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ABSTRACT

A mathematical model is developed to describe the interaction between variable bottom topography and a
steady, horizontally-sheared baroclinic coastal current. The topography modeled in this study consists of an
offshore seamount and a seaward protrusion of the continental slope. The fluid motions are assumed to conserve
potential vorticity on the fplane, and expressions for the pressure, density, velocity and mass transport fields
are obtained using a normal mode analysis and the appropriate Green’s function for the horizontal problem.

The theory is applied to the northeast Pacific Ocean in an attempt to model the anticyclonic eddy which has
been observed by Tabata west of Sitka, Alaska. The numerical calculations of the mode! and the observed
location, dimensions, velocities and transports of the Sitka eddy are in good agreement.

The axial velocities and dimensions of the calculated eddy field are largest for upstream surface and bottom
currents of approximately 5-7 and 1-2 cm s™!, respectively. When the surface current is greater than about 20
cm s~} or less than 0.5 cm s™! there are no closed streamlines on the surface. It is therefore conceivable that the
season in which the eddy is usually generated (spring-summer) and the particular years in which the eddy is
observed to occur are a consequence of seasonal and interannual changes in the upstream current. In particular,
it is conjectured that these interannual current changes (and hence the years of eddy occurrence) may be related
to interannual variations in the atmospheric circulation in the Gulf of Alaska, which in turn are sometimes
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linked with El Nifio-Southern Oscillation episodes in the tropical Pacific.

1. Introduction

From an examination of historical oceanographic
data collected during 1954-67 in the Gulf of Alaska,
Tabata (1967, 1982) noted the occurrence, in a number
of years, of a baroclinic, anticyclonic (clockwise-rotat-
ing) eddy a few hundred kilometers to the west of Sitka,
Alaska (located at 57°N, 135°W). The eddy, hereafter
called the “Sitka” or “Tabata” eddy, is typically 200~
300 km in diameter, extends to a depth of about 1000
m, and has a maximum surface (axial) speed of the
order 40 cm s~ (relative to 1000 db surface).

In any year of occurrence, the eddy generally first
appears during the spring-summer period and then
persists for about half a year, often slowly moving
westward during this period. Since the eddy is not ob-
served every year, interannual effects could be impor-
tant for its generation. Indeed, Willmott and Mysak
(1980) suggested that one possible generation mecha-
nism for the Tabata and other northeast Pacific eddies
is atmospherically-forced interannual baroclinic plan-
etary waves that undergo multiple reflections at the
coastlines of British Columbia and Alaska. However,
it has been recognized (Willmott and Mysak, 1980;
Tabata, 1982), that topographic irregularities near Sitka
could also contribute to the production of the Tabata

! Dedicated to Susumu Tabata on the occasion of his 60th birthday.
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eddy. The purpose of this paper is to describe a theory
of eddy generation by the interaction of a steady coastal
current (representative of the northward mean flow
along the British Columbia coast) with variable bottom
topography.

The topographic features modeled in this paper in-
clude the set of seamounts around Pratt seamount
(56°N, 143°W) and the seaward protrusion of the base
of the continental slope off Baranof Island (see Fig. 1).
We show that a northward-flowing, baroclinic, later-
ally-sheared current on a f~-plane encountering this to-
pographic configuration generates a large anticyclonic
baroclinic eddy possessing many of the characteristics
of the Tabata eddy observed during the spring-summer
period.

But what determines the year in which an eddy is
formed? As will be seen later, the incident surface flow
in our model must be fairly moderate (5 to 20 cm s™")
in order for the eddy to be formed west of Sitka. Such
moderate current speeds are likely to occur, for ex-
ample, after a strong El Nifio-Southern Oscillation
(ENSO) episode in the tropical Pacific. During the
course of such an episode a large negative atmospheric
pressure anomaly often develops during winter in the
Gulf of Alaska? because of teleconnections with the

2 This process is also referred to as the expansion and intensification
of the Aleutian low.
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FiG. 1. Bathymetric chart of the northeast Pacific Ocean. The general area of the Sitka eddy is indicated by a dotted square. The base of
the topographic features modeled in this paper are marked by dashed lines. The channel model to be introduced later has a width of twice

the distance from the coast to Pratt seamount.

equatorial Pacific region (Bjerknes, 1966; Simpson,
1983; Emery and Hamilton, 1985). Such an atmo-
spheric anomaly would help to produce unusually
strong northward currents along the British Columbia—
Alaska coast and would thus preclude topographic eddy
production. However, in the following spring—summer
period, the strong cyclonic atmospheric circulation has
generally weakened; consequently the coastal currents
would tend to be slower and a topographically-induced
eddy may arise.? In the summer the atmospheric cir-
culation continues to weaken and topographic forcing
becomes negligible because of weak upstream currents.
At this stage, we spectulate that the g-effect (neglected
in our model) becomes important. Hence it may be
possible during the late summer and fall to model the
Sitka eddy by the superposition of atmospherically-
forced, baroclinic planetary waves (Willmott and My-
sak, 1980) whose period corresponds to that of the
Southern Oscillation, i.e., 3-6 years (Trenberth, 1976;
Julian and Chervin, 1978; Horel and Wallace, 1981).
At this period high-latitude baroclinic planetary waves

3 This senario could also hold for years in which no strong ENSO
episode occurs. Emery and Hamilton (1985) have noted that the
strong intensification of the Aleutian low during winter sometimes
occurs in non-ENSO vyears (e.g., 1977).

(and hence the eddies) travel westward with a speed of
about 1 km day™!, which is consistent with the west-
ward eddy speed observed (Tabata, 1982). Also, during
this time the eddy could decay due to friction and/or
entrainment (e.g., Csanady, 1979; Mied and Linde-
mann, 1979).

In Section 2 some of the salient features of the Tabata
eddy are described, and in Section 3 the mean flow-
topographic interaction model is developed. Solutions
to the vertical and horizontal boundary value problems
are given in Section 4. The theory is applied to the
Sitka eddy in Section 5, and the results of a parameter
sensitivity analysis are described in Section 6. The re-
sults are summarized in Section 7.

2. The anticyclonic baroclinic eddy off Sitka, Alaska

The general area where the Sitka eddy has been ob-
served is indicated by the dotted square in Fig. 1. Data
that Tabata (1982) found suitable for examining the
eddy came from Gulf of Alaska cruises carried out dur-
ing the period 1954-67.

Figure 2a hints at the occurrence of an anticyclonic
eddy off Sitka (see the eddy ‘tip’ at 56°N, 137°W) and
represents the first partial evidence that Tabata (1982)
found for the Sitka eddy. Interestingly enough, Fig. 2a
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FIG. 2. Geopotential anomaly at the sea surface relative to the 1000 db surface (J kg™") in the northeast Pacific Ocean: (a) Aug-Sep 1954,
(b) Mar-Apr 1958, (¢) Jan-Feb 1959, (d) May-Jun 1961. (From Tabata, 1982).
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does show the presence of a small cyclonic eddy cen-
tered at 57°N, 143°W which, because of its location,
could be topographically induced by the flow past the
set of seamounts around Pratt seamount (see Fig. 1).

The first clear surface signature of the whole Sitka
eddy, however, was found in the spring of 1958 (Fig.
2b). This eddy had a diameter of approximately 300-
400 km and was centered at about 57°N, 139°W. It
was still located in this region during August 1958 (see
Tabata, 1982, his Fig. 2e.), but by next winter the eddy
had traveled about 400 km to the southwest (see Fig.
2¢). It is interesting to note that this eddy was formed
shortly after the 1957-58 ENSO episode.

An anticyclonic eddy similar in size and location to

that shown in Fig. 2b was also detected in July-Sep-
tember 1960 (Tabata, 1982). During May-June 1961
on the other hand, two smaller but more intense an-
ticyclonic eddies were found, one off Sitka and the other
about 400 km to the southwest (see Fig. 2d).

At the surface, the center of the Tabata eddy is char-
acterized by water of lower salinity rather than by water
of a different temperature from that of the neighboring
waters. At depth, however, a warm core is often found,
generally within the halocline which occurs at depths
of 100-200 m and which is depressed at the eddy cen-
ter. The depression of the isopycnals at the eddy center
is evident at the halocline, as well as at depth (see Fig.
7, Tabata, 1982). In some cases where the data was
available (e.g., March 1958), this depression could be
seen down to 2000 m. Thus we conclude that the eddy
penetrates downward to a depth of at least 1000 m,
and maybe even to 2000 m. The mean depth of the
ocean in this region is about 3500 m.

The ambient geostrophic surface circulation along
the British Columbia—-Alaska coast consists of a broad
northward flow of about 5 cm s™! relative to 1000 db
(see Fig. 3). This current is part of the Alaska Stream,
which transports water northward at a rate of about
6-10°m3s™! (Tabata, 1975). Typical transports of the
Sitka eddy are comparable to this (see Fig. 9, Tabata,
1982), but the (geostrophic) surface axial speeds (rel-
ative to 1000 db) 50 to 100 km radially outward from
the eddy center are generally much larger than 5 cm
s~ L. For the weaker eddies (as in Fig. 2b) the maximum
axial speeds (relative to 1000 db) are about 10-20 cm
s™! (Table 4, Tabata, 1982). For the intense Sitka eddy
observed during May—June 1961, however, the surface
speeds relative to 1000 db were as large as 30-40 cm
s! (see Fig. 10, Tabata, 1982).

It may well be that these geostrophic values are an
underestimate of the true speeds. For example, near-
surface speeds of satellite-tracked buoys (Kirwan ez al.,
1978) that ended up in the Sitka eddy (see Fig. 11,
Tabata, 1982) had values in the range 50-100 cm s~
(Tabata, 1982).

The vertical structure of the northward flowing
coastal current varies in the offshore direction (see Fig.
3). Bennett (1959) classified the summer velocity pro-
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FIG. 3. (a) Approximate regional occurrence of velocity profile
types, (b) Geostrophic current of each type relative to 2000 db (cm
s™!, negative values indicate northward flow). (From Bennett, 1959).

files into four categories. Figure 3b shows that the near-
coastal current (group IV) is strongly attenuated with
depth, with a maximum near-surface speed just under
10 cm s™%. Group II currents, situated immediately
west of the group IV currents also monotonically decay
with depth although the attenuation is not as severe as
with the group IV currents. Typically, group II currents
have near-surface maximum speeds on the order of 5
cm s”'. Group III currents, located westward of the
British Columbia group II currents have smaller speeds
than either group IV or group III currents. Typically
they have maximum speeds on the order of 3 cm s~%.

Thus, in summary, the magnitude of the British Co-
lumbia-Alaska coastal current is seen to decay with
distance from the coast. A rough estimate of this decay
gives an e-folding scale of about 80 to 100 km. The .
current speeds also monotonically decay with depth,
However, the vertical shear is fairly weak and is unlikely
to provide sufficient potential energy for baroclinic in-
stability, which does occur on the other hand off Van-
couver Island (Ikeda et al., 1984).

Figure 3 suggests (sec also Fig. 10, Tabata, 1982)
that the principal contribution to the transport occurs
in the upper ocean. Tabata (1982) calculates that about
75 percent of the transport occurs in the top 500 meters
of ocean. .

3. Formulation of model

We shall assume that the fluid motions are steady
and conserve potential vorticity on the £plane. In non-
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dimensional variables this conservation law takes the
form [LeBlond and Mysak, 1978, Eq. (44.40)]

JIp®, 9O + (S "8:p™)] =0 (3.1)

where p©@ is the geostrophic pressure field [i.e., the first
term in an expansion of the reduced pressure field in
the Rossby number ¢; see (3.5)], d; denotes the partial
derivative in the z (upward) direction, V? is the hori-
zontal Laplacijan and J[A4, B} is the Jacobian of 4 and
B. In (3.1), S(z) is given by

S(2) = [} exply(z = 1)] (3.2)

where s, = (NoHf ™")/L = (internal Rossby radius)/
(horizontal length scale). The exponential form in (3.2)
represents a least squares fit (Willmott and Mysak,
1980) of the Brunt-Viisila frequency typically observed
in the northeast Pacific (Emery et al., 1984). Suitable
values of the mean Brunt-Viisild frequency Ny and
depth H are

No = 0.011045s™" H = 3500 m, 3.3)

whereas the nondimensional scale height v = y*H
=(254.51 m)~!- 3500 m = 13.75 (v* is the dimensional
scale height of the Brunt-Viisila frequency determined
in Willmott and Mysak, 1980). Other parameter values
used in this study are

L = 400 km (distance from coast to Pratt seamount)
f=12X10"*s"! (at 55°N)

U = 1.0 m s~} (horizontal velocity scale), (3.4)
which imply a Rossby number of
e = U(L)™! =0.02. 3.5)

It was found that the observed northward-flowing
coastal current could be modeled as a zero potential
vorticity flow. Therefore the integral of (3.1) is simply

[V2 + 35(S7195)lp@ = 0, (3.6)
which is solved in a channel domain given by
{(x, y, 2): ~0 < x < +00,
O<y<2,hx,y)y<z<l1}. (3.7

The variable topography A(x, y) is assumed to be con-
fined to a (finite) region around x = 0, and the coast
is located at y = 0 and the outer channel wall at y
= 2 (corresponding to a dimensional channel width of
800 km). Numerical calculations (Swaters, 1983) show
that such a wall, far enough from the eddy generating
region, results in no serious influence on the solutions
(see also Ikeda et al., 1984).

The upstream northward baroclinic flow is modeled
by

up = exp(—ay)Z(2)

vO=0,
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where Z(z) represents the vertical structure of the up-
stream current. As |x| — oo (far from the topography),
the lowest order horizontal velocity components are
assumed to satisfy #‘® — u, and v® — 0, or, because
of geostrophy

P — a7\(exp[—ay] — DZ(z) as x| = 00. (3.8)

The upstream flow condition corresponds to a hor-
izontally and vertically sheared current. The horizontal
shear is exponential with an e-folding length of a™!
('L m). The estimated e-folding distance of 80 km
for the alongshore current in the northeast Pacific (Fig.
3) implies & = 5.

Because the horizontal structure of the upstream
current is assumed to decay exponentially away from
the coastline, the vertical shear Z(z) must be chosen
so that (3.8) satisfies (3.6). Taking —d, (3.6) [i.e., the
negative partial y-derivative of (3.6)] and substituting
in u, implies

Dy(S7'D3Z) + o?Z = 0,

where D; = d/dz.
The normal velocities vanish on the channel bound-
aries, so thaton y =0,y =2and z = 1

Hp®=0 on y=0 and y=2 (3.92)
JIp©, 57'9:p® =0 on z=1. (3.9b)

Equation (3.9b) states that S™'3;p®/p is constant
along streamlines on z = 1. Hence for those streamlines
extending upstream (3.9b) implies (Hogg, 1980; Chao
et al., 1980)

Z3:p® — p®D;Z=0 on z=1. (3.10)

Because the upstream vertical current structure func-
tion Z(z) obviously satisfies this boundary condition,
the boundary value of Z(1) = a is a free parameter,
which is chosen from observations.

Defining #*(x*, y*) = eHh(x, y), the nondimensional
no normal flow bottom boundary condition is

(3.11a)

Analogously to the derivation of (3.10) the zeroth ex-
pansion about z = 0 of (3.11a) is

Z3;p® — p©®D;Z = —ZSh(x, y) on z = 0. (3.11b)

Since A(x, y) is assumed to have compact support,
h(x, y) = 0 as |x| — co, which implies that Z(z) satisfies
this boundary condition. Therefore Z(0) = b is also a
free parameter obtained from observations. Based on
the data presented in Section 2 we take a = 0.1 and b
= (.01, corresponding to an alongshore upstream cur-
rent with surface and bottom speeds 10 and 1 cm s,
respectively.

The boundary conditions (3.10) and (3.11b) will be
applied to the entire flow field. Although these two
boundary conditions have made explicit use of stream-
lines extending to infinity, which is not the case in the

w=(uv):Va(x,y) on z= eh(x,y).



1476

interior of an eddy, an ansatz such as this is required
since no general method is known for integrating (3.9b)
and the zero-order (3.11a) in an eddy interior (Hogg,
1980). The adoption of (3.10) and (3.11b) as the uni-
form surface and bottom boundary conditions will en-
sure continuity of the vorticity field along the eddy
boundary.

The idealized topography we take in this paper has
the form

h(x, y) = hy cos(mx) cos(my)

for .
Ixl <0.5, 0<y<0.5 (3.12)
= hy cos[4w(x — 0.6)] cos[4n(y — 0.75)]

for
fx — 0.6| <0.125 and |y — 0.75] < 0.125

= (0 for all other x and y,

where h, and A, are defined as h; = h¥ /(eH) with Af
the maximum dimensional height of topographic fea-
ture i. Figure 4 shows a three-dimensional map of the
idealized topography, with heights exaggerated 25 times
with respect to lengths. The support of /(x, y) was ob-
tained by examining Fig. 1 and estimating the relevant
horizontal length scales.

The form of A(x, y) given by (3.12) corresponds to
the continental slope protrusion extending seaward a
distance of 200 km. The form of A(x, y) given by (3.13)
models the collection of seamounts in the immediate
vicinity of the Pratt seamount as a smooth orographic
feature with the nondimensional height corresponding
to that of the Pratt seamount. The dimensional hori-
zontal scale of this feature is 100 km.

The solution of (3.6) through (3.11) is written in the
form

p@ = a7 '[exp(—ay) — 1]1Z(2) + p(x, y, 2), (3.14)

where p corresponds to the topographically induced
pressure field. Substituting into (3.6)-(3.11) implies that
p(x, y, z) must satisfy

(3.13)
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[V2+85S793)lp = 0 (3.15)

subject to the boundary conditions,
| P—0 as xl— oo (3.16)
p=0 on y=0 and y=2 3.17)
Zép—pD;Z=0 on z=1 (3.18)
Zosp —pD;Z_ =-ZSh on z=0. (3.19

The function Z(z) satisfies

Dy(S™'D;3Z) + &?Z = 0, (3.20)

subject to the boundary conditions
Z0)=b5, Z()=a. (3.21)

The boundary condition (3.17) follows from (3.9a)
and (3.16). The physical implication is that no net
down channel transport can be created from topo-
graphic mean flow interaction. No restriction is made
on the order of magnitude of p(x, y, z). In fact p
= O{a '[exp(—ay) — 112} if flow reversal is to occur.

The function p(x, y, z) is found via the following
normal mode decomposition (Chao et al., 1980):

P = 2 Pu(x, »)Gu(2),

n=0

(3.22)

where G,(z) is the nth orthonormal eigenfunction so-
lution of
Dg(S_lD:;G,,)"*‘ }\nG,, =0

subject to the boundary conditions _
ZDsG,— G,D3Z=0 on z=0 and z=1 (3.24)

(3.23)

1 .
fo GG (22 = b (3.25)

where é,,, is the Kronecker delta function.

The governing equations for the cross-stream func-
tions P,(x, y) are obtained by multiplying (3.23) by
p(x, ¥, z) and vertically integrating, yielding for each
mode

INCIDENT
CQOASTAL
CURRENT

FIG. 4. Three-dimensional contour plot of model topography {A(x, y) given by (3.12) and
(3.13)]. Heights are exaggerated 25 times with respect to lengths. Schematic sketch of incident

coastal current is shown in lower right corner.
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(V2 = M)Py = —Gr(0)i(x, y) (3.26)

subject to the boundary conditions
P,=0 on y=0 and y=2 (3.27)
P,—0 as |x] — oo. (3.28)

4. Solution of the interaction streamfunction
a. Upstream vertical current structure

The solution of (3.20) subject to (3.21) is (Bryan and
Ripa, 1978)
Z(z) = exp(yz/2){C1Ji[p exp(vz/2)]
+ G Y[ exp(yz/2)]}, (4.1)

with
= (2a/y)so exp(—y)]"? 4.2)

Cy = Co{bY:[u exp(v/2)] — aYi[u] exp(—v/2)} (4.3)
C, = Co{aJ [u] exp(—v/2) — bJi[u exp(v/2)]} (4.4)
Co = {Li[u]Y1[n exp(v/2)]

— Jile exp(y/2)1Y [k]} .

Figure 5 shows a graph of Z(z) versus z when a
= 0.1 and b = 0.01 (with & = 5). We note that the
modeled upstream current is surface intensified, in
agreement with the observations.

4.5)

b. Vertical mode eigenfunctions and eigenvalues
The solution of (3.23), (3.24) and (3.25) for G,(2) is
Gn(2) = exp(yz/2){AnJi[cn exp(vz/2)]
+ B,Yi[c, exp(vz/2)}}, (4.6)
where
A, = K {(ex¥/2)Yo(cn) — [D3 Z(0)/ Z(0)]Y i(cn)}
By, = =K {(cav/2)Jo(cn) — [D3 Z(0)/ Z(0)):(cr)}s
with
K, = {bal(cxy/2)Jolca) — [D3 Z(0)/ Z(O)) (cn))?
+ anl(cav/2)Yo(ca) — [D3 Z(0)/ Z(0)] Yi(ca)F} 12,
in which
an = {(ca)} ' [{xJo(x)}* = 2J6(x)]1(x)
+ {xJi () P]zgeeer?
b = {(ea)y ) H{xYo(2)}? = 2Yo(0)Y1(x)
+ {xJy(x) ] Fzgerer)
¢n = (2/7)[ Mo exp(—7)]'"2. 4.7)
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FIG. 5. Vertical structure Z(z) of nondimensionalized
upstream current for the case o = 25.

The parameters ¢, are the discrete denumerable solu-
tions of

{(civ/2) exp(v/2)Yolcn exp(v/2)]
= [Ds Z(1)/ Z(1)]Y\[c, exp(v/2)]}
X {(cnv/2)olcn) — [D3 Z(0)/ Z(0))1(cn)}
= {(cxv/2) exp(v/2)Jolcn exp(v/2)]
— D3 ZQ)/ Z( VD) [cn exp(v/2)}}
X {(cx¥/2)Yolcn) — [D3 Z(0)/ Z(0)] Y (cn)} (4.8)

with the eigenvalue A, related to ¢, by inverting (4.7)
to obtain X\, = [vc,/2]%(s0)™" exp(7).

Figure 6 shows Gy(z), G1(z) and Gx(z) when Z(0)
= 0.01, Z(1) = 0.1 and « = 5. The exponential decay
with depth occurs for each mode because S(z) decays
exponentially with depth [see (3.2)]. Swaters (1983)
has shown that X = o? and that Go(z) = Z(z)/
{Jo Z%(2)dz}'"%; thus Go(z) is surface intensified because

Z(2) is also.
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¢. Solution of the horizontal problem where g(x, ylxo, 3o) is the Green’s function for (3.26)

The solution for the cross-stream function P, is ob- and (3.27) given by (Swaters, 1983)

tained in the form ©
fmecm g= 3 {Gu(O)bym]™"2 sin(mry/2)

m=1

o 2
P.(x, y) = f f 8(x, ¥xo0, Yo)h(xo, Yo)dyoedxo
- Jo X sin(mmy/2) expl—Ix — xol(bam)'?]}. (4.11)

(4.10)

Evaluation of the integral (4.10) gives

P, = hG,(0) sin(x))R (027 (x> + X\)27% + \,)] ! + 020: 7 GH(0) sin(mmy/2)Rum(X)[m/2 — sin(mw/4)]

m=1

X [w(m*/4 = 1)(bum)bum + )" — % 4hyG(0) sin(mwy/2)Sum(x)[sin(77m/16)

m=1

+ sin(57m/16)][w(m?*/4 — 1)bpm (167> + bpm)]™",

where the functions R,,, and S,,, are given by
R, (%) = 27 expl~|x|(bum)'"?] cosh[(bnm)"?/2), if |x] > 0.5
R (%) = 2(bum)'? cos(xx) + 2 expl—(bum)/*/2] cosh[x(bwm)?}, if Ix| < 0.5
Sum(x) = 87 exp[—|x — 0.6|(bym )"’ cosh[(b,)"%/8], if |x — 0.6] >0.125
Spm(X) = 2((mn/4)? + N\,)'7? cos[4n(x — 0.6)]

‘ + 87 exp[—~(bum)"%/8] cosh[(x — 0.6)(b,m)?], if [|x —0.6] <0.125,
with b,,, = (mn/2)* + \,. Calculation of the velocity, density and transport fields is given in the Appendix.

5. Application to the Sitka (Tabata) eddy
G; (2)

The oceanographic and bathymetric data for the 40 20 0o 20 o
northeast Pacific suggest that suitable values for N, 10 44— 1 1 3
(v"Y, a, b, a, by and h, are 0.011045 s7!, 254.51 m,
0.1, 0.01, 5.0, 10.9 and 34.1 respectively. This set of ‘
parameters yields Ao = 25, \, = 382.86, \, = 2219.01, 08754 () (b) /(@)
Ai = 5584.99, Ay = 10394.55 and A\s = 16642.86 for
the first six eigenvalues. The numerical calculations
contained the first twelve vertical modes (n < 11) and 075
the first twenty cross-channel modes (m < 20). Addi-
tion of higher modes had no noticable effect on the
computed quantities to double precision accuracy. 0625

The structure of the solutions are summarized in the
form of contour and stick plots in Figs. 7, 8, 9 and 10.
The surface streamlines are shown in Fig. 7a (horizontal Z 05+
contour plot of p@[z = 1], contour intervals +0.01).

‘The surface streamlines delineate three flow features.
Over the seamount [centered at (x, y) = (0.6, 0.75)] 03751
and over the slope protrusion (—0.5 < x < 0.5,0 <y
< 0.5) are two anticyclonic eddies. Encircling both local
features is a large-scale anticyclonic circulation. The 0.254
outer boundary of this large scale circulation is formed
by the zero stredmline, which bifurcates on y = 0 (the
coast) at x ~ 0.6. 01251

The radius of the encircling flow is about 0.5 (200
km), which is of similar scale to Tabata’s (1982) esti-
mate of the radius of the Sitka eddy (100 to 150 km— 00~
see Fig. 2b—d). The center of thé computed large-scale FIG. 6. First three vertical modes, (a) Go(z), (b) G1(2), (c) G(2).
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on z = 0.8 (700 m deep).

circulation is approximately at (x, ) = (0.25, 0.5) which
corresponds approximately to 57°N, 138°W, consis-
tent with Tabata’s (1982) location for the center of the
Sitka eddy (e.g., see Fig. 2d).

As depth increases our solution describes decreasing
flow. This is because the principal structure is deter-
mined by the n = 0 mode and Gy(z) is surface inten-
sified (see Fig. 6). Figure 7b (contour plot of p©[z
= 0.9], 350 meters deep, contour intervals £0.01) il-
lustrates the decay. Extreme values of p@ on z = 1
occur over the seamount (p® ~ 0.1) and over the
slope protrusion (p©@ =~ 0.08). At a depth of 350 meters
these values have decayed to 0.04 and 0.03, respec-
tively. Figure 7¢ depicts the streamlines on z = 0.8
(700 meters deep, same contour intervals). The flow is
further reduced with p@ ~ 0.01 over both the slope
protrusion and the seamount.

GORDON E. SWATERS AND LAWRENCE A. MYSAK

1479

The surface intensification in the calculated flow field
can also be seen in Fig. 8a—c (contour plots of vertical
sections of p©@ along y = 0.2, 0.4 and 0.6, respectively,
contour intervals +0.01). These figures show that the
significant vertical variation in p@ is constrained to
the upper 1100 meters of ocean. Below this depth p©
is substantially uniform compared to the surface layer
and thus the calculated eddy appears surface trapped
and intensified. .

Observations of the isopycnal depression suggest a
vertical extent of the eddy on the order of a kilometer
(see Fig. 7, Tabata, 1982), with March 1958 and Jan-

~ uary 1960 data suggesting that the isopycnals deflec-

tions persisted as deep as 2000 meters (Tabata, 1982).
Vertical sections of p [see (A3)] along y = 0.2, 0.4
and 0.6 (Figs. 9a-c, respectively, contour intervals
+0.1) show that the sharpest gradients in p©@ occur in
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the upper 900 meters of the ocean. Thus estimates of
the vertical extent of the calculated eddy based on the
pressure and density fields are on the order of 1000
meters, which is in agreement with the observations.
Both the seamount and the slope protrusion are
necessary to produce an eddy which has the geograph-
ical location and horizontal size of the Sitka eddy. If
h; = 0 (i.e., no slope protrusion) the resulting flow has
a single (radius 50 km) anticyclonic eddy over the sea-
mount, and if #, = 0 (i.e., no seamount) the resulting
flow has a single anticyclonic eddy (radius 50 km) over
the slope protrusion (Swaters, 1983). These calculations
suggest that the topographic configuration of slope
protrusion and seamount is necessary in order that the
calculated solutions agree with the size and location of
the Sitka eddy. Our solution for this topographic con-
figuration suggest a marked turning of the near coastal
current toward the Pratt seamount beginning south-
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ward of the slope protrusion (see Fig. 7). This seaward
deflection of the alongshore currents is observed in the
data (S. Tabata, private communication, 1983). Effects
of variations in 4, and A, are discussed further in the
next section. ’

Figures 10a, b, and ¢ show stick plots of the hori-
zontal velocity field [obtained from (A1) and (A2)] on
z =1, 0.9 and 0.8, respectively. Near-surface speeds
for the Sitka eddy were inferred by Tabata (1982) from
satellite-tracking buoys (Kirwan et al., 1978; see also
Fig. 11, Tabata, 1982) which in 1977 entered the
northwest area of the Sitka eddy (Tabata, 1982). We
take the northwest sector to be around (x, y) coordi-
nates (0.75, 1.25). The average drift rate for these buoys
was computed to be 62, 91 and 47 cm s~!, with the
latter average obtained from a drogued buoy. Our so-
lutions for this region predict surface drift axial speeds
between 30 and 40 cm s™'. Hence the calculations are
consistent with the drogue buoy results but are an un-
derestimate of the value obtained from the undrogued
buoys.

Tabata’s estimates of the southward buoy drift rate
in the northeast sector of the Sitka eddy is between 48
and 64 cm s~!. Assuming the northeast sector to be in
the general neighborhood of (x, y) coordinates (0.5,

'0.25), our solutions predict southward surface speeds

on the order of 50 cm s™! in this region (see Fig. 10a).

Subsurface current speeds in the interior of the water
column in the eddy are consistent with the observations
of the Sitka eddy. Relative to the 2500 db level, Tabata
estimates a 1.5 cm s™! current at the 2000 db level. At
the 1750 m depth level the model gives a current of 2
cm s~! over the slope protrusion and 3 cm s™! over the
seamount.

Tabata (1982) computed the volume transport along
100 km sections. To compare with these calculations,
the expressions for the transports, (AS) and (A6), were
averaged over similar 100 km sections. (The northward
transports were averaged over y and the eastward
transport were averaged over x.) Tabata (1982) reports
that the upstream coastal current has a transport on
the order of 6 Sv (=6 X 10° cm? s™!). Our solution for
the upstream current predicts an alongshore transport
of 5.9 Sv. As distance from the coast increases, the
transport decreases since the current is exponentially
sheared.

The transports computed in the eddy were in the
main consistent with those observed by Tabata (1982).
The large scale anticyclonic circulation (shown in Fig.
7 as exterior to the smaller local eddies) has a transport
of about 4 Sv. This compares favorably with Tabata’s
observation of 5 Sv (see Fig. 9 in Tabata, 1982). The
local eddies produced over the slope protrusion and
the seamount had maximum computed transports on
the order of 15-20 Sv. These estimates are approxi-
mately twice as large as the observed values. Over the
slope protrusion, Tabata (1982) estimates a southward
transport of about 8 Sv (see Fig. 9, Tabata, 1982), and
over the Pratt seamount the observed transport is be-



NOVEMBER 1985

tween 5 and 6 Sv. The discrepancy between the ob-
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served and theoretical transports directly over the to-

pography is probably due to bottom and side friction,
which has been neglected in our model.

6. Parameter sensitivity analysis

An extensive investigation of the effects of parameter
variations on the solution was carried out by Swaters
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(1983). Here we now summarize some of the results
of this parameter study and point out a few interesting
implications. The parameters to be discussed are e, 4,
h, a, b, and a.

Variations in the Rossby number (within the context
¢ < 1) are best understood from the relationship be-
tween ¢ and the topographic parameters 4, and A, (#;
= h¥/(eH), see Section 3). Increasing (decreasing) e
decreases (increases) the magnitude of A, and A,, which
in turn will decrease (increase) the magnitude of the
horizontal amplitude functions P,(x, y).

Huppert (1975) has shown for a single topographic
feature that the parameter Ho(eH)™! (H, is Huppert’s
maximum dimensional topographic height) must be
greater than some critical O(1) value (depending on
the upstream flow and topographic geometry) in order
for a stagnation point to exist in the flow, which is a
necessary condition for the existence of a (stratified)
Taylor column. When more than one topographic fea-
ture is present different critical values may be obtained
for the formation of a local eddy over each topographic
feature.

Numerical experiments (Swaters, 1983) suggested
that 4, > 4 for an eddy to be formed over the slope
protrusion, and #, > 9 for an eddy to be formed over
the seamount. Because these critical values for 4, and
h, are different, it follows that increasing the Rossby
number will result in one or two local eddies forming
in the flow as one or the other of #; and A, nears its
critical value. Increasing e to about 0.075 prevents an
eddy from forming over the slope protrusion, but allows
an eddy to form over the seamount. If ¢ > 0.1 our
solutions do not display any closed streamlines and
thus no eddy is produced anywhere in the flow. De-
creasing ¢ increases the topographic parameters, re-
sulting in an intensification in the interaction between
the flow and the topography.

The parameter a determines the upstream horizontal
current shear. If ¢ increases, the upstream current be-
comes more coastally trapped. Decreasing « broadens
the coastal flow.

Consider a in the Green’s function as written in
(4.11), and recall that Ay = o?. Increasing (decreasing)
« will decrease (increase) the magnitude of g(x, ylxo,
¥o) for a given (x, y|xo, ¥9). Consequently, decreasing
(increasing) « will intensify (weaken) the interaction
between the upstream flow and the coastal topography.
For a detailed discussion on the effect of variations of
o on the eddy field, see Swaters (1983).

We discuss now the effect of variations in Z(0) and
Z(1) on the calculated eddy field. For sufficiently large
Z(0) Swaters (1983) has shown that no eddy is pro-
duced. The “cutoff”” value for the bottom boundary
current was numerically determined to be about 50 cm
s~!, assuming all other parameters are held to their
standard values. At the other extreme Z(0) = 0 will
also imply no interaction. It is clear that each P,(x, y)
is proportional to G,(0) (see the expression for P,(x,
) given in Section 6). From (3.24) it follows that if
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Z(0) = 0 then G,(0) = 0 for each mode (assuming
D; Z(0) # 0). Since the intensity of the eddy field weak-
ens for sufficiently large or small upstream bottom cur-
rents there must be some value of Z(0) for which the
interaction field is maximized. For the standard set of
parameters this value is approximately 0.01-0.02 (1-
2cmsY).

Swaters (1983) has shown that for a sufficiently large
surface current [i.e., Z(1)] no eddy-is produced. If all
other parameters are held to their standard (northeast
Pacific) values, numerical experiments suggest that this
“cutoff”” speed is about 30 cm s™'. As Z(1) approaches’
this “cutoff”” speed from below; the surface expression
of the eddy weakens. For surface speeds on the order
of 20-25 cm s™! a submerged baroclinic anticyclonic
is produced in the region z < (.75, but no closed
streamlines occur in the near-surface region. Increasing
(decreasing) the horizontal current shear parameter «,
decreases (increases) the necessary cutoff speed.

In the extreme situation, with Z(1) = 0 there is no
surface expression of any interaction between the up-
stream current and the topography. If Z(1) = 0 and
D3 Z(1) # 0, then (3.24) requires G, (1) = 0 and hence
p(x, y, 1) = 0 [see (3.22)]. The existence of a cutoff
surface speed, and the fact that Z(1) = 0 leads to p©@ -
= 0 on z = 1, implies the existence of a value of Z(1)
for which the surface interaction is maximized. For the
standa}rd set of parameters this value is about 5-7
cm s,

7. Summary and discussion

We have described a quasi-geostrophic theory of
baroclinic eddy generation by the interaction of a steady
coastal current (representative of the northward mean
flow along the British Columbia coast) with bottom
topography. Expressions for the pressure, density, ve-
locity and mass transport were obtained for a flow over
a continental slope protrusion and an offshore sca-
mount, which exist in the bottom topography off Sitka,
Alaska.

The complexity of the observed upstream current
did not lend itself to integrating the potential vorticity
equation upstream, in the usual manner, to determine
the functional relation between the geostrophic pressure
p©@ and the potential vorticity V2p©@ + 3;(S~'9;p©).
However, it was found that the assumption of a zero
potential vorticity flow was able to model the observed
northward-flowing coastal current in the northeast Pa-
cific. The horizontal structure of the coastal current
was modeled with™ an exponential and the vertical
structure was determined so that the upstream geo-
strophic pressure was consistent with the zero potential
vorticity assumption.

This consistency requirement reduces to solving a
two-point boundary value problem for the vertical
structure of the upstream current. The horizontal and
vertical structure of this current and the computed
transports agree with the observations. Also, the results
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TABLE 1. Dates of eddy occurrence and corresponding sea level atmospheric circulation in the North Pacific. A strong winter circulation
corresponds to an intensification of the climatological Aleutian low, whereas a weak (winter or spring) circulation corresponds roughly to a
weakened Aleutian low shifted westward and a weak high pressure intrusion from the southeast.

Date of

oceanographic data* Eddy present near Sitka

Winter (DJF) N. Pacific
atmospheric circulation**

Spring (MAM) N. Pacific
atmospheric circulation®

Aug-Sep 1954 (Fig. 2a) Probably (data for region

Moderate to strong Weak
Weak Weak
Weak Weak
Strong Weak
Weak to moderate Weak
Moderate to strong Weak
Strong Weak
Weak Very weak
Weak to moderate Weak
Very strong Weak

~ incomplete)
May-Jun 1956 No
Jul-Aug 1957 No
Mar-Apr 1958t (Fig. 2b) Yes
Jun-Aug Yes (but eddy observed farther
offshiore)
Jan-Feb 1959 (Fig. 2¢) No (but 1958 eddy observed still
farther offshore)
Aug-Sep No
Jan-Feb 1960 Starting to form
Jul-Sep Yes
May-Jun 1961 (Fig. 2d) Yes
May-Jul 1962 No
Feb 1967 No
Mar-May 1977 Yes
* Tabata (1982).
** Emery and Hamilton (1985).
@ Hamilton (1984).

1 Second year of strong ENSO episode.

of the numerical calculations of the downstream so-
lution are in good agreement with the observed loca-
tion, dimensions, velocities and transports of the an-
ticyclonic, baroclinic Sitka eddy.

One interesting property of the calculations is that
the upstream surface current must be less than ap-
proximately 20 cm s™! for the eddy field to have closed
streamlines on the surface. The maximum axial speeds
and size of the computed eddy field occur for upstream
surface currents of approximately 5-7 cm s~'. When
the upstream surface speeds are less than this, the sur-
face eddy circulation is very weak and disappears in
limit of no upstream surface current.

It is possible, therefore, that the season (generally
spring-summer) and year in which the Sitka eddy is
generated may be a consequence of seasonal and in-
terannual variations in the upstream current. The in-
terannual variability in the British Columbia coastal
current could be partly due to the expansion and in-
tensification of the Aleutian low, which is often (but
not always) associated with a strong El Nifio-South-
ern Oscillation episode. During the winter of such an
event (e.g., 1958) the coastal current increases sub-
stantially, which probably precludes topographic gen-
eration of the Sitka eddy. However, in the following
spring-summer period, the Aleutian low weakens; we
speculate that this results in slower coastal currents and
hence allows the formation of the Sitka eddy (e.g., Fig.
2b). The southwestward movement of the eddy some
6-10 months later (e.g., Fig. 2¢) could then be partially
explained by the planetary wave mechanism of Will-
mott and Mysak (1980).

This senario is explored further in Table 1, which
tabulates the season and year of eddy occurrence as

reported by Tabata (1982), and corresponding strength
of the atmospheric circulation during winter (Decem-
ber, January, February) and spring (March, April, May)
as determined from sea level pressure maps presented
by Emery and Hamilton (1985) and Hamilton (1984).
It is remarkable that during each spring-summer in
which the eddy has been observed just west of Sitka
(in years 1954, 1958, 1960, 1961, 1977), the preceding
winter Aleutian low was strong or moderately strong
compared to the climatological mean, and the following
spring circulation was weak.* Conversely, in terms of
the oceanographic data available (see also Table 1),
when the winter circulation was weak (in years 1956,
1957, 1959, 1962), no eddy was observed in the spring—
summer period. The reason for this apparent correla-
tion is not clear, but may be due to an anomalously
weak coastal circulation (and hence a weak topographic
interaction) throughout each of these years.

The potential effects of the Sitka eddy currents on
the lateral distribution of halibut larvae off Baranof
Island have already been noted by Tabata (1982). It is
also conceivable that the return migration routes and
timing of the various Fraser River sockeye salmon
stocks could be affected by the presence of the Sitka
eddy. It is generally believed (Groot, 1982) that mature
Fraser River sockeye salmon begin their return journey
from the open ocean to the spawning grounds (in var-
ious tributaries of the Fraser River) along the Alaskan
Panhandle during spring. If no Sitka eddy is present,

4 During the 1982-83 ENSO episode, following the winter 1983
intensification of the Aleutian low (Simpson, 1983), a Sitka eddy was
observed (March 1983) by means of the UBC IR remote sensing
facility (A. Thomas, personal communication, 1984).
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the route and timing of the returning salmon might be
considered as normal. However, if a strong anticyclonic
eddy is present one year during spring (e.g., 1958) and
the salmon approach the coast near the southern
boundary of this eddy, they would encounter adverse
currents and thus take a longer than normal time to
make “landfall” on the shelf. Alternatively, the home-
ward journey could be shortened considerably if during
that year the salmon approached the northern side of
this eddy during spring. In any event, the interannual
occurrence of the Sitka eddy could cause interannual
fluctuations in the migration patterns and return times
of the salmon, which in turn could produce interannual
changes in the fish catch near Vancouver Island (be-
cause of the uncertainty as to when and where to find
the returning salmon). Mysak et al. (1982) have shown
that interannual fluctuations in the B.C. sockeye catch
are highly coherent with interannual fluctuations in
coastal sea surface temperature and sea level. Perhaps
this result is also an indirect indication of the influence
of changing current conditions in the Sitka eddy region
on the B.C. sockeye catch.
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APPENDIX

Expressions for Velocity, Density and Transport

The O(1) alongshore velocity is given by u©@
=—3,p© ie., .

u® = Z(z) exp(—ay) — X 9:P.Gy,

n=0

(A1)

where 9, P, is given by ,
3Py = 1iG(0) coS(TY)R[2(n* + M )27% + M)

+ % himG,(0) cos(m1ry/2)R,,,,,[m/'2 — sin(mw/4)]

m=1

X {2(bnm)(m?/4 = D(mm/2)? + 7 + N, ]}

— 2 2hymG,(0) cos(mmy/2)Sum

m=1 R
X [sin(77wm/16) + sin(5mn/16)]
X {(m?*/4 — 16)(bpm)[(m7/2)? + 1672 + N, ]} 7L
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The O(1) cross channel velocity is given by v@
=3,p9, ie.,

v(O) = Z 61 PnG;n

n=0

(A2)

where 4, P, is given by

8, P, = hiG,(0) sin(wy)D, R,
X [27(x? + M) + M) + %. 1,G(0)
X sin(mwy/2)D Rpm[m/2 — sin(mm/4)]
X {m(m /4 = Vbum)(mm /2% + 72 + N1}
~ 3 4G, (0) Sin(mTV/2)D, S

m=1
X [sin(7wm/16) + sin(5xm/16)]
X [W(m2/4 - 1)(bnm)(167r2 + bnm)lﬁl:

where the derivatives of R, and S,,, with respect to x
are given by

D Ryn(X) = —27(bum)"/* sgn(x) exp[—|xI(brm)"]
X cosh[(b,,)"?/2], if |x|>0.5
Dy Rum(x) = —27(bym)"(sin(mx) — exp[—(bnm)'?/2]
X sinh[x(b,)']), if |x] <0.5
D, S,m(x) = ~8m(b,m)"? sgn(x — 0.6)
X exp[—]x — 0.6|(Bum)'"? cosh{(bnm)'’?/8],
if |x—0.6] > 0.125
D\ Sm(x) = —8x[(mw/4)* + \,]"(sin[4m(x — 0.6)]
— exp[—(bm)"*/8] sinh[(x — 0.6)(bnm)"/*]),
if |x— 0.6} <0.125,

with sgn(x) being the sign of the variable x.
The O(1) density field is obtained from p@ = —9,p©,
ie., .

p® = a7'[1 — exp(—ay)ID; Z — % P,D;G, (A3)
n=0 :
where D3G,(z) and D3 Z(z) are given by
D3G,(2) = (cxv/2) exp(yz){AnJolcn exp(vz/2)]
+ B,Yolc, exp(yz/2)1},
D3 Z(2) = (My/2) exp(y2){ Ci Jo[A exp(yz/2)]
' + G Yo[A exp(vz/2)1},

with the constants 4,, B,, C, and C, as defined pre-
viously. ‘
The O(1) vertical velocity w© is given by

wO = [S(2)]"U[p®, p©, (A4)

\
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obtained from the O(1) mass equation (see LeBlond
and Mysak, 1978, eq. (44.36), noting that their w' is
our w©),

The vector valued nondimensional O(1) mass trans-
port is defined as M = (m,, m,), with the components
m, and m, given by

1
m, =f u9dz
o

1
my = f v9dz.
o

These integrals can be evaluated to yield

my = (Ay/2)™" exp(—ay)
X [C1Jo(x) + G Y o) expins2y — 2 02Pn
n=0

X (Cn¥/2)  [AnJo(x) + B Yol 3<trexpirzy  (AS)

my = Z aan(Cn'}'/z)—l[AnJO(x) + BnYO(x)]K:g:CXD(‘Y/Z)'
n=0

(A6)
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