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Abstract. Numerical simulations of tidal flow past Cape (Whitney and Robert2002. The westward flux of salt in
St. James on the south tip of Haida Gwaii (Queen Char-Meddies has been estimated at B0° psunt s~1 (Wang and
lotte Islands) are presented that indicate mesoscale dipold3ewar, 2003, leading to the supposition that Meddies are
are formed from coalescing tidal eddies. Observations inlikely a significant part of the westward salinity flux in the
this region demonstrate robust eddy generation at the Capéfediterranean water salt tongud¢Williams, 1985.

with the primary process being flow separation of buoyantor The vorticity that causes eddies may be generated in
wind driven outflows forming large anti-cyclonic, negative three ways: (i) through baroclinic or other flow instability,
potential vorticity, Haida Eddies. However, there are other(ii) via a mixing event followed by geostrophic adjustment,
times where dipoles are observed in satellites, indicating ar (iii) through friction and flow separation. Baroclinic insta-
source of positive potential vorticity must also be present.bility requires strong geostrophic currents, such as the Gulf
The simulations here build on previous work that implicates Stream Gill, 1982. While the formation of Sitka eddies at
oscillating tidal flow past the cape in creating the positive the Alaskan Panhandle has been attributed to baroclinic in-
vorticity. Small headland eddies of alternating vorticity are stability (Melsom et al. 1999 Thomson and Gowed 998,
created each tide. During certain tidal cycles, the headlandhe current responsible for this instability is wind-driven. In
eddies coalesce and self organize in such a way as to cresur work in this paper, we do not have wind forcing or mean
ate large>20-km diameter eddies that then self-advect into baroclinic gradients in our models, so baroclinic instability
deep water. The self advection speed is faster than the beig not a process we address. Similarly, eddies can also result
drift of anti-cyclones, and the propagation direction appearsirom unsteady vortex stretching of planetary vorticity, be-
to be more southerly than typical Haida Eddies, though thdieved to be important in density-driven overflows (Beuce
model contains no mean wind-driven flows. These eddies ar@ 995 Lane-Serff and Baine4998 Cenedese et al2004).
smaller than Haida Eddies, but given their tidal origin, may This process is not likely important for the present situation.
represent a more consistent source of coastal water thatisin- The second generation mechanism, geostrophic
jected into the interior of the subpolar gyre. adjustment of mixed water, was hypothesized by
McWilliams (1985 to be the cause of submesoscale
coherent vortex (SCV) formation. SCVs have horizontal
scales not greater than the first baroclinic radius of deforma-
tion, have a predominantly anti-cyclonic rotation, and are
Eddies are an important mechanism for stirring the ocearfound throughout the world's oceans. The rotation requires
and transporting nutrients and other tracers long distance$hem to have a generation mechanism which produces a
For example, Haida eddies generated at the south tip ofotational bias such as woulq be found in the gravitational
Haida Gwaii (Queen Charlotte Islands) each transport 300¢0!lapse of recently mixed fluidSundermeyer and Ledwell

to 6000 kn? of coastal water into the Gulf of Alaska, carry- 2001

ing nutrients up to 1000 km and persisting for several years 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

Correspondence tal. M. Klymak SCVs, he argued that they could not have been generated
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produced by a mixing event, the appropriate expression forCoriolis force. This buoyant current would separate from the

potential vorticity (PV) is Gill, 1982): shore when it passed Cape St. James to form an eddy as seen
in the laboratory studies @enedese and Whitehe@D00).

g= gt/ (1)  This idea was refined bRi Lorenzo et al.(2005 who re-

H produced Haida eddies in a ROMS model but, rather than a
where¢ and f are the relative and planetary vorticity re- single separation from the cape producing a Haida eddy, it
spectively andH the depth of the mixed region. In the was found that a succession of smallei8Q km diameter)
case of these particular eddies, the depth of the mixed reeddies generated at the cape would merge together to form a
gion required to produce the observed change was unreasofarge 200 km diameter, extending to 1000 m depth) nega-
ably large, exceeding the total depth of the generation regiontive vorticity eddy. The generation cycle lasted 3—4 months,
D’'Asaro (1988 proposed instead that the vorticity was pro- consistent with observationghitney and Rober2002).
duced via bottom friction. In his observations, flow passes In our model runs below we find evidence of dipoles of
through a canyon, intensified on the right-hand side of thenegative and positive PV eddies. Similar features are seen in
canyon by the Coriolis force, generating negative vorticity on satellite images from the area (Fi.where 20-km scale ed-
the wall. At the end of the canyon, the coast veers sharplydies are seen near Cape St. James. These dipoles must have
causing the flow to separate and the negative vorticity in thea different generation mechanism than buoyant outflows past
water is manifested as anti-cyclonic eddies. the cape since that process will not produce the observed pos-

Tidal flow across a cape may generate eddies in muchtive potential vorticity. Thomson and Wilsoi§1987 noted
the same waySignell and Geyerl991 Klymak and Gregg  a similar feature near the cape in the geostrophic currents
2001, MacCready and PawlaR001). However, rather than from hydrocasts, with a anti-cyclonic eddy directly west of
generating a continuous stream of eddies rotating the sam€ape St. James and a weaker cyclonic eddy found south of
way, oscillating tides generate eddies which rotate in alterthe cape. Both eddies had radii near 20 km. Model results
nating directions. The formation and behaviour of these edwith an idealized cape and flat bathymetry implicated tidal
dies can be predicted based on the values of two parameectification as the generation mechanism because current
ters: a frictional Reynolds numbete; = H/Cga and the  variability in the eddies at fortnightly and monthly periods
Keulegan-Carpenter numbg&r = TU /a (Signelland Geyer  was quite marked.
1991). The first expresses the relative importance of advec- The features of interest here are dipoles formed at Cape
tion and bottom friction: wherd? is the water depth away St. James, likely similar to those observedThomson and
from the cape,y is the drag coefficient and the head- Wilson (1987. We use a numerical model (Seg}. of the
land length (alongshore extent). The second paramgter, Cape St. James region that has a mean stratification and is
guantifies the importance of advection to local accelerationponly forced with tides and find a fortnightly generation of
whereT is the period of the oscillating flowyy the mean ad- large dipoles via the coalescence of small frictionally gen-
vection speed and the width of the obstacle. For the case erated headland eddies (Se&}t. The character of the small
K. < Ref, an eddy will be formed on each half-cycle of the and large eddies are discussed (Sécand the implications
tide. Friction is weak enough that an eddy lasts to interactof our findings summarized (Seé&).
with the eddy generated on the successive tide and the two
eddies form a dipole and self-advect away from the cape.

To generate an eddy at all, there must be separation of th
boundary layer from the cap&yndu, 1990; separation will
occur if the radius of curvature of the cape is less tharCy
where H is the constant water depth away from an initial
slope at the coastline andy a bottom friction coefficient
(Garret} 1995. So, for a depttH of 50 m andCg~ 1x 1073,
separation will occur if the radius of curvature for the cape is

50km or less. shown in (Fig2). The axes are rotated by 39 degrees such

) . . . i
In this study, we are interested in eddy dipoles generated } ) i ) i
Cape St. James. There have been other studies of eddy gena{aﬁ?t the x- and y-axes run cross-shelf and along-shelf respec

ation at this cape, most notably to look at generation of Haid vely, similar to models for this region used Bymmins and

eddies. Haida eddies are large negative PV anomalies forngey(lggn (hereafter referred t(.) as CO97) alb_dLoreqzo .
) . . : et al. (2005 (DFCO05). The horizontal resolution varies in
in the wintertime, and are responsible for the transport of

nutrient-rich coastal water into the Gulf of Alaska/fitney the x-direction from 1.25 km along the southwestern bound-

: ary to 750 m over the shelf break to a uniform 1 km inside the
and Robe5t2003. Crawford et al(2009 hypothesmgd that' shelf break. Resolution in the y-direction is a uniform 1 km.
these eddies were generated due to northward winter Wlnd.?he model is hvdrostatic
piling surface water in Hecate Strait. The southward return y ’
flow was concentrated to the west side of the strait due to the

g Numerical model

The model used was the Regional Ocean Modeling Sys-
tem (ROMS) version 3.0Gapet et al.2008 Warner et al.
2004; largely due to a third-order approximation of ad-
vection, ROMS has been successfully employed in studies
specifically focusing on mesoscale eddy generatieord-
man et al. 2008 Di Lorenzo et al. 2005. The grid domain
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Fig. 1. Representative images from MERIS ocean fluoresence satellite showing eddy dipoles generated near Cape St. James, at the south ti
of Haida Gwaii (Queen Charlotte Islands).

In the vertical, we use a sigma co-ordinate system, with Data for tidal forcing at the model boundaries were in-
20 levels (similar to CO97 and DFCO05). There is increasedterpolated from theForeman et al(2000 northeast Pa-
resolution near the surface to account for the realistic stratcific Ocean model that assimilated tidal harmonics computed
ification used in the model, defined by the ROMS parame-from TOPEX/Poseidon altimetryCherniawsky et al2007).
ters9; = 3 andf, = 0.4, and using th&ong and Haidvogel Only the K1, O1, M2, and S2 constituents were used, as in
(1999 stretching function. In 50 m of water, this yields cells CO97. The barotropic response in CO97 agreed well with the
approximately 4 m near the sea floor, to less than 1 m neaeight constituent models, demonstrating the four constituents
the sea-surface. unused by CO97 account for a very small percentage of the

The model boundaries were far enough away from the retotal tidal variance in the region. However, this does miss
gion of interest that baroclinic momentum and tracer bound-monthly variations due to N2.
ary conditions clamped to initial conditions were satisfac- Turbulence closure is achieved via the ¢ closure in the
tory; boundary conditions for the barotropic momentum vertical (Warner et al.2004). In the horizontal, eddy viscos-
(Flather 1976 and free-surfaceghapman1985 were used. ity was a constant.B n? s~! and eddy diffusivity was set to
The fidelity of our boundary forcing was not checked but thatO since the tracer advection scheme includes some inherent
of the northeast Pacific model from which they were derivedsmoothing.
was. Table 1 of Foreman et al. (2000) shows that the com- Bottom stress was calculated as a function of water depth
bined inaccuracy of the M2, S2, K1, and O1 tidal heights and turbulence length scale at the sea floor from the log-
with respect to satellite altimeter observations should, on avarithmic profile suggested bWarner et al.(2004. This
erage, be approximately 5cm 3 %). At Cape St. James, requires specification of a bottom roughness, in this case
these four constituents account for approximately 70% ofZy,=0.02m. In 50 m of water at peak tidal flow, this is
the total tidal range in the diurnal and semi-diurnal frequencyroughly equivalent to a quadratic drag coefficient of 0.008
bands. acting on the velocity in the bottom cell. A sensitivity test

Initial conditions consisted of zero motion and a hori- was run withZy,=0.001 m (equivalent to a quadratic drag
zontally uniform stratification representative of the summercoefficient of 0.003 in 50 m depth) that produced qualita-
stratification for this region (based on the stratification usedtively similar results.
by CO97); it is defined by linear trends in salinity and tem-
perature near the surface, followed by an exponential drop
off at depth (Fig2).
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Fig. 2. Alignment of grid over the Queen Charlotte Islands shelf and Sound, every 10th grid point indicated. Stratification is indicated in the
right-hand plots.

Potential vorticity balance where Ab is the background buoyancy difference from the
surface tazpg4. Therefore the anomalyy Q, is just the aver-

Eddies are diagnosed in the rest of the paper using the fulhge vertical component of the relative vorticity from the sea

Ertel potential vorticity surface to the rest depth ef = 24 kg nT3, which is about

100m.
g=(f+V xu)-Vb ) m

wheref = fk is the Coriolis parameteq) the velocity, and 3 Regults
b= —gp/p, the buoyancy. Lagrangian changesgircan
only be caused by spatially inhomogenous mixing (or ther-3.1  Overview
mal forcing) and friction farshall and Nurser1992):
The most striking feature when running a tide-only simu-

5 advection = forque buoyancy flux lation is the formation of self-propagating mesoscale eddy
5 = U Ve (VX F)-Vb+(f+V xu)-VD. (3)  dipoles at Cape St. James (Fiythere are also two Supple-

ment movies in mpeg-4 format). These eddies are approxi-

These terms require considerable care to evaluate in a modehately 20 km in diameter and counter rotating (Fjwith

like ROMS as discussed in the Appendix. velocities in excess of. 285 ms'1. Tracking the eddies, we
For the budgets in this presentation, PV is integrated fromsee that they move towards the south with a speed of approx-

the depthe24 (Whereoy = 24 kg nm3) to the surface to arrive  imately 6 kmd. A new eddy dipole can be identified every

at a vertically integrated PV. 14 days, forming at the end of spring tides and propagating
0 offshore with neap tides.
0= / q dz, (4) Significant vorticity anomalies are also advected north-
224 wards along the west shore of Haida Gwaii (RBj.A semi-

Each location in the model domain is assigned a verticallype_rmanent dipole can be seen at approxmaﬁe{yzoq km.
integrated rest-state PV This feature does not appear to separate from the island and

migrate into the interior, and we do not pursue it further here.
0 The source of the vorticity in the large eddies is the strong
Qo =/ f-Vb, dz, (5)  tidal flows near the cape (Fig). Small ¢~ 3-km radius)
2 dipoles are generated each tide, some of which migrate into
and we often present the anomalyQ = Q — Q,,. Barring  a“coalescence zone” where they merge with previously gen-
changes irb with time, we can integrate to see that erated eddies to form the mesoscale eddies.

AQ R~ Ab(Vy x W), (6)

Ocean Sci., 7, 48502, 2011 www.ocean-sci.net/7/487/2011/
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Fig. 3. Integrated PV in coalescing eddies over the whole model run showing the propagation of dipoles offshore. PV has been integrated
from oy = 26 kg M3, or approximately 100-m depth, to the surface. Gray boxes indicate eddy dipoles tracked below. Note the change in the
color limits compared to Figs. The inset box in each panel is the envelope of mean cross-shelf tidal velocity in a 5-km box near the cape,
with a dot representing the tidal velocity for the panel pictured. Highs denote spring tides, lows are neap tides.

Negative potential vorticity (PV) generation at Cape St. tive eddy is formed to the east of the cape (noted with a gray
James occurs on the ebb tide, and positive PV generatiobox). During the strong ebb that follows, the original eddy
on the flood (Fig5). The generation and subsequent coa-is pushed further offshore and to the south where it merges
lescence of large-scale eddies follows a repeatable pattermvith a more diffuse larger eddy. The new eddy (gray box) is
Early in flood tide, a small patch of positive PV (red, radius pushed to the north with tidal flow that rounds the cape.
of ~ 3 km) forms on the east side of the cape (Fghour
6.5; note that there are two other patches of positive PV iden3.2  Tidal phase and coalescence
tified from previous tides). When the tide ebbs (hour 12.5—

16.5), this patch is advected westward and negative PV (blue) he tidal inequality leads to the coalescence. In the example
is generated on the west side of the cape, although this genefbove, the positive eddy advected west by a weak ebb tide
ation is not nearly as clear as the positive PV generation dugoalesced into the positive half of the dipole, while the eddy
to the lingering presence of negative PV in the region fromadvected by a strong ebb was swept away from the cape and
previous ebbs. During the following flood (hours 18.5, 20.5), t0 the north. Here we track eddies over a number of tidal

the original eddy is advected back eastward and a new posicycles and see that pattern repeated in the 48 days of simula-
tion (Fig. 6), with coalescing positive PV anomalies formed

WwWw.ocean-sci.net/7/487/2011/ Ocean Sci., 7, 8892-2011



492 W. Callendar et al.: Near-mesoscale tidal dipoles

during weak tidal flows and tend to merge with whatever
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b g RERERRE 1 dies merge with the next tide (“Early”). A model run with
p s RS ""g just a semi-diurnaM> (Fig. 8) has vorticity generated at the
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SN TR et N My S . The small eddies coalesce into large dipoles south of the
X TRERSEeeE) SR NS LT cape. In an example dipole (Fig) the clockwise (counter
o S e b RN, SldadA XN clockwise) eddy has a diameter of approximately 30km
40 60 80 100 120 (25km) and extends to 100 m (150 m) depth; with these di-
X (km) mensions, the total volume of each eddy is close to 7

1019m3. Velocities reach up to 20 cn$ in each eddy. The
Fig. 4. Vertically integrated potential vorticity for day 31 of atidal  djpole travels southwestward at a rate of 6 knt (calculated
model run. Vorticity anomalies are concentrated at the cape, bufom the motion of the dipole in the first cycle as it is the only
a mesoscale vortex dipole has organized and is propagating soufine 1 move a significant distance in the length of the model
west. run). While the density within the negative eddy is approx-
imately constant at this depth (Fi§c) , there is upwelling
of isopycnals within the positive eddy (Fi§d). This dipole
on strong floods followed by weak ebbs. Tracking the eddieds representative of the others we simulated, though each has
in detail, we see that those that coalesce follow a path verslightly varying sizes and strengths (F&).
similar to the example above, with the eddies being pushed
further to the Southeast during the flood tide, and then fur-3.4 Frictional generation of positive PV
ther to the south during the weak ebb tide (Filg). Positive

eddies that went north were pushed further off the cape byl "€ PV anomalies in the headland eddies are generated by
the strong ebb tides. friction at Cape St. James (Fifj0). As the tide ebbs (floods)

In each spring-neap cycle there are 5-7 positive PV ed at the cape, negative (positive) PV is generated where the

dies which coalesce (Figh). There are usually 1-2 more amount of PV generated varies with the strength of the tide.

which enter the coalescence zone before the others, but theg—epe role of diapycnal mixing in generating the eddies is in-

quickly mix with the negative PV in the region and so do S|gn_|f|_ca_nt ('.:'9'10’ gray Ime){ so the _domma_nt source of
. . . . vorticity is frictional torque (thin black line) which balances
not contribute towards forming the final large eddy. The first . .
. . . the rate of change in the volume except for a relatively small
eddy marked as a coalescing eddy mixes slightly, but stays

) . net advection. The advection is most notable during strong
intact for the most part. Each subsequent eddy which en bbs where PV is being advected west of the cape.

ters the coalescence region interacts with the eddies alreaoe . L
9 Y The source of the torque is bottom friction induced by the

girr?g?l(znﬁ;?ge;?(;?ggn??g d\;\fjrs%pzlggyail?fg?r?]:;m other until ashallow water and faster flows around the cape (EiD.

) B Positive PV is generated during flood tides and negative dur-
The above tracking was for positive PV. We do not track

> > ing ebb almost everywhere around the cape but particularly
specific patches of negative PV from the cape to the coa-

: i ; ; _“““concentrated near the cape tip.

lescence zone because isolating negative PV is complicated

by significant negative PV that remains attached to the cape3.5 Efficiency of PV generation

However, qualitatively a large negative PV feature emerges

in this region next to the positive PV feature, growing at a The largest component of vorticity production near the cape
similar rate. Thus, a large dipole is produced to the westis friction. Here we note that this friction is more than ad-
of the cape due to coalescence of small eddies generated atjuate to generate the observed vorticity in the tidal eddies,
the cape. There were a number of eddies during neap tideand that these small eddies have more than enough vorticity
that were less easy to classify, so we call them “Mixed” andto produce the mesoscale dipoles.

“Early coalescing”. The “mixed” eddies tend to not be ad-  Approximately 450 s—3 of positive PV is generated if
vected very far to the west and lose their identity to mixing we integrate over a flood tide (Fig2). If we compare this to
with negative PV near the cape. The “early” eddies occurthe vorticity in the qualitatively tracked 6-km-by-6-km tidal

Ocean Sci., 7, 48502, 2011 www.ocean-sci.net/7/487/2011/
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Fig. 5. Tidal evolution of vertically integrated potential vorticity anomaly for 24 h of the model run. PV has been integrated as3in Fig.
Arrows are velocities at 50-m depth; mean tidal flow with the inset panel. Positive vorticity anomalies are identified and tracked with boxes
— black boxes coalesce into the mesoscale features south of the cape, gray boxes advect northwards.

%  Coalescing eddies

40 45 50

"‘ '““H’hh | i | '“ Hh,ﬂi'iluh‘v I r 1:“‘M‘!llﬁ“’l i i 'l lll,“"“’ﬂl

Fig. 6. Timing of coalescing eddy generation for whole model run. Eddies are advected into the coalescing zone during strong floods

followed by weak ebbs.

eddies (Fig5) we see that the eddies initially gain something itive PV leaks out of the identified eddy cores, or mixes with
like half this integrated positive PV. This vorticity rapidly the surrounding negative PV diluting its strength, therefore

drops, however, to a value less than 599, or 10 % of

the total generated that tidal cycle. The remainder of the posthe available positive PV.
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we put initial generation of tidal headland eddies at 10 % of
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torque generation and the rate of change of PV in the region is due to advection.

The coalescence of the small eddies into large dipoles igo form the larger eddy (Figl3), containing a positive PV
more efficient. Tracking the big eddies (boxes, Bgshows
that they have an initial growth phase as tidal eddies coalescally larger than the amount we would assess by simply sum-
before the eddy moves offshore (Fig). This is followed by
a large drop in integrated PV as the final organized form ofcating that our accounting has allowed some of the PV to leak
the dipole emerges. The total PV in the first eddy is less tharout of the 6x 6 km boxes we used to track the tidal eddies.
the subsequent eddies, and tracking the PV becomes complRather than attempt a more convoluted accounting, however,
cated as the second and third eddies merge.

Looking more closely at the second mesoscale dipoles consistent with the amount of PV in the headland eddies

formed in the model run, seven small eddies have coalescethat feed them.

WwWw.ocean-sci.net/7/487/2011/

anomaly of approximately 490%s 2. This anomaly is actu-

ming the PV from the eddies as accounted for in ERindi-

we simply point out that the growth of the mesoscale eddies
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integration is performed vertically between the surface arg26 kg ni3. Both the middle and lower panels 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; errors on order of one day arédjk&lyn of positive and negative

vorticity in the dipole pairs.

After initially forming, the second mesoscale eddy stabi-
lizes to approximately 400#s~2 PV (Fig. 13). Again, this
is an approximate value due to variability in both the amount Mean barotropic current (m/s)
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 h of be- 1501~
ing generated,; the last few eddies may take more than 36 h to
coalesce. This difference is due to the large dipole beginning
to move away from the cape.
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3.6 Asymmetry of eddy-shedding

PP

1301. . -
The asymmetry of dipoles shedding to the west of the cape
and never to the east is due to a tidally-rectified mean current 1201
which travels southwest across the cape tip (E#). Craw- ]
ford et al.(1995 noted a consistent 20 cmsflow near the 1104 - s
tip of the cape and concluded it was due to tidal rectification. T . .
The negative PV eddy is seen in this figure in the velocity 110 120 130 140
signal to the west of the cape. A northward current is also X (km)

seen running along the shelf break £ 110km), as seen

in other tidally-driven models for this regio@€(mmins and  Fig. 14. Mean barotropic current near the cape.
Oey, 1997).
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4 Eddy characteristics may account for some of the initial loss of vorticity in the
tidal eddies after their formation.
4.1 Eddy size
4.4 Advection of eddy dipole
With radii of approximately 10-15 km, the lateral size of the
eddies in the final dipole is smaller than the first baroclinic The large dipole propagates towards the south at approxi-
Rossby radiusr~20km in the deep ocean at this latitude mately 6 kmd?, which is somewhat surprising given the
(Chelton et al.1998. The tidal eddy size can very roughly tendency of mesoscale monopoles to propagate to the west-
be estimated by noting that the region of high torque neamward due to the planetary beta effeGushman-Roisin et al.
the cape is approximately 9 km wide with flows averaging 1990, or northward along the continental slope due to the
0.25ms! for a total area corresponding to an eddy with a topographic beta effect. Under the beta effect an eddy would
radius of 4 km, similar to the 3-km tidal eddies observed.  also be expected to propagate considerably slower, at ap-
proximately 1 kmd? for the stratification and latitude here
4.2 Shedding frequency (Cushman-Roisin et al1990), a speed shared with the open-
water Haida eddiesGower and Tabatal993 Crawford
The situation at the cape tip is analogous to flow separappp2. Therefore the dynamics here are not likely to be the
tion around a blunt object, with a localized torque exerted g, al self-induced beta-effect drift.
by a boundary layer resulting in separation. Separation bub- A petter analogy for the fast propagation speed may be
bles behind blunt obstacles sometimes shed into the interiogefagvecting dipoles. For a vortex pair in a non-rotating
For a buoyant outflow with strong rotation this occurs when barotropic flow: ¢ = ['/4rd, whereT is the circulation in

the eddy reaches the size of a Rossby radilengdese and  gach eddy and®the distance between the centers of the
Whitehead 2000. When rotation is not important then the gqqjes. Evaluating this for the eddies observed here we ar-

shedding frequency is rive at 10 km d* which is faster than the observed translation
U speed, but much faster than the beta-drift model.
n= 0~25 (7 A possible explanation for the slower self-advection is that

the dipole starts in shallow water and then moves out into
where 0.2 is the Strouhal numbér,=0.2ms! the mean the deep water. The vorticity is largely confined to the sur-
flow, andd ~ 4 km the scale of the cap&ndu, 1990. This face waters (Fig9) but likely has a form drag exerted on it
implies less than one cycle a day, so we would not expecby the water below that slows the propagation speed down.

more than one eddy to be shed per tidal cycle. Eddies in a stratified environment can radiate “lee waves”
(Afanasyey 2003 that require energy from the mean flow.
4.3 Eddy-pairing However we do not know of a good theory for determining

how much this effect would slow down the self advection of

We noted above that the diurnal inequality in the tides wasthe dipole, and leave it as a subject for future study.
necessary for some of the tidal eddies to coalesce into the The dipoles generated are of practical interest only if they
dipole. Following Gignell and Geyerl99J), this can also be  |ast long enough to transport whatever nutrients or other trac-
approached by comparing the timescale of eddy advectiorrs they may contain over long distances. We can estimate
to the tidal period, or the Keulegan-Carpenter numkige= the decay rate of the first dipole as being about 10% be-
TU,/a, whereT is the tidal period/J, is the tidal velocity,  tween days 10 and 20 (Fid.3). Assuming an exponential
anda the along-flow width of the cape ~2km. For the  decay, this means the PV in the dipole will decay to 10 % of
weak ebbs where the eddies coaleség<0.2ms™ and  its original value in 219 days. At 6 kmd-1, the dipole will
K. <45 (Fig. 7a); for the strong ebb&, >0.5mst and  have traveled 1314 km, a significant distance into the Gulf of
K. > 12. Signell and Geye(199]) found that lowX . flows  Alaska. It should be cautioned that the advection of these
tend to have interacting eddies as seen during our weak ebéddies is in the absence of local winds or basin-scale flows,
tides, whereas higlic. flows tend to sweep the eddy out of and that they would be expected to refract in the real ocean.
reach of interacting with the headland. The phenomenology
in our case is a little richer, as we have a tidal inequality
that can create a larger negative eddy than positive, leading Summary and discussion
to more complex interactions, but our results are in rough
agreement wittsignell and Geye(1991). Here we have demonstrated a unique mechanism for the cre-

For shallow water, the spin-down time of the eddies isation of mesoscale potential vorticity anomalies, and in par-
also important, represented by a frictional Reynolds’ numbetticular of cyclonic PV anomalies. Anti-cyclonic PV anoma-
Res = H/Cga, whereH is the water depth an@q~ 0.008is lies are very prevalent because they are the natural result of
the seafloor drag co-efficient. FAr~ 100 mRes ~ 6, which gravitational collapse of mixing regions, whereas eddies of
means that the influence of the seafloor is not very large, buboth signs are understood to be produced by separation of
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buoyant or wind driven mean flows. Here, however, the alter- That said, we do not want to overstate the case that the
nating tidal flows past a cape were observed to coalesce inteddies observed in this model are important or cause the pos-
a dipole of PV anomalies that then propagated away from thetive vorticity features seen in the satellite pictures (Rip.
boundary. It is conceivable that the satellite observations could be ex-
Of course there is nothing new about the formation of tidal plained by a sudden relaxation of a south wind that re-
headland eddies. They are common in coastal environmenteases buoyant water from Queen Charlotte Sound, acceler-
(i.e. Geyer and Signelll99Q Klymak and Gregg2001% Ed-  ates around the Cape and induces positive vorticity as it lat-
wards et al.2003. The potential of Cape St. James to gen- erally shears with the ambient water. Certainly the satellite
erate tidal vorticity has also been previously recognized byimages are reminiscent of this process from laboratory stud-
(Thomson and Wilsan1987 who found observational and ies. However, whether such a flow could create shears strong
numerical modeling evidence of positive vorticity on the eastenough to induce such a strong potential vorticity signal is
side of the cape, and negative on the west. What is uniqueot clear. We consider the tidal mechanism demonstrated
here is the coalescence of this vorticity into a large-scaleéhere to be intriguing as it is a steady source of vorticity that
dipole that propagates offshore faster than implied by themay act year round and in many different locales. The partic-
beta drift. ular implication for Cape St. James is that the transmission
The dipoles that form are distinguished from the larger of high nutrient, coastal water into the Northeast Pacific is
Haida Eddies that occasionally form at Cape St. Jamed#ot restricted to the winter when Haida Eddies are primarily
(Crawford et al. 200). The Haida Eddies are all anti- generated.
cyclonic (negative PV), significantly larger, with radii greater
than 40 km, and move much slower (about 1 km)d Their
formation is consistent with the mechanism proposed byAppendix A
D’Asaro (1989 for a mean flow separating from a sharp
headland Di Lorenzo et al. 2005, where the mean flow at Potential Vorticity budget
Cape St. James is believed to come from the spring runoff
changing the buoyancy in Queen Charlotte Sound, or fromWe are interested in understanding the formation of eddies
wind forcing. Haida eddies may be the dominant local vor-in the model. Eddies are characterized by anomalous PV,
ticity signal, but their mechanism cannot produce the positiveso we diagnose the change of PV in regions of the model.
vorticity observed in some of the satellite images (Big. The chosen control volume is bounded in the horizontal by
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along-shore and across-shore transects and in the vertical byhere
two isopycnals. A logical choice for this analysis is a PV v 9u\ 9
budget Thomas et a).2008 T08). T08 wrote a PV bud- ADV = <f+— - —) &(ADVb) (A9)

. . . . a a
get for use with a ROMS model to investigate the generation 9 8x Y

mechanism of intrathermocline eddies at wind-forced fronts. +——(ADVv+CORv)
The model this budget was based on had a flat bottom, con- dz dx
stant horizontal resolution and a rigid lid, so this budget was —%i(ADVu—l—CORu)
adapted for use with the more realistic model used here. This 9z dy
i \ ob o
budg(.at was based on the equation for the full Ertel Bl ( +92 9 (ADVu+COR)
1982: dy 0z
f+V xu)-Vh Al +249 ADv)
i ' i icti b 9
Cha_mges in PV arise from advect_lon, fr|ct|onal_ torques, _and _%% 9 (ADVv+CORv)
mixing as shown by each term in the following equation dx 0z
: adv d
(Marshall and Nurse1992 ——U—(ADVb)
advection torque buoyancy flux 9z dx
9 NG+ (VX Vb1V %) VD (A2) ab [ 8 9
ar 1 ' FRIC = = <8—(FR|CU) — 8—(FRICu)—> (A10)
z \ox y
The friction term introduces PV through torque exerted by b 9b 9
body forces acting perpendicular to the density gradient — —(FRICu) — — —(FRICv)
T . . o - dy 0z dx 0z
which is primarily vertical in the ocean. To good approxi-
mation all friction forces are given by 9v  9u\ 9
DIA = <f+———>—(DIAb) (A11)
ouy ~ dx dy /) 0z
F=V. Kma_k (A3) 9u 9
< +5- 5. (DIAD)
where K, is the vertical diffusion of momentum in the 812) 8y
model. The buoyancy flux term is given Ky, the diffu- ———(DIAD)
sion of heat in the model as 9z dx
ab ~ ab (9 d
D=V. (KH— ) (A4) Pres= — | — (PRES) — — (PRES) (A12)
0z dz \ 0x ay
. . ob 0 ab d
Due to the non-linear terms in the above, we follow T08 +——(PRES) — — —(PRES)
and use the diagnostics from the model to form the vorticity dy 9z dx 9z
budget. The buoyancy equation has terms The last term should be zero because it is the curl of a gra-
9b dient, so non-zero values represent errors due to the finite
— =—u-Vb+D,=ADVbH+DIAD (A5) difference approximations in the model.
ot We wish to evaluate the PV equation equatié8) over a

where ADWb and DIAb are diagnostics output by the model. Volume V' (z) that changes with time and is defined laterally
Similarly the momentum equations have diagnostic termdgPy lateral grid cells in our domain of interest, and vertically

like: by isopycnals. Using Leibniz’ theorem
d
u = ADVu + CORu« +PRES: + FRICu. (A6) —f qdv = f (ADV +FRIC+DIA + Preg)dV
ot dr Jy o 140)
The vertical velocity in ROMS is a diagnostic variable de- +/ quy -dA, (A13)
termined from continuity, so the vorticity equation may be A
approximated: whereuy is the velocity of the bounding volume andd
bounding area element, positive outwards. The temporally
ob dudb Jvab . . S
g~ (f+Vgxup) —+————— (A7) discretized equation is therefore:
dz 0z dy dzox
Writing the PV equation as components yields: /V/q/ dv = 8t/VADV +FRIC+DIA + PresdV
d
8—‘; =ADV + FRIC+ DIA + Pres (A8) + /V 9 dv (A14)
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whereg’ is the vorticity at the new timestep afd— V is the Chelton, D., Deszoeke, R., Schlax, M., El Naggar, K., and Siwertz,
volume that has changed between the time steps, in this case N.: Geographical variability of the first baroclinic Rossby radius
both above and below the initial positions of the isopycnals. ~ of deformation, J. Phys. Oceanogr., 28, 433-460, 1998.

Discretization required care in centering derivatives onCherniawsky, J., Foreman, M., Crawford, W., and Henry, R.: Ocean
the appropriate grid cells, and the diagnostic data output by tides from TOPEX/Poseidon sea level data, J. Atmos. Ocean.
ROMS was calculated at the midpoint of the snapshot databrTeCh" 18, 649-664, 2001.

. . . awford, W.: Physical characteristics of Haida eddies, J.
from the model, so the diagnostics were interpolated to the Oceanogr., 58, 703—713, 2002.

snapshots. Time derivatives were centered. Crawford, W., Woodward, M., Foreman, M., and Thomson, R.:

In the case where the control volume included land-  oceanographic features of Hecate Strait and Queen Charlotte
masked regions, the masked grid cells and those directly ad- sound in summer, Atmos. Ocean, 33, 639—681, 1995.

jacent were not included in the calculation. Crawford, W., Cherniawsky, J., Foreman, M., and Gower, J.:
The results of the budget indicate good agreement between Formation of the Haida-1998 oceanic eddy, J. Geophys. Res.-

the rate of change of PV observed in the volume, and the Oceans, 107, 306@0i:10.1029/2001JC000878002.

terms that drive those changes (Fi§). There is a clear tidal Cummins, P. and Oey, L.: Simulation of barotropic and baroclinic

signal to the total PV at the cape, with positive PV changes tides off northern British Columbia, J. Phys. Oceanogr., 27, 762—

during flood tide, and negative during ebb. All the terms ex- 781,1997. )

cept the DIA and PRES: are large, indicating the impor- Cushman-Roisin, B., Tang, B., and Chassignet, E.: Westward Mo-

t f friction f ducina the PV and advection i tion of Mesoscale Eddies, J. Phys. Oceanogr., 20, 758-768, 1990.
ance oririction for proaucing the and advection in mov- D’Asaro, E.: Generation of submesoscale vortices: A new mecha-

Ing it away. nism, J. Geophys. Res, 93, 6685-6693, 1988.

) ) Di Lorenzo, E., Foreman, M., and Crawford, W.: Modelling the
Supplementary material related to this generation of Haida Eddies, Deep-Sea Res. Pt. II, 52, 853-873,
article is available online at: 2005.
http://www.ocean-sci.net/7/487/2011/ Edwards, K. A., MacCready, P., Moum, J. N., Pawlak, G., Klymak,
0s-7-487-2011-supplement.zip J. M., and Perlin, A.: Form Drag and Mixing due to Tidal Flow

past a Sharp Point, J. Phys. Oceanogr., 34, 1297-1312, 2003.
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