into the Indonesian throughfiow.
The area bounded by ABCD is the integration region S and the segment AD is
on the streamline ¥ = 0. The portions of the MA and the SEC which effectively
participate in the collision process are responsible for the formation of the Mindanao
eddy (ME) and Halmahera eddy (HE). Point E is an stagnation point.
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Because the value of H, (235.32 m) and H, (97.83 m) are estimated from the
observed mean wind stress, we consider them good representatives of the mean
thicknesses. Variations in the composition of the throughflow would, of course, lead

to changes in Hy, and consequently, to variations in the relative sizes of the eddies.

3.7 Conclusions

Figs. 3.4 and 3.7 are the most elucidating of our analysis because they highlight
the profound difference between an f-plane and a (-plane flow in a concave solid
corner. In the f-plane case there is no eddy and the flow is diagonally symmetric
while in the (3-plane case there is a lack of symmetry and a stationary eddy is
attached to the curving flow. The momentum balance relations (3.10)-(3.13) for
a nonlinear WBC in a concave solid corner shows that, on an f-plane, no eddy is
necessary because a pressure force (produced by the difference between the upper
layer thickness) balances the current’s momentum flux. On a 3-plane, on the other
hand, the pressure force and the boundary current momentum force point in the
same direction. Consequently, a permanent eddy is necessary to produce an opposing
B-force leading to the required momentum balance. Is is opportune to point out that
the nonlinearities play a fundamental role in this theory because in the linear limit
the boundary current momentum flux approaches zero [as well as the pressure force
(since AH~ H )] so no eddy is established.

We expanded all the dependent variables in Taylor series of a small parameter
around a basic state, and neglected the second term in (3.12) on the basis of the
numerics. This provides a lower bound estimate on the radius of the anticyclonic

eddy (3.35) formed when a northward flowing WBC turns in a concave solid corner,
03/2\ Y6 rpr H, 1/2 H 3\ 1/6 Ry
R=2(T) (_H_) (m‘g) s
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Similarly, we obtain a lower bound estimate for the cyclonic eddy (3.37) formed when

a southward flowing WBC turns in a concave solid corner,

ro(L Y2 (Hy— H\ (H+2H,\"* R4
~\3r H H el/2

These eddy radii estimates are in very good agreement with the ones obtained from

the numerical experiments.

For the collision of opposing western boundary currents, we derive momentum
balance relations (3.39-3.42) using the separating streamline as a divider between the
integration domains. Comparison with numerical model simulations indicates that
the nonlinear inviscid momentum balance for the solid corner also holds for the fluid
collision problem (Fig. 3.14) and that the analytical estimates for the eddy radii in
solid corners [(3.35) and (3.37)] are in good agreement with those of the numerical
simulation of collidinf currents.

Applying the collision theory for the Mindanao Current and South Equatorial
Current in the western equatorial Pacific taking into account only the effective part
of each current that participates in the collision process, we estimate [from (3.35) and
(3.37)] a diameter of 252 km for the Mindanao eddy and 520 km for the Halmahera
eddy. These are in excellent agreement with the observed values of 250 km and
between 470 and 500 km (Lukas et al. 1991; Kashino et al. 1999). We also point
out that, although the ITF plays a secondary role in our theory, its existence is
essential for the formation of the cross equatorial flow of the SEC. Without the ITF
there would be no collision and no eddies. Consequently, it is not surprising that
variations in the ITF transport lead to variations of the relative sizes of the ME and
the HE.

The above arguments shows that the physical mechanism proposed here (i.e.,
that eddies are necessary to balance the momentum flux of their parent currents, the
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southward flowing Mindanao Current and the northward flowing South Equatorial
Current) are responsible for the formation of the Mindanao and Halmahera eddies.
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CHAPTER 4

CONCLUSIONS

We have presented two self-contained studies for eddies along western boundaries.
In Chapter 1 we presented a nonlinear theory for the generation of the Ulleung Warm
eddy (UWE). It was shown that the UWE was established in order to balance the
northward momentum flux exerted by the separating East Korea Warm Current.
Consequently, the UWE formation is not due to instabilities, instead it is an integral
part of the steady stable solution. In Chapter 2 we presented a nonlinear theory
for the generation of the Mindanao and Halmahera eddies associated with the
collision of the southward flowing Mindanao Current and the northward flowing South
Equatorial Current in the western equatorial Pacific. It was shown that these eddies
are established in order to balance the momentum fluxes exerted by their colliding
parent currents. In both chapters analytical eddy radius estimates were derived.
These estimates compared very well with the observed eddy radius.
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APPENDIX

LIST OF SYMBOLS AND ACRONYMS

Bernoulli function, g’h + (u? + v?)/2

Coriolis parameter (fy + 8y)

Reduced gravity, gQAp/p

Upper layer thickness

Eddy upper layer thickness

Interior upper layer thickness at a fixed latitude

Upper layer thickness on the zonal wall as z — oc (Fig. 3.3)
Upper layer thickness at the eddy center

Upper layer thickness at the corner (Fig. 3.3)

Upper layer thicknesses at fixed latitudes in the counter current side
and main current side (Fig. 3.11)

Bessel functions of the first kind

Boundary current width (Figs. 2.4 and 2.10)

Width of square domain S (Fig. 2.4 and 3.2)

Basin zonal width (Fig.2.10)

Counter current width (Fig. 3.11)

Main current width (Fig. 3.11)

Boundary current transport

Eddy radius

Parameter defined as 8(g'H.)'/?/ fo

Radius of the outcropped region in the cyclonic eddy (Fig. 3.10)
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Ry Rossby radius of deformation, (¢’ H)'/?/ f,

Ry, Rossby radius of deformation, (¢'H,,)'/?/ f,

R4, Rossby radius of deformation, (¢’H,)/?/ f,

Rg. Rossby deformation radius of the eddy, (¢’ H.)'/?/ fo

S Integration area bounded by dashed rectangle in Figs. 2.4, 2.10, and 3.2,

S+, S- Subsets of S such that y > 0 and y < 0 respectively

u,v Velocity components in Cartesian coordinates

v Current’s mean speed

v Orbital velocity in the eddy

Yss Yn Latitudes of the southern and northern boundaries of S
(Figs. 2.4, 2.10, 3.2, and 3.11)

zp z-coordinate of point B in Fig. 2.10

8 Variation of the Coriolis parameter with latitude

€ Small parameter equal to GRy/ fo

o Cartesian representation of the dividing streamline in the collision
problem

p, Ap Density and density difference between the layers
v Viscosity coefficient
K Coefficient of interfacial friction

Streamfunction (defined by ¥, = —uh; ¥, = vh)

Voo Limit of ¥ as £ — oo

¥ ¥ = Yo

Y. Eddy stream function

% Zonal component of the wind stress

ADCP  Acoustic Doppler Current Profiler
EKWC East Korea Warm Current

HE Halmahera eddy

ITF Indonesian throughflow
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JES

ME
NKCC
NECC
NGCC
NGCUC
SEC
TWC

WBC

Japan/East Sea

Mindanao eddy

North Korea Cold Current

North Equatorial Counter Current
New Guinea Coastal Current

New Guinea Coastal Undercurrent
South Equatorial Current
Tsushima Warm Current

Ulleung Warm Eddy

Western Boundary Current
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