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Abstract

We present here a theory for the generation of mesoscale eddies, in the context of
describing the generation of dipoles seen near the Queen Charlotte Islands in British
Columbia. The Regional Ocean Modeling System (ROMS) is used to show dipoles
forming from the coalescence of small headland eddies at Cape St. James. These
headland eddies are formed by frictional generation of potential vorticity (PV) when the
tide oscillates across the cape. Only 20% of the PV generated at the cape ends up in the
headland eddies, with the remainder lost due to mixing of waters with PV of opposite
signs. Coalescence of the headland eddies is achieved with a much higher efficiency —
the PV contained in the final eddy is near 80% of the sum of that contained in the small
eddies. Not all headland eddies coalesce. Coalescence of a positive PV eddy occurs only
when the eddy is formed on a strong tidal flood followed by a weak ebb. Thus, a diurnal
inequality in the tides is a requirement for coalescence. The eddies in the final dipole
contain roughly equal amounts of PV; each has a radius of approximately 15 km and

extends to nearly 100-m depth.
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1. Introduction

Eddies are an important mechanism for transporting nutrients and other tracers long
distances. For example, a single Haida eddy transports 3000 to 6000 km® of coastal
water, carrying nutrients up to 1000 km and persisting for several years (Whitney and
Robert, 2002). The westward flux of salt in meddies has been estimated at 4000 %o m?/s,
leading to the supposition that meddies are likely a significant part of the westward

salinity flux in the Mediterranean water salt tongue (McWilliams, 1985).

Eddies may be generated in three ways: (i) through baroclinic instability, (ii) via a mixing
event followed by geostrophic adjustment, or (iii) through friction and flow separation.
The first of these, baroclinic instability, requires strong geostrophic currents, such as the
Gulf Stream (Gill, 1982). While the formation of Sitka eddies at the Alaskan Panhandle
has been attributed to baroclinic instability (Melson et al., 1999; Thomson and Gower,
1998), the current responsible for this instability is wind-driven. Since we do not include
wind-forcing in our model, and there are no other strong, perpetual currents in this

region, eddy generation via baroclinic instability is not relevant to this study.

The second generation mechanism, geostrophic adjustment of mixed water, was
hypothesized by McWilliams (1985) to be the cause of SCV (submesoscale coherent
vortex) formation. SCV’s are vortices with horizontal scales not greater than the first
baroclinic radius of deformation; they are found throughout the world’s oceans and have
a predominantly anticyclonic rotation. This last characteristic requires them to have a
generation mechanism which produces a rotational bias. Adjustment of a mixed patch
will generate an anticyclonic vortex since a mixed patch is less stratified than the

surrounding waters and so will develop a balancing anticyclonic circulation.

D’Asaro (1988) explored the final method, friction and flow separation, while
investigating submesoscale eddies in the Beaufort Sea. While these eddies fit the

description for SCV’s, he argued that they could not have been generated through
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mixing. For a homogeneous system, as would be produced by a mixing event, the

appropriate expression for potential vorticity (PV) is (Gill, 1982):

where ¢ is the PV, £ and f the relative and absolute vorticity respectively and A the depth
of the mixed region. In the case of these particular eddies, the depth of the mixed region

required to produce the observed change in { was unreasonably large, exceeding the

total depth of the generation region. D’Asaro proposed instead that the vorticity was
produced via bottom friction. Flow passes through a canyon, intensified on the right-
hand side of the canyon by the Coriolis force (see Figure 1.1 for a cartoon of this
process). The velocity maximum is near the right-hand side, decaying to zero at the wall
in a frictional boundary layer. Relative vorticity within this boundary layer is thus
negative. At the end of the canyon, the coast veers sharply to the right, causing the flow

to separate and the negative vorticity in the water is manifested as anticyclonic eddies.

BOUNDARY
CURRENT

—y

£>0  Inviscid —p!
q>0 Interior

< Frictiona) =%
q<0 Boundary e
Layer ~a i A B R R R S

Figure 1.1 A cartoon used by D’Asaro (1988) to explain the generation of SCV’s in the

Beaufort Sea.

Tidal flow across a cape may generate eddies in much the same way as described by
D’ Asaro (Pawlack and MacCready, 2002). However, rather than generating a continuous

stream of eddies rotating the same way, oscillating tides generate eddies which rotate in
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alternating directions. The formation and behaviour of these eddies can be predicted

based on the values of two parameters (Signell and Geyer, 1991). The first expresses the

relative importance of advection and bottom friction: Re, = H/C,a where H is the water

depth away from the cape, Cy is the drag coefficient and a the headland length
(alongshore extent). The second parameter is the Keulegan-Carpenter number:

K, =U,/oa which relates advection to local acceleration. For the case K. <Re,, an

eddy will be formed on each half-cycle of the tide. Friction is weak enough that an eddy
lasts to interact with the eddy generated on the successive tide. The two eddies form a

dipole and self-advect away from the cape.

To generate an eddy at all, there must be separation of the boundary layer from the cape
(Kundu, 2004); separation will occur if the radius of curvature of the cape is less than
H/C, where H is the constant water depth away from an initial slope at the coastline and
Cy a bottom friction coefficient (Garrett, 1995). So, for a depth H of 50 m and

C, =1le -3, separation will occur if the radius of curvature for the cape is 50 km or less.
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Figure 1.2 The geography of the north coast of British Columbia. Figure courtesy of
Ballantyne et al., 1996.

In this study, we are interested in eddy dipoles generated at‘ Cape St James (Figure 1.2).
There have been other studies of eddy generation at this cape, most notably to look at
generation of Haida eddies (see Figure 1.3), a large wintertime feature which is
responsible for the transport of nutrient-rich coastal water into the Gulf of Alaska
(Whitney and Robert, 2002). Crawford et al. (2002) hypothesized that these eddies were
generated due to northward winter winds piling surface water in Hecate Strait. The
southward return flow was concentrated to the west side of the strait due to the Coriolis
force. This buoyant current would separate from the shore when it passed Cape St James
to form an eddy as seen in the laboratory studies of Cenedese and Whitehead (2000).
This idea was refined by Di Lorenzo et al. (2005) who reproduced Haida eddies in a
ROMS model but, rather than a single separation from the cape producing a Haida eddy,
it was found that a succession of smaller (~80 km diameter) eddies generated at the cape

would merge together to form a large (~200 km diameter, extending to 1000 m depth)
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eddy. The generation cycle lasted 3-4 months, consistent with observations (Whitney and

Robert, 2002).

T/P cycle 201
03 Mar 1998

&ix % %
48 : ) AR AN T 3 l@ PG
136 1347 132 © 130 128 ©  126W

Figure 1.3 Contour plot of sea level anomalies based on altimetry data from
TOPEX/Poseidon and ERS-2 satellites. Two Haida eddies which detached off of Cape St
James in the Winter of 1998. These two eddies later merged to form one very large eddy.
Figure courtesy of Crawford et al., 2002.

Another study of eddy generation at Cape St. James was done by Thomson and Wilson
(1987) who looked at tidal rectification as a way of explaining a pair of eddies seen in
density and sea surface height fields (Figure 1.4). One eddy was anticyclonic and seen
directly west of Cape St James; the second eddy was cyclonic, weaker than the first, and
could be found south of the cape. Both eddies had radii near 20 km. Model results with
an idealized cape and flat bathymetry implicated tidal rectification as the generation
mechanism because current variability in the eddies at fortnightly and monthly periods

was quite marked.
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The features of interest here are dipoles formed at Cape St James, likely the same as

those investigated by Thomson and Wilson (1987). Some examples seen in satellite
fluorescence images can be seen in Figure 1.5. It should be noted that these images are
not from randomly chosen dates, but were specifically chosen because they were
evocative of the feature in the model. Each eddy in the dipoles highlighted in these
images has a diameter ranging from 20 to 40 km and appears to be generated at Cape St
James. While we do not have images specifically showing these eddies having moved
great distances from the cape, a study of these dipoles is warranted given the propensity
of many other eddies to transport their core water-mass long distances. This document is
arranged as follows: chapter 2 discusses the setup of the model used and describes a
numerical tool used to identify the generation mechanism of the headland eddies; chapter
3 presents the model results for the generation of these eddies in a purely qualitative way;
chapter 4 quantifies the mechanism seen in chapter 3 and presents an estimate for its

efficiency; chapter 5 is a summary and discussion.



Figure 1.5 MERIS satellite fluorescence images of eddy dipoles near Cape St James.
Data provided by the European Space Agency. Image provided by Stephanie King and
Jim Gower at the Institute of Ocean Sciences (IOS), Fisheries and Oceans Canada.
Image funding by the Canadian Space Agency



2. Methods

2.1 Model setup

The model used was the Regional Ocean Modeling System (ROMS) version 3.0 which
has gamered much usage in recent years (Capet et. al., 2008; Choi and Wilkin, 2007;
Warner et al., 2005a), including studies of mesoscale eddy generation (Foreman et al.,
2008, Di Lorenzo et al., 2005, Serra et al., 2005). The grid domain is shown in Figure
2.1. The axes are rotated by 39 degrees such that the x and y axes run cross-shelf and
along-shelf respectively, similar to models for this region used by Cummins and Oey,
1997 (hereafter referred to as CO97) and Di Lorenzo et al., 2005 (DFCO05). The
horizontal resolution varies in the x-direction from 1.25 km along the southeastern
boundary to 750 m over the shelf break to a constant 1 km inside the shelf break.

Resolution in the y direction is a constant 1 km.

56.5
55
54.5

53.5
53

Latitude

52.5
52
51.5

51

50.5

-134 -132 -130 -128
Longitude

Figure 2.1 Model grid used; each square represents a 10 by 10 set of grid cells. Contours
are shown at 200, 500, 800 and 1100 m depth.
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ROMS is a terrain-following model, meaning that there is the same number of vertical
levels everywhere, called o levels. We use 20 o levels here (similar to CO97 and
DFCO05), with increased resolution near the surface and bottom boundary layers. o is an
evenly spaced vector between -1 and 0, where the number of elements equals the number
of vertical layers in the model. ROMS defines the depth of each sigma layer by the
equation (Song and Haidvogel, 1994):

z=C+ (1 + %)[hco +(h-h)C(0)] 2.1

where ¢ is the sea surface height, # the water depth, A_ a critical depth above which

there is enhanced vertical resolution and C(o) defines how the resolution is distributed:

) tanh[@(o - l)l - tanh(l 9)
sinh(60) b 2 2 2.2)
sinh(e) 2tanh(l 0)
2

C(o)=(1-b)

where 6 controls how much extra resolution goes into the surface and bottom boundary
layers and b controls how much of that extra resolution is concentrated near the bottom.
For this simulation, the values used were 6=3 and »=0.4, values recommended by the

ROMS community (Arango, 2004).

The horizontal resolution used here is finer than that used in previous studies of this area
(CO97 and DFCO5 each had horizontal resolutions of 5 km) in an effort to maintain the
steep bathymetry characteristic of the continental shelf in this region, while keeping
spurious flows to a reasonable level. These flows appear due to errors in the pressure
calculation of all sigma coordinate models, as was first described by Haney (1991). The
method ROMS uses for calculating the pressure gradient force is described in

Shchepetkin and McWilliams (2003). To summarize the problem, a vertical
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extrapolation of density is required to obtain a horizontal pressure gradient when adjacent

grid points are at excessively different depths. A metric defined for this problem is

r = atz)-(Gtz) (2.3)
(2, - 23)+(2, - %)
where z, z,, z; and z4 are the depths at the corners of a single (vertical) grid cell; bottom
left, top left, bottom right, and top right respectively. When r, > 1, extrapolation (rather
than interpolation) is required to calculate density. The ROMS community suggests that
r. should maximally be about 5 or 6 (Shchepetkin, 2007) for a realistic application.
Providing only minimal smoothing of bathymetry data, the distribution of resolution
described above obeys r, <6.5 over the whole grid, and r, <5.5 in the region of interest.

The original bathymetry data was extracted from the ETOPO6 database, and a minimum

depth was set to 10 m in order to avoid the creation of mud flats at low tide.

The model boundaries were far enough away from the region of interest that 3-D
momentum and tracer boundary conditions clamped to initial conditions were
satisfactory; Flather and Chapman conditions governed the 2-D momentum and free-
surface boundaries, respectively. More information on the model numerics may be found

in Shchepetkin and McWilliams (2003, 2005).

Initial conditions consisted of zero motion and a horizontally uniform stratification
representative of the summer stratification for this region (based on the stratification used
by CO97); it is defined by a linear trend in salinity and temperature near the surface,
followed by an exponential drop off at depth (fig 2.2).
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Figure 2.2 Initial temperature and salinity profiles used in the base model run

Data for tidal forcing at the model boundaries was interpolated from the Foreman et al.
(2000) northeast Pacific Ocean model that assimilated tidal harmonics computed from
TOPEX/Poseidon altimetry (Cherniawsky et al. 2001). Only the K1, Ol, M2, and S2
constituents were used as in CO97 instead of the eight constituents used by Foreman et
al. (1993) and Ballantyne et al. (1996). The barotropic response in CO97 agreed well
with the eight constituent models, demonstrating the four constituents unused by CO97

account for a very small percentage of the total tidal variance in the region.
Turbulence closure is achieved via a k-theory parameterization (Holton, 2004), where the

eddy covariance terms in the eddy-averaged momentum and thermodynamic equations

are estimated using gradients in the average velocity and density fields:
uu; =K, %U’ u'p'= K,Vp. (2.4)

Here K,, is the eddy viscosity and K, the eddy diffusivity; each of these values is
defined differently for the horizontal and vertical directions.
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The parameterization used for the vertical components of these equations was the k-
epsilon closure (Warner et al., 2005). With this closure, K, =MSM +v where
v=le-5m?/s is the molecular viscosity, or background K, ~value and
K, = 2kIS 4y + Uy where v, =le—6m”/s is the molecular diffusivity, or background
K, value. S,, =04 and S, (see Warner et al., 2005 for the full definition) are stability

functions calculated according to Kantha and Clayson (1994). k is the turbulent kinetic

energy and / the turbulent lengthscale.

k-epsilon is a two equation closure, the two equations being for k£ and &, which is

turbulent dissipation of &:

ak
c?l

Vk=_('<_ﬂ_k) Pl

ag u-Ve ——(K—ﬁ) g (c.,P + 3B = ¢)
k

8[ o, 0z 2.5)
2 2
P=—(u'w')%—(v'w'>2v—=KMM2, M? =(%) +(ﬂ)
dz 9z Jz 0z
B=-L(pw)=K,N?, N> =-89P
Po Po 92

0, =10 is the turbulent Schmidt number for k. P and B are turbulent production by
shear and buoyancy. o, =1.3 is the Schmidt number for the eddy diffusivity of
dissipation, c,, =144 andc,,=192. c,;=1.0 in unstable stratification and c,; =-0.52
in stable stratification; these values were selected (by Warner et al., 2005) to be

consistent with decaying homogeneous isotropic turbulence.

The turbulent lengthscale, /, is calculated using:

1= (c0) k¥ (2.6)
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where "2 =-0.52 is a stability coefficient based on experimental data for unstratified

channel flow with a log-layer solution. Sample values of K, for a profile near Cape St

James over 24 hours are shown in Figure 2.3.

e

12 14 16
Time (hrs)

Figure 2.3 A time series of vertical eddy viscosity profiles 2 km south of Cape St James over
24 hours on day 18 of the model run. These values are taken from the maximum positive
PV generation region which will be discussed in chapter 4. Maximum K, values occur at
hours 9 and 20, coinciding with the maximum current velocities on ebb tide. The disparity

between current velocities on flood and ebb tides can be seen in Figure 3.5.

For more information on the k-epsilon closure and other closures available in ROMS, see
Warner et al. (2005).

The value of KX,, for the horizontal terms in equation 2.4 was set at a constant 5.0 m?/s.
K, for the horizontal terms was set to zero, since the tracer advection scheme includes
some inherent smoothing. We can test whether the value set for K, affects the
generation process of the features of interest by finding what horizontal scale it will
smooth over in a single tidal period: if we multiply K,, by a tidal period (12.4 hours) and
take its square root, we get a lengthscale of about 500 m, meaning this viscosity will
smooth the momentum field over ~500 m in 12.4 hours. The features of interest in this
study have a horizontal lengthscale of at least 5 km, so the value for K,, does not greatly

affect their generation process.
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Bottom stress was calculated using a logarithmic formulation via bottom roughness as
recommended for use with the GLS closure (Warner et al., 2005). This formulation
assumes a no-slip bottom boundary with a logarithmic decrease of velocities toward the

boundary. The bottom stress calculation is

-2
Sty = kz(log(M)) uNu® +v? Q2.7)

Zob

where k =0.41 is the von Karman constant (Holton, 2004), zr(1) the depth of the bottom-
most o level, H the water depth, Zob the bottom roughness and # and v the velocities in
the bottom-most sigma level in the x and y directions respectively. Formulating bottom
stress in this manner means that, in deep regions, where the deepest sigma level may be
many 10’s of metres off the ocean bottom, a lesser stress will be experienced than in
regions Where the deepest sigma level is only a few metres off the bottom. This is instead
of a more common linear or quadratic bottom-stress whose value is a simple function of
the velocity in the bottom-most sigma level, regardless of how far off the ocean bottom
this sigma level is. Here, Zob=0.02 has been used for the bottom roughness. This may
be compared to a quadratic drag coefficient by noting that bottom stress in a quadratic

formulation is

Strquad

=CpuNu’ +v?

2.8)

where C) is the quadratic drag coefficient. We can write the logarithmic bottom stress in

terms of an effective drag coefficient, C,,,

$MMiog = Cpogt Vit +V? 2.9)

where
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Chiog = vkzllog(zr(zl)—;H)l : (2.10)
> .

For example, at a depth H of 50 m, the bottom-most sigma level zr(1) is 47.88 m giving a
Cp)og Value of 0.008.

2.2 Potential Vorticity budget

We are interested in understanding the formation of eddies in the model. Eddies are
characterized by anomalous PV, so we diagnose the change of PV in regions of the
model. The chosen control volume is bounded in the horizontal by along-shore and
across-shore transects and in the vertical by two isopycnals. A logical choice for this
analysis is a PV budget (Thomas, 2008, T08). TO08 wrote a PV budget for use with a
ROMS model to investigate the generation mechanism of intrathermocline eddies at
wind-forced fronts. The model this budget was based on had a flat bottom, constant
horizontal resolution and a rigid lid, so this budget was adapted for use with the more
realistic model used here. This budget was based on the equation for the full Ertel PV
(Gill, 1982):

g=w, Vb (2.11)

where ¢ is the PV, o, = ﬂ; +V xu the absolute vorticity, b =-gp/p, the buoyancy, and

f the Coriolis frequency. Changes in PV arise from advection, frictional torques, and

mixing as shown by each term in the following equation (Marshall and Nurser, 1992):

%:—u-Vq+VxF-Vb+wa-VfD. 2.12)
t

The two generation terms are:
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1) VxF-Vb. This term introduces PV through curls of body forces acting on surfaces

of constant density; since the density gradient is largely vertical, the resulting PV is

oriented in the vertical. In the model, F=V- (K L kou, / (91) where u, = (u,v).

2) w,-VD. Here, we have generation of PV through mixing where D=V - (K le db]dz).

From 2.4, g is a function of the buoyancy gradient, so any change in stratification (for

example due to a mixing event) will generate PV.

TO8 was able to approximate the terms in equation 2.12 using ROMS which correspond

to terms in the momentum and tracer equations. The tracer equations are:

—=-u-VS+D 2.13
po s (2.13)

(;—T=—u-VT+fDT. (2.14)
t

The tracer equations may be combined to form a buoyancy equation based on the

equation for b given above and the model’s equation of state:
P = Po = PoTsey (T =Ty) + PoSs (S = 5,) (2.15)

where the temperature and salinity coefficients, T, and S, were set to 1.7e-4 and

coef

7.6e-4, respectively. p,, T,, and S, were set to 1027 kgm?, 10 psu and 35 °C

respectively. The prognostic equation for buoyancy becomes

‘_;? =-u-Vb+D, = ADVb + DIAb. (2.16)

The momentum equations are:



18

@=—u~Vu+ fv—id—p+X = ADVu+ CORu + PRESu + FRICu (2.17)
ot Py 0x
v 149
—=-u'Vv- fu—-——+Y = ADVv + CORv + PRESv + FRICv. (2.18)
o Po Iy

In equations 2.16-2.18, we have labelled each term for use in later equations.

ROMS does not have a vertical momentum equation since vertical flow is defined only
by convergence and divergence of horizontal flow. Since we do not have terms a vertical
momentum equation would provide, TO8 altered the definition for q to exclude any terms

including w:

PR (2.19)
ox dy)dz dzdy Jdzox

and a prognostic equation for g was generated from the momentum and buoyancy

equations above:

ﬁ=(f +ﬂ—@)i(2.16)+ééi(2.18)—a—bi(2.l7)
ot ox dy)oz dz ox dz dy (2 20)
+ 22 017+ 22 2.16)- 22 (2.18)- 2 2 (2.16).
dy dz dz dy ox 0z dz dx

So, we are not calculating PV in the exact Ertel sense, but instead we calculate a PV-like
quantity for which a budget will more accurately close using ROMS diagnostic output.

Writing

? = ADV + FRIC + DIA + PRES, (2.21)
t
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T08 was able to calculate each of the terms ADV, FRIC, DIA and PRES,.; by inserting the

right hand side of equations (2.16-2.18) into (2.20):

ADV = (f + @-%)i(ADpr @i(ADVv + CORv)

ox dy)adz dz ox

~% 9 Apvu+ CORu)+ L2 (ADVu+ CORu) (2.22)

dz dy dy dz

+ @i(ADVb) - a—bi(ADVv +CORv) - ﬂi(ADVb)

dz dy ox dz dJz ox

FRIC = &—b(i(FRICv) - b‘—?y—(FRICu)

gz \ ox 2.23)

3 a_bi(pmcu) - a—bi(FRICv)

dy 0z ox 0z
Sk ( Fad_ i’i)i(pmb) + 29 prap)-2 2 (Diav) (224)
dx dy)dz dz dy dz ox

PRES,, = Z—b(ai(PRESV) -7 (PRESu)

iz \ dx dy (2.25)
+ ibi(pRESu) . a—bi(PRESv).
dy 0z ox 0z

The PRES,.s term should be zero as it involves taking the curl of a gradient, but in the

finite difference representation of the model, it may not come out to exactly zero.

T08 integrated equation 2.21 over a set of ROMS grid cells:

i % dV = [(ADV + FRIC + DIA + PRES, ) )dV . (2.26)
|4 \ 4

Since we’re interested in the change in PV over the entire volume, we take the time-

derivative outside the integral. Our control volume is bounded in the vertical by two
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isopycnals, so the exact volume between those isopycnals will change over time. Thus,

we must use the Leibniz theorem (Kundu, 2004):

% f F(x,1)dV = f ‘Z—Fdw f Fu, -dA (2.27)

V(r) V(r) A(r)

where A(1) is the surface of V() and u, is the velocity of that surface. This formula

states that the change in F over some changing volume V is equal to the change in F

inside the volume plus the change in F' due to the motion of the volume boundaries.

Equation 2.26 thus becomes

) % 4y - J(ADV + FRIC + DIA+ PRES,, )V + [Gu, -dA. (2.28)

V(1) V(r) A1)

We can define two ways the boundary of our control volume will change due to the
motion of the isopycnals:

1) The particular cells contained within the volume will change as isopycnals move to
include or exclude cells.

2) The cells themselves will change depth over time. Recalling the start of this chapter,
there are 20 sigma levels regardless of the full water depth but the distribution of those
levels is a function of depth. When the sea surface height changes, the depth of all the
sigma levels also changes. We can view this phenomenon from the context of a change
in sea surface height being distributed between all of the vertical cells, rather than just

influencing the top cell.

The discretization of the model allows us to define the first of these terms quite easily.

dz, dxa’y=—1—

fquA.dA:fé? dt

A(1) A(n)

) (e 3
[Gav, = E( 4’ Gdv - Vf qu]Vi. (2.29)

Va()
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In the steps we have taken in 2.29, V, represents the volume in the cells newly included
in the control volume minus the volume in the cells newly excluded in the control
volume, dz, is the height of those cells. In the last step, we have separated the cells into

the newly included volume V, and the newly excluded volume V,.

The second term is less straightforward. Contrary to the boundary motion term described
above, the volumes newly included and excluded in this boundary motion term are not
entire cells, but parts of cells. We can easily calculate the change in volume since dx and
dy do not change and we have the depth of the cells at the and the new time steps. We do
not know PV continuously across each grid cell, so to estimate the PV contained in this
volume, we assume PV varies linearly across each grid cell. This calculation is
performed along the top and bottom edges of cells in the control volume that are common
to both the current and last time steps. This term is formulated in the same way as the

first term; equation 2.28 now including the extra terms is:

e fGav = [(ADV + FRIC + DIA + PRES,,,)dV

dts, v

| (2.30)
+E({qdv-{qdv )

1{p. 3
+E({qu—fqu

Vi

where V, is the volume change due to the motion of the upper sigma surface and V, the

change in volume due to the motion of the lower sigma surface.

Various integrals in 2.30 are evaluated over different volumes, so it is helpful to back up
a step and consider how the total PV contained in a volume is composed of the PV from

various other volumes (rather than considering the time-derivative):

[qav = [gav + fd—thdV+fq'dv-fqu+ [Gav - [gav. (2.31)
V' 1% v, ot A v, v, V.,

T
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Here the ’ represents a quantity calculated at time=t; anything without the ’ represents a
quantity calculated at time=t-1. The subscript ¢ represents the cells common to both V'’
and V. Subscripts i and e mean as they did above, that we are integrating over only the
cells that are newly included or excluded between the volumes ¥V and V. Similarly,
subscripts ¢ and b represent the volume that has been gained or lost due to the motion of
the uppermost sigma surface and the lowest sigma surface, respectively.  From left to
right, we can interpret the terms in this equation as: the PV contained in the volume V"’ is
equal to the PV contained in the volume V plus the change in PV in the cells common to
V and V'’ plus the PV contained in the cells newly acquired in 7’ minus the PV in the
cells newly lost from V plus the PV gained through motion of the uppermost sigma
surface of the cells common to both /" and ¥’ minus the PV lost through the motion of the

lowest sigma surface of cells common to both V' and V.

A 1-D example is shown in Figure 2.3. Equation 2.24 for this case would be

3'(22'-2) +35'(2a'-%) =42 - 1) + Gz - 1) + —qzd_,q—2 di(

%'~ (2.32)

+ 63'(14'_13') i 671(22 . Zl) + 52.5(23'_13) - ql.s(zzl_zz)

where the 1.5 and 2.5 subscripts denote values for q interpolated to the interfaces between

cells (rather than values located at the centers of cells).
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Figure 2.4 1 dimensional example of a PV budget; the left image shows the volume included

in the budget at time t-1 and the right image shows the volume at time t.

Dividing equation 2.32 by dr gives:

i({c?’dv—{éd‘/)#aqdv* (f dv_{qdv)

Vr

il ¢ y
+Z[‘{qu—v{qu].

(2.33)

The left hand side is now the (discretized) derivative we are looking for. Finally, we may

substitute in equation 2.26 for the first term on the right hand side:

%( [gav- [ e,'dv) = [(ADV + FRIC + DIA + PRES,,.)dV
v Vv

= (2.34)
|
vl Tadv- Faavl.
dr[!,." Ja ]

1{ ., .
+E({qdv-{qdv

Equation 2.34 is the final equation used for the PV budget.
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Discretization required some spatial averaging. Derivatives were centered at the middle

of each grid cell, known as the p -point. ROMS uses an Arakawa C-grid (Arakawa and

Lamb, 1977), so it was necessary to average various variables to the appropriate
coordinate system. For example, the derivative of v with respect to x required knowledge
of v at u-points; this was attained by averaging the four values for v surrounding the

appropriate u-point.

Some time-averaging was also required. Diagnostic data was output at times between
instantaneous data so the latter were averaged to get them to the same times as the

diagnostic data. Time derivatives were centered.

In the case where the control volume included land-masked regions, the masked grid cells
as well as the cells directly adjacent to the masked cells were not included in the
calculation. This procedure was due to the model’s practice of outputting zeros for all
values within masked regions. Many of the quantities calculated by the budget require
values from adjacent grid cells, which necessitated exclusion from the budget of the cells
directly adjacent to the masked cells. It is assumed that while these cells probably
contain valuable information, the next layer of cells away from the shore — in which the

budget has been calculated — contains a similar signal.

The budget was performed on a sample region over two days to test its validity, the
results of which are shown in Figure 2.5. The rms difference between the left- and right-
hand sides (ie the black and the blue lines, respectively) of equation 2.34 in this case is

0.0098.
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Figure 2.5 Equation 2.34 is calculated over a 30x25 set of cells near Cape St. James between
the surface and p = 26 (this is the “generation region” discussed in chapter 4). The black
and blue lines in the upper panel are the left and right hand sides of equation 2.34
respectively, the various coloured lines in the lower panel are the terms in the right-hand
side of equation 2.34. The root mean square of the difference between the black and blue
lines is 0.0098.

The lines in Figure 2.5 can be interpreted in the following way: friction generates
positive and negative PV as the tide moves back and forth with a 12-hour period.
Generation due to mixing is negligible in this region. Advection is cyclical and roughly
follows the friction term. However, instead of a negative value meaning advection of
negative PV into the box, it generally means advection of positive PV out of the box (at
least for this region, which we will show in chapter 4 as being the primary PV generation
region). Tides can also be seen in the boundary motion terms: similar to the advection

term, a positive signal may mean either the inclusion of new volume with positive PV or
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the exclusion of volume with negative PV. However, the fact that the signal is

comparable in size to the other terms indicates large tidal amplitudes.

All of the terms have some error associated with the time discretization. The model has a
time-step of 40 seconds but only outputs data every 30 minutes, so time derivatives
calculated here are not quite the same as those calculated within the model. This type of
error will be most prevalent at times when there is the greatest variability occurring
between time-steps, which likely explains the increase in error at times of largest PV
generation, which will coincide with the largest current speeds. In addition, there is some
error in the second boundary motion term since the assumption of a linear variation of PV

between grid cells is certainly false.
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3. Description of Results

The primary process discussed in this chapter is the generation of eddy dipoles at Cape St
James and their evolution over the 48 days of the model run. Small (~3 km radius)
dipoles are initially generated at the cape, some of which migrate into a “coalescence
zone” where they merge with previously generated eddies. We are then left with a pair of
counter-rotating eddies larger (~16 km radius) than those originally generated at the cape.
Every 15 days these eddies drift into deeper water and a new set forms. Figure 3.1 shows

an example of this eddy dipole after it has moved offshore, from day 31 of the model run.
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Figure 3.1 Examples of a fully formed dipole and a newly forming dipole are shown in this

image of vertically integrated potential vorticity' on day 31 of the model run.

This chapter breaks down the evolution of these eddies in a strictly descriptive sense;

discussion of the mechanisms behind each process is left for the next chapter.

! All figures showing vorticity or potential vorticity have neglected any contribution fromfso that an equality
of dipoles can be assessed.
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3.1 Generation of Potential Vorticity

Potential vorticity (PV) generation at Cape St James occurs alternately on the ebb
(producing a clockwise circulation, i.e. containing negative vorticity) and the flood tides
(counterclockwise circulation, i.e. containing positive vorticity). This generation is
tracked in Figure 3.2 where vertically-integrated PV near the cape is shown every two
hours starting at a flood tide; the inset plot is of the cross-shelf barotropic velocity
averaged over the same region. In hour 1, there is a small (radius of ~3 km) patch of
positive PV (red) forming on the east side of the cape during a flood tide. When the tide
begins to ebb in hour 5, this patch is advected westward and negative PV (blue) is
generated on the west side of the cape, although this generation is not nearly as clear as
the positive PV generation due to the lingering presence of negative PV in the region
from previous ebbs. During the following flood in hours 11 and 13, the red patch
generated in hour 1 is advected back eastward and a new red patch is also formed to the
east of the cape. The two red patches merge (hours 13-17) and the following ebb advects
them both well away from the cape. This ebb also generates more negative PV, but
again, it is difficult to track. We will continue to track the positive PV eddies to obtain

some sense of their fate.
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Figure 3.2 Evolution of potential vorticity over the course of day 13. The PV shown here is

integrated between the isopycnals p,=0 kgm'3 and p,=26 kgm"; velocity arrows are
interpolated to S0m depth. The inset shows cross-shelf velocity averaged over the same

region.

3.2 Tracking the positive PV eddies

There are four possibilities for the fate of the positive PV eddies (as noted above, the
negative PV eddies generated at the cape are more difficult to track so we assume their
advection tracks break down into a similar range of options). Which track an eddy

follows depends on the strengths of the generating flood and the ebb that follows this
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generation. Each case is indicated as a cartoon in Figure 3.4, with examples in Figures

3.2 and 3.3.
A. Any flood/strong ebb (ex. eddy surrounded by the medium grey box which
starts at the cape in hour seven of Figure 3.3; panel A in Figure 3.4): the strong
ebb advects the eddy well west of the cape; subsequent ebbs push the eddy further
north. These eddies appear to coalesce about 50 km north of the cape, creating a
stationary (at least over the course of the 48-day model run accomplished here)
dipole feature; an investigation of this feature was beyond the scope of this
analysis.
B. Weak flood/weak ebb (ex. eddy which starts at the cape in hour one of Figure
3.2; panel B in Figure 3.4): the eddy remains close enough to the cape that the
following flood pushes it back into the generation region where it joins with the
new eddy generated on this flood. The fate of this new eddy is then governed by
the generating flood and following ebb (weak flood — weak ebb will always be
followed by strong flood — strong ebb, ie case A).
C. Strong flood/medium ebb (ex. eddy bounded by the black box which starts at
the cape in hour one of Figure 3.3; panel C of Figure 3.4): the strong flood pushes
the eddy out of the way of the strong tidal currents near the cape and the
following medium ebb advects the eddy out of the generation region, into a
“coalescence zone”. Since the tidal currents in this region are relatively weak,
eddies tend to stay here, joining with any other eddies entering the region.
D. Very weak flood/any ebb (ex. eddy bounded by the light grey box which starts
west of the cape in hour one of Figure 3.3; panel D of Figure 3.4): an especially
weak flood generates too little PV to have lasting meaning in the domain,

regardless of the strength of the following ebb.
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Figure 3.3 PV vertically integrated between p;=0 kgm™ and p,=26 kgm™ for day 17. Boxes
indicate eddy tracks for various positive PV eddies. An example of a coalescing eddy can be

seen by following the black boxes which start at the cape in hour 1.
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Figure 3.4 Cartoon of various possible advection tracks for positive PV eddies from the
start of the generating flood to the end of the next ebb. Refer to the text for a description of

each panel.

Other combinations of strong and weak ebbs and floods are possible, but the short
duration of the model run means that the strength of the ebbs and floods were ordered the
same through each of the three spring-neap cycles, as there wasn’t time for significant
differences to emerge. Between neap and spring tide of this run, the ordering of tides was
a strong flood — strong ebb — weak flood — weak ebb; between spring and neap tides,
there was a strong flood — weak ebb — weak flood — strong ebb cycle. This cycle is
shown in Figure 3.5 where the cross-shelf barotropic velocities averaged over a small
region just south of the cape are shown between the second and third neap tides of the

model run.

Cross-shelf velocity (m/s)
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N o N

N

Time (days)
Figure 3.5 Cross-shelf barotropic velocity averaged over a small (20 km x 20 km) region

south of Cape St James
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Another way to separate the different tracks of positive PV eddies is to look at the

location of the eddies at the end of the generating flood and again at the end of the
following ebb. Figure 3.6 shows these locations between the second and third neap tides;
different markers are used to associate the final fate of each eddy type. Of particular
interest are the locations of the stars (case C - coalescing) compared to the other symbols
— at the end of the ebb following the generating flood, they are grouped well away from
the cape where they stay to coalesce with subsequent eddies advected there. This
particular combination of strong flood/medium ebb occurs every other tidal cycle
between spring and neap tide for this particular run (Figure 3.5) although, as noted above,
if the model run were to go longer, the tidal constituents would have different relative

phases so the ordering of strong and weak ebbs and floods would vary.
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Figure 3.6 The location of the positive PV eddies at the end of the generating flood and the
following ebb, marked according to their final fate: advected north (crosses); returning to
the generation region to coalesce with the eddy generated on the next flood (squares);
coalescing with other positive PV eddies south of the cape (stars); mixing with negative PV

(diamonds).

The feature of interest to this study is generated by those eddies which merge in the
coalescence zone (case C). In each spring-neap cycle there are 5-7 positive PV eddies
which coalesce. There are usually 1-2 more which enter the coalescence zone before the
others, but these quickly mix with the negative PV in the region and so don’t contribute
towards forming the final large eddy. The first eddy marked as a coalescing eddy mixes
slightly, but stays intact for the most part. Each subsequent eddy which enters the
coalescence region interacts with the eddies already present, deforming and wrapping
around each other until a single, larger (~12 km radius), eddy is formed. An example of

the path an eddy takes to coalescence is shown in Figure 3.3 where positive PV eddies



35
are tracked on day 17 of the model run; the black boxes which start at the cape in hour 1

track an eddy to its coalescence with the larger feature in hour 23.
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Figure 3.7 Cross-shelf barotropic velocity averaged over a small (20 km x 20 km) region
south of Cape St James with markers showing the generating flood and following ebb for
coalescing eddies (tidal velocities over the first day are unusually low because there is a one

day ramp-up of tidal forcing in the model).

Although we do not track specific patches of negative PV from the cape to the
coalescence zone, a large negative PV feature emerges in this region next to the positive
PV feature, growing at a similar rate. Thus, a large dipole is produced to the west of the

cape due to coalescence of small eddies generated at the cape.

3.3 Large-scale Evolution

The large dipole discussed in the previous sections absorbs PV generated at the cape and
drifts into the deep water offshore allowing a new dipole to form at the cape. Figure 3.8
shows days 3 through 48 of the model run, marking the dipoles from the first through
fourth cycles; the dipole at the cape grows with time until it detaches from the cape
between days 6 and 9, to drift southwestward. A new dipole begins to form at the cape

soon after. In the case of the second cycle, the large dipole stays close enough to the cape
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that it absorbs the detached PV from the third cycle (between days 36 and 39) before

continuing southward and a fourth cycle begins.

A discussion of the large feature about 50 km up the western coast of Haida Gwaii is
beyond the scope of this research. However, it likely evolves from the PV that is

generated at the cape but not contained there (case A from section 3.1).
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Figure 3.8 Evolution of potential vorticity integrated between p,=0 kgm™ and p,=26 kgm™
from day 1 to day 46. Each box encloses a large dipole with different box shades indicating
different dipoles. The box for the first dipole is only drawn until day 27; after this point the
dipole was affected by the proximity of the model boundaries. The inset in each pane of the
figure shows cross-shelf speed averaged over 4 days to extract the spring-neap cycle of the

tide.

A dipole representative of those that have detached from the cape and started drifting
southward is shown in Figure 3.9. This figure is generated from a six-hour average of all

fields to remove the background tidal signal. The dipole is from day 31, so it was
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generated during the second cycle, prior to merging with the third dipole. The clockwise

(counter clockwise) eddy has a diameter of approximately 30 km (25 km) and extends to
100 m (150 m) depth; with these dimensions, the total volume of each eddy is close to
7e10 m®. Velocities reach up to 20 cm/s in each eddy. The dipole travels southwestward
at a rate of 6 km/day (calculated from the motion of the dipole in the first cycle as it is the
only one to move a significant distance in the length of the model run). While the density
within the clockwise eddy is approximately constant at this depth, there is upwelling of

isopycnals within the counter clockwise eddy.
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Figure 3.9 The eddy pair at day 31 (from cycle 2, prior to merging with the eddy pair in
cycle 3). The upper left image shows a plan view of the vertical component of vorticity2 at
50 m depth with velocity arrows; the upper right image shows density at the same location.
The lower images are transects of the same vertical component of vorticity at the locations
indicated by the lines ‘A’ and ‘B’ in the upper images. Each of the lower images has density
contours every 0.2 kg/m’; the darker grey lines are shown at 25, 26, and 27 kg/m’.

In the second and third cycles, the dipoles merge, the results of which are shown in

Figure 3.10. The extent of the positive PV eddy appears to have shallowed to ~100 m,

2 Previous figures have shown vertically integrated potential vorticity between the surface and p=26 kgm;
since we are showing a vertical slice in Figures 3.9 and 3.10, a vertically integrated quantity would not be
possible. Instead we show the vertical component of vorticity scaled by the difference in buoyancy
between the surface and the p=26 kgm™ isopycnal. For vertically uniform PV which is oriented principally
in the vertical, the two quantities are equivalent. The surface density was chosen as p=24.5 kgm™ which is

approximately the average surface density in the region.
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while the negative PV eddy continues to extend to 100 m depth as well. Both eddies

have grown to ~40 km diameter, giving a total volume for each eddy of ~lell m’.
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Figure 3.10 The eddy pair at day 42 (after the merging of the eddy pairs from the second
and third cycle). The upper left image shows a plan view of the vertical component of
vorticity1 at 50 m depth with velocity arrows; the upper right image shows density at the
same location. The lower images are transects of the same vertical component of vorticity
at the locations indicated by the lines ‘A’ and ‘B’ in the upper images. Each of the lower
images has density contours every 0.2 kg/m’; the darker grey lines are shown at 25, 26, and
27 kg/m’.,
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4. Analysis of results

In the previous chapter we took a qualitative look at the generation of mesoscale eddies
from the merging of small headland eddies. Here we quantify this process, looking at
what mechanism generates the little eddies and where exactly this occurs. We also
consider how efficiently these eddies are generated and how efficiently they merge into

the larger eddies.

4.1 Frictional generation of positive PV

The PV in the headland eddies is generated by friction at Cape St. James. As noted in
chapter 2, PV can be generated through mixing or friction — Figure 4.1 shows that
frictional generation of PV vastly exceeds that generated by mixing. Frictional
generation closely follows the cross-shelf velocity with positive PV being generated on
the flood tide and negative on the ebb; the strength of the tide (line in upper panel) is
directly related to the amount of PV generated (black line in lower panel). The difference
between the frictional generation (red line) and the change in PV (black line) is advection
of PV out of the region. This is most notable during strong ebbs where PV is being
advected offshore, west of the cape. What we have defined as the “generation region” is

shown by the black box in Figure 4.2.
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Figure 4.1 Potential vorticity generation due to mixing and due to friction for a region 20
km by 20 km centered near Cape St James (region is shown in Figure 4.2) for days 16-19 of
the model run. Frictional generation greatly exceeds generation via mixing and dominates
the change in PV for the region. The total change in PV was calculated as the sum of the
generational terms rather than directly calculated as the change in PV. This difference is
noted in chapter 2 as having a small associated error (see Figure 2.5 for all of the terms in
the budget for days 16 and 17 only).



FN
W

155 - \ 08

. i

150 F 0.6 é

c

145+ = A 0.4 %

I —

o J 0.2 %

= 135} >

> 130t %

-02 5

125+ SC.!

-0.4 S,

120+ =

06 ©

115} 2
110 - -0.8

10 110 120 130 140 00 110 120 130 140

X (km
Figure 4.2 The black box denotes the region primarily responsible for generating the
potential vorticity seen in the eddies. The colours represent vertically integrated (over the
full depth) PV generation by friction during times of maximum positive (left panel) and
negative (right panel) generation. The blue patch of negative PV seen in the middle of the
positive PV in the left panel is characteristic of the return flow of the positive PV eddy — the
westward flow across the cape generates negative PV in the same fashion as an ebb tide;

this occurs frequently on both flood and ebb.

The net advective term is small compared to the frictional generation (Figure 4.1).
However, we also need to show that the flux of PV through each wall is small to prove
that large amounts of PV are not being generated outside the box and simply advected
through the box to the other side. There is obviously generation of PV outside this box
(Figure 4.2), most notably up the east and west coasts north of the box, however the flux
of PV through any side of the box is negligible compared to the frictional generation
inside the box (Figure 4.3). Advection of negative PV through the eastern boundary
(purple line in the upper panel of Figure 4.3) is in phase with the negative PV generation
(black line in the upper panel) as would be expected since an ebb tide will both generate
negative PV, and advect into the box negative PV generated east of the box. Before day
17 (~spring tide), outward advection of both positive and negative PV occurs through the
north and northwest boundaries; after this time, advection through the south and

southwest boundaries increases. This is consistent with our description in the previous
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chapter of coalescing eddies being generated after spring tide and northward advecting

eddies being generated before.

Any conclusion we make about the negative PV signal based on distinguishing between
advection out of the south and southwest boundaries vs the north and northwest
boundaries must be made with reservation. The split between the northwest and the
southwest boundaries was based on the positive PV eddy tracks and we do not know with
certainty that the advective tracks of the negative PV eddies will split at the same
location. However, it does appear that negative PV is advected northward before spring
tide and south or west after spring tide, as with the positive PV. Given that the negative
PV eddy in the final mesoscale dipole is the same size as the positive PV eddy (Figure
4.6), it seems likely that a similar number of negative PV headland eddies coalesce as

those containing positive PV eddies.

For Figure 4.3, and many of those following, PV has been separated into positive and
negative values. This was done partly to see if equal amounts of positive and negative
PV were generated, and later contained, in the eddy dipoles, but also because the small
eddies containing positive PV were much more easily tracked than those containing
negative PV; many plots and calculations done with the small eddies were done only
using the positive PV eddies. Splitting generation into positive and negative values

allows us to compare how much PV is generated to how much is contained in an eddy.

Frictional generation in Figure 4.3 is a net value over the whole generation region: the
entire PV field is integrated over the volume at each time-step. If the result is negative, it
is considered negative generation, similarly for a positive result. The positive and
negative results are then integrated over time separately. Advective values in this figure
are not net values over the boundary in question, but rather considered on a point-by-
point basis: for each time-step, the positive and negative fluxes are separated and

integrated over each boundary separately.



45

Negative PV generation

_0.02 1 Il ‘ Il 1 1 1

Volume integrated PV generation (m 35'4)

Positive PV generation
0.04
0.02
0
_002 1 ‘ 1 1 1 1 1
10 12 14 16 18 20 22
Time (days)
150
140 Frictional generation
E — Flux through north and northwest boundaries
f-_' 130 Flux through south and southwest boundaries
—— Flux through east boundary
120
110
80 100 120 140

X (km)
Figure 4.3 A comparison between the frictional generation of PV inside the box shown in
Figure 4.2 and the advection of PV through the sides of the box. We have separated the
western boundary of the box as shown in order to distinguish between eddies that advect
northwards (ie pass through the northern boundary or the northern half of the western
boundary) from the eddies that coalesce (these advect out of the box via the southern
boundary or the southern half of the western boundary). This separation is indicated by
the map in the lower left corner, showing the positive PV eddy tracks between the first and
second neap tides (ie generated in the time period shown in the upper panels). From this
figure, we can see that to within approximately 10% error, we can ignore the advective
terms as a source of potential vorticity. See text for a full description of how the split

between positive and negative generation and advection was achieved.
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4.2 Efficiency of PV generation

We have now shown that the region responsible for generating the eddies is enclosed by
the box shown in Figure 4.2. However, this region actually generates about twice as
much PV as is accounted for by the headland eddies. The amount of PV generated on
each flood tide is shown in Figure 4.4 and the amount of PV contained in each positive
PV eddy at the end of the generating flood is shown in Figure 4.5; only about 40% of the
vorticity generated is put into generating eddies (Table 4.1). The rest is likely lost due to
mixing with negative PV in the region while some advects elsewhere to mix or form
other features; the latter is a comparitively small amount, as advection of PV out of the

generation region is small compared to how much is generated (Figure 4.3).
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Figure 4.4 Positive PV generated by friction on each flood tide between the first and second
neap tides in the generational region shown in Figure 4.2. Bars shown in black indicate

eddies which coalesce, for easy comparison to lines in Figure 4.5.

The calculation of how much PV is contained within each of the small eddies required
some art. The centre of the eddy was tracked; the eddy bounds were approximated by
extending a 6 km by 6 km box around the centre which extends the full water column
(these boxes were plotted in Figure 3.7). We then integrated the PV over this box. In
performing this calculation, there were (rare) occasions where the boxes surrounding two

eddies would overlap. To avoid over-counting the PV contained in the boxes in these
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instances, the overlapped region was considered to be only part of the first eddy

generated.
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Figure 4.5 Volume-integrated potential vorticity contained in each positive PV eddy
generated between the first and second neap tides. Each eddy was tracked until it became
obvious which direction it was heading, so some eddies are tracked longer than others. The
eddies which eventually coalesce to form the feature of interest are shown in black, all other
eddies are shown in grey. The cross-shelf tidal velocity is shown in the upper panel; we can
see here that the eddies which coalesce are generated on a strong flood tide which is

followed by a weak ebb.

Each eddy-generation in Figure 4.5 follows a similar pattern which we can understand by
referencing the vertically integrated PV of day 17 in Figure 3.3. The black box nearest
the cape in hour one of that figure corresponds to the peak of the third black line in
Figure 4.5. In the ebb between hours one and seven, the PV in this box mixes with
surrounding negative PV which explains the drop off in PV shown in Figure 4.5. Then,
in hours 9 to 15, frictional generation pumps more PV into the eddy. Near hour 15, the

eddy has begun to merge with previously generated eddies. The box we are using to
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represent the eddy is not without fault, as shown by Figure 3.3. The eddy changes shape

slightly such that the box does not accurately contain it, and diffuses outside the box over
time. The box also occasionally contains a small part of the adjacent negative PV
feature. All of these concerns combine to make the values shown in Figure 4.5 low

approximations.

The efficiency of friction at generating positive PV eddies is estimated by comparing the
PV contained in an eddy at the end of the generating flood to the PV contained in the
eddy at the end of the following ebb. This efficiency rating is a measure of how much
the eddies mix with surrounding negative PV over the six hours of the ebb. This value is
used since the PV in the eddy becomes reasonably stable after this point, although a bit
more PV is pumped in on the next flood and the eddy diffuses somewhat outside the box,
increasing the error in the volume-integrated PV calculation. The PV contained in each
of the coalescing eddies at the end of their generating floods (ie at the first maxima for
each line in Figure 4.5) and at the end of the following ebb (ie the first minima in Figure
4.5) is shown in columns two and four of table 4.1. The average efficiency of friction at

generating positive PV eddies is 21%.

Positive PV | PV contained in | Fraction of | PV contained in | Efficiency of
generated by | positive PV eddies | frictional positive PV eddies | friction a
friction in the | at the end of the | generation aimed | atend of ebb generating positive
“generation generating flood at generating eddy PV eddies

region”

443 204 0.46 49 24%

469 217 0.46 34 16%

485 225 0.46 35 16%

484 196 0.41 34 17%

477 199 0.42 50 25%

449 176 0.39 36 20%

439 157 0.36 45 29%

Table 4.1 A summary of the efficiency of friction at generating positive PV eddies in this region.

See text for a full description of the data shown here.
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An efficiency rating can also be calculated for the merging of small positive PV eddies to
form the large positive PV eddy. There are a total of seven small eddies which coalesce
to form the larger eddy (Figure 4.5); this particular eddy is part of the second dipole
formed in the model run. The total PV in each large dipole is shown in Figure 4.6 where
we have integrated the PV over boxes containing each large dipole (these boxes were
shown in Figure 3.8). These boxes do change volume over time simply because the
dipole disperses somewhat, growing horizontally. It was not possible to define a box of
constant volume due to the large amount of variability seen, particularly near the cape.
The results are shown in Figure 4.6 where we have highlighted the second dipole in red
for further study. Since the box initially includes the generation region at the cape, the
total PV in the box is anomalously large for the first ~eight days. After this point the
dipole (and thus the box) move away from the cape. At this point, the total positive PV

contained in the box stabilizes to approximately 400 m’s™.

To obtain an efficiency for the merging of the small eddies, this sum is compared to the
sum of the PV contained in the small eddies prior to coalesence. If we estimate the PV
contained in the seven small eddies prior to their coalescence as being 70 m’s™, we find
that we started with ~490 m’s™. Thus, the merging of small eddies into the large eddy is
~80% efficient. This is an approximate value due to variability in both the amount of PV
seen in the small eddies prior to coalescence and the length of time it takes small eddies
to coalesce — the eddies that coalesce first do so relatively quickly, within 18 hours of
being generated (see the eddy in the black box of Figure 3.3 for an example an eddy
which is third to enter the coalescence region); the last few eddies may take more than 36
hours to join up. This difference is due to the large dipole beginning to move away from

the cape.
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Figure 4.6 The middle frame shows volume integrated PV for each of the positive and
negative PV eddies in the large dipoles. The horizontal volumes over which this integration
is accomplished are shown in Figure 3.8; the integration is performed vertically between the
surface and p=26 kgm-3. The second dipole is highlighted for further study within the text.
A running mean of cross-shelf velocity is shown to illustrate the correlation between the
time coalescence occurs and the time between spring and neap tide; this correlation was
first noted in chapter 3. Both the middle and lower panes show that the amount of PV
contained in each eddy of the dipole is approximately equal. The dashed line indicates
when the dipole has detached from the cape; this measure is highly imprecise, having

simply been obtained by eye; error is likely + one day.
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4.3 Asymmetry of eddy-shedding

The asymmetry of dipoles shedding to the west of the cape and never to the east is due to
a tidally-rectified mean current which travels southwest across the cape tip (Figure 4.7).
Crawford et al. (1995) also noted a consistent 20 cm/s flow near the tip of the cape and
also concluded it was due to tidal rectification. The cyclonic (negative PV) eddy is seen
in this figure, in the velocity signal to the west of the cape. A northward current is also
seen running along the shelf break, as seen in other tidally-driven models for this region

(Cummins and Oey, 1997).
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Figure 4.7 The tidal residual current at Cape St James shows a strong southwestward flow
across the cape. This image was generated using the t_tide toolbox written by Pawlowicz et
al., 2002.
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5. Summary and Discussion

We have presented a possible method for the generation of mesoscale eddy dipoles seen
sporadically near Cape St James. As the tide oscillates across the cape, small eddies
rotating in alternating directions are generated by bottom friction. Between spring and
neap tides many of these eddies coalesce, generating a large dipole similar to those seen
in Figure 1.4. While there is no data available to validate our model eddies to show
conclusively whether this mechanism is in fact responsible for their generation, the
results are still of interest since we have shown a mechanism for generating mesoscale
eddies via the coalescence of small headland eddies. Even if we did have data, it likely
would not be particularly illuminating to validate our results since we have forced our
model with tides only. If these dipoles are generated as we have shown here, they will
still be affected by local winds as well as the buoyancy current seen running down the

east side of the cape by di Lorenzo et al. (2005).

5.1 Reconciling headland eddy characteristics with flow parameters

5.1.1 Eddy size

The lateral size of the eddies in the final dipole corresponds well to the first baroclinic
Rossby radius (~20 km over the continental shelf at this latitude, Chelton et al., 1997).
However, some ingenuity is required to find what sets the size of the small eddies
generated at the cape. Cenedese and Whitehead (2000) assume the final radius of an
eddy generated due to buoyant outflow around a cape will be the Rossby radius; the final
depth will be the depth of the generating current. They then calculate the time it would
take for a continuous current to fill up this volume by assuming that all of the water in the
current will go into forming the eddy. We already know that eddy formation takes 6
hours since that is the time of a single tidal ebb or flood, but we can use the same
assumptions to find what the size of an eddy will be at the end of that 6 hours. The only
uncertainty here is what to use for the width of the current. We can approximate this by
considering the map of bottom friction shown in Figure 4.2. If we draw a line at X=122

km (ie through the tip of the cape), then we can see that the torque is large between the
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cape and 9 km south of the cape. Now, we consider all of the water which flows through

X=122 km between these two points as flowing into the eddy. The flow rate through this

line is:

surf ace 133km

0= f f uhdydz

z=0 y=124km

where u and h are the tidal velocity and the total water depth respectively. The total
volume of the final eddy will then be:

1+6 hrs
V= [Qd.

t hrs

For comparison to results, we have simplified this to two dimensions, vertically
averaging the equation for Q; this is consistent with the assumption that the final eddy
depth is the same as the depth of the generating current. So, instead of a final volume, we
end up with a final surface area from which we can easily calculate a radius. These radii
are shown in Figure 5.2 for each of the positive and negative eddies. The final positive
PV eddies in the model have a radius of approximately 3 km; the theoretical values we
have calculated here are slightly higher than that, indicating that not all of the water

flowing through the high friction region contributes to eddy formation.
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Figure 5.1 The predicted radius of each headland eddy generated between the second and

third neap tides based on the volume of water flowing through the generation region shown

in Figure 4.2. The radius of each of the positive PV eddies seen in the model was

approximately 3 km.

5.1.2 Shedding frequency
If we consider this system as having a constant current flowing past the cape, rather than

one which varies in both intensity and direction over time, then we find that the natural
eddy-shedding frequency for this system is approximately 0.78 days. This is calculated
using the Strouhal number for flow around a cylinder (Kundu, 2004):

%]
1]
S|z

Here » is the eddy shedding frequency, d the width of the obstacle and U, the flow
velocity away from the obstacle. Since we have a cape rather than an island, our obstacle
is essentially infinite in size, but we can approximate a value based on the width of the

flow that comes in contact with the cape (~4 km). For U_, we use a value of 0.2 m/s

which is the approximate flood or ebb speed south of the cape midway between spring
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and neap tides. The value of the Strouhal number, S, is approximately constant at 0.21,

but varies slightly with Reynolds number. The Reynolds number is (Kundu, 2004):

where v =5 m?/s is the kinematic viscosity, set within the model. For the values of U,
and d defined above, we have Re=160 which is within the eddy shedding regime (Kundu,
2004) and gives a value of ~0.18 for the Strouhal number (Braza et. al., 1986). We can
now calculate the eddy shedding frequency as n=9e-6 cycles/s or 0.78 cycles/day. Since
we are actually generating 4 eddies/day (2 each on the ebb and flood), this means that the
reversal in the tide is ripping the eddies off the cape before they’ve grown quite as large

as they otherwise would.

5.1.3 Eddy-pairing
Whether or not a pair of counter-rotating eddies formed from oscillating tidal motion will

combine to form a dipole depends on the values of two parameters: the Keulegan-
Carpenter number: K =U,/oa and the frictional Reynolds number: R, = H/C,a.
Here, U, =0.2 m/s is the amplitude of the oscillating velocity, o =2 cycles/day is the
tidal frequency, a=2 km is the headland width (alongshore extent), =100 m is the water
depth and C, =0.001 is the drag coefficient. These parameters describe the relative

importance of advection relative to local acceleration, and advection relative to bottom

friction, respectively. These values give K, =43 and R, =8.3. Signell and Geyer
(1991) suggest that values of K, =2 and R, =40 are appropriate for eddy pairing and
that lower values of R,, will cause an eddy generated on a flood (ebb) tide to spin down

before it has time to interact with the eddy generated on the following ebb (flood) tide.
However, the eddies in this study tended to drift away from the cape into deeper waters

when the tide reversed, causing an increase in R, and allowing the eddy to last longer

than it would if it stayed closer to the cape.
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5.2 Influence of tidal phasing on eddy coalescence

We have seen that positive PV eddies are only able to exit this strong current when the
ebb following the generating flood is small. This implies that diurnal inequality of the
tides is necessary for coalescence. To test this theory, the model was run with only the
M2 tide as forcing, rather than the four constituents used in the baseline run. For the M2
only run, there was no coalescence at the cape; all eddies generated were advected
northwestward immediately after generation. However, the dipole mentioned briefly in
chapter 3 as forming ~50 km north of Cape St James up the west side of the Queen
Charlotte Islands still appears in this model run (Figure 5.1), indicating it is more robust

than the feature we discuss here. Investigation of this feature is left for future work.
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Figure 5.2 Evolution of potential vorticity integrated between p1=0 kgm-3 and p2=26 kgm-
3 from day 1 to day 24 in the model run forced with M2 tides only. This figure can be
compared directly to the first eight panels in Figure 3.8. Here, no dipole forms at the cape,
however the feature further up the west coast of the islands is still formed. This feature is

left for further investigation at another time.
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As noted in chapter 3, our results depend in part on the phasing of the spring neap cycle.

Coalescence of positive PV eddies only occurs for a strong generating flood followed by
a weak ebb. In the model, this tidal ordering occurred between spring and neap tides.
However, if the model were to run longer than the 48 days done here, we would see this

ordering at different points in the cycle.

5.3 Advection of eddy dipole

The large dipole propagates under its own steam, with each eddy acting to propel the
other at a speed of I'/4sd, where 2d is the distance between the centres of the two
eddies (Acheson, 1990). If we look again at the first large dipole generated, each eddy

has a radius of ~8 km; and I = f(—zl - %)dxdy = —1.2e4m?/s in the negative eddy at 50
s\ Ox

m depth on day 15, giving us a propagation speed of 0.12 m/s or approximately 10
km/day. The disparity between this value and the one seen in the model (6 km/day) may
be attributed to wave drag due to internal waves radiating from the dipole and slowing it

down (Afanassiev, 2003). More study is needed to investigate this theory.

The dipoles generated are of practical interest only if they last long enough to transport
whatever nutrients or other tracers they may contain over long distances. If we consider
Figure 4.6, we can estimate the decay rate of the first dipole as being about 10% between
days 10 and 20. Assuming an exponential decay, this means the PV in the dipole will
decay to 10% of its original value in 219 days. As stated in chapter 3, this dipole travels
at a speed of ~6 km/day, so in 219 days the dipole will have traveled 1314 km. If it stays
on the shelf break, this would put it off the coast of San Francisco. This is a highly
approximate calculation given how little space we see the dipole for and the fact that
none of the 3 dipoles generated follows exactly the same progression. We have used only
the first dipole generated to get the decay scale because the second and third dipoles join

together. Before this join however, the second dipole decays at a rate similar to the first.
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5.4 Comparison to other eddies formed near Cape St James

5.4.1 Haida eddies
The formation and maintenance of the eddies presented here are unique in a number of
ways. The most obvious comparisons to be made would be with the Haida eddy, a well-
documented feature that is also formed at Cape St James. Regardless of the formation
location, there are significant differences between the eddies discussed here and Haida
eddies. These are:
1. Generation method: As noted in the introduction, Haida eddies are generated
by the merging of mesoscale eddies generated at the cape. These mesoscale
eddies are formed when a buoyancy current running southward down the east side
of Cape St James separates from the coastline at the cape (di Lorenzo et al.,
2005); this process is discussed in detail in the laboratory studies of Cenedese and
Whitehead (2002). The eddies we have discussed here are generated by the
coalescence of small headland eddies seen by Signell and Geyer (1991).
2. Scale: Haida eddies are much larger: horizontally, they have diameters up to
300 km and isopycnal depression is seen down to 1000 m depth. This vastly
exceeds the scale we see here (~40 km in the horizontal, 100 m in the vertical).
3. Rotation: Haida eddies are always anticyclonic, where we are generating
eddies of alternating rotation which pair to form a dipole.
4. Advection method: Haida eddies generally drift northwestward (di Lorenzo et.
al., 2005) due to a combination of the planetary B effect inducing a westward drift
(Gill, 1982), and a northward drift due to the topography (as in a topographic
Rossby wave; described in Baines, 1995). The dipoles seen here self-advect as
described above but, somewhat surprisingly, move south-southwest. This is

perhaps due to the initial push given by flow at Cape St James.

5.4.2 Eddies seen by Thomson and Wilson
Similar to what we have shown here, Thomson and Wilson (1987) generated counter-

rotating headland eddies through the oscillating action of the tides at Cape St. James.

The model used highly idealized bathymetry, which was symmetric across the cape and
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bottomed out at 100 m depth. This maximum depth allowed for a much larger region of

torque-generating PV than was seen in the work presented here (where the bathymetry
descends past 100 m only 5 km away from the cape), resulting in larger eddies (radii of
~10 km compared to the ~3 km eddies seen here), however the generating mechanism
was the same. The eddies also did not detach from the cape, possibly due to the
symmetric nature of the cape or again due to the increased torque from having a

relatively shallow maximum depth.
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