
Modeling the generation of the Juan de Fuca Eddy

M. G. G. Foreman,1 W. Callendar,1,2 A. MacFadyen,3 B. M. Hickey,3

R. E. Thomson,1 and E. Di Lorenzo4

Received 28 December 2006; revised 14 August 2007; accepted 26 November 2007; published 8 March 2008.

[1] Numerical simulations with the Regional Ocean Modeling System are used to study
the generation of the cyclonic Juan de Fuca Eddy located off the entrance of Juan de
Fuca Strait in summer. An initial simulation forced with average summer upwelling
favorable winds, tides, and buoyancy boundary conditions that maintain an estuarine
flow in Juan de Fuca Strait produces an eddy and currents that are in reasonable
agreement with observations. Sensitivity studies are then carried out to explore the
importance of these three forcing mechanisms. The relative proximity of dense water in
the bottom estuarine flow entering the strait is shown to lead to enhanced upwelling off
Cape Flattery when either wind or tidal forcing is applied. This upwelled water then
mixes with the estuarine outflow and is advected offshore. The tidal upwelling arises
through three mechanisms: M2 vertical excursions of nearly 20 m at 50 m depth west of
the cape on the flood tide; strong tidally rectified vertical velocities west of the cape;
and the spilling of denser bottom water over the western wall of Juan de Fuca Canyon on
the ebb tide. The cyclonic eddy is a consequence of geostrophic adjustment to the doming
isopycnals that arise from the upwelling. These model simulations refute an earlier
hypothesis that the eddy is generated when California Undercurrent water is drawn up
Tully Canyon and onto the Vancouver Island shelf, suggesting instead that these canyon
dynamics play only a secondary role in maintaining the eddy once it is formed.
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1. Introduction

[2] The Juan de Fuca Eddy (also known as the Tully
Eddy) is a cyclonic feature located off the entrance to Juan
de Fuca Strait in summer (Figure 1). Although Freeland
and Denman [1982] demonstrated that this upwelling eddy
is composed of California Undercurrent (CUC) water and
proposed a mechanism that could transport this water onto
the Vancouver Island shelf via the Juan de Fuca and Tully
(Spur) Canyons, they were vague on the precise eddy
generation mechanism. Unlike the Sitka and Haida Eddies
[Tabata, 1982; Crawford, 2002; Crawford et al., 2002; Di
Lorenzo et al., 2005] that are formed regularly further north
along the British Columbia and Alaskan Shelves and that
detach and migrate into the Gulf of Alaska, the Juan de Fuca
Eddy is a quasi-permanent feature that is always located in
approximately the same location [Freeland and McIntosh,
1989], though its shape does vary slightly [MacFadyen et

al., 2005]. This suggests a strong link to topography and/or
persistent seasonal current features.
[3] The upwelled water in the Juan de Fuca Eddy plays a

significant role in making the southern Vancouver Island
and northern Washington continental shelves one of the
most productive fisheries regions (in terms of metric tons
per unit area) in the northeast Pacific [Ware and Thomson,
2005]. Understanding the ecosystem dynamics that cause
this region to be so productive is important both in the
context of present fisheries management and with regard to
the changes that are anticipated under global warming
scenarios projected for the next century [Canadian Parks
and Wilderness Society, 2005]. Given the role that the eddy
appears to play as an initiation site for harmful algal blooms
[Trainer et al., 2002], it is also important to understand the
underlying physical dynamics that cause its generation and
collapse so that a predictive capability can be developed for
these events.
[4] The Juan de Fuca Eddy is often seen in summer

AVHRR satellite images as a patch of cold water at the
entrance to Juan de Fuca Strait. Its cyclonic nature is also
apparent in fluorescence images (Figure 2) that differentiate
between low chlorophyll water emanating from Juan de
Fuca Strait and more productive water on the shelf. The
presence of the eddy was first suggested by Tully [1942] and
described in detail by Freeland and Denman [1982] (hence-
forth FD82), Denman and Freeland [1985], and Freeland
and McIntosh [1989] (henceforth FM89). The hypothesis
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proposed by FD82 is that an eddy appears about the time
of the ‘‘spring transition’’ when prevailing alongshore
winds switch from southeasterly to northwesterly and
drive a southeastward current over the outer continental
shelf and slope. In the upper layer, the eddy is nearly
geostrophic with a pressure gradient toward the eddy
center balancing the outward Coriolis force. Further down
the water column, this momentum balance is disrupted
because the narrow Spur (Tully) Canyon blocks circulat-
ing flow and causes the velocities and the Coriolis term to
approach zero. However, the inward pressure gradient
remains and it drives an up-canyon flow that draws in
water from the shelf edge. As noted by FM89, Allen
[2000], and Allen et al. [2001], any southward flow that
crosses a canyon will drive an up-canyon flow. Thus the
presence of an eddy is strictly not necessary for this type
of upwelling.

[5] It should be noted that although the FD82 analysis
demonstrated that the bottom water in Juan de Fuca Canyon
originated with the CUC, this may not always be the case.
In times of marked upwelling it probably is, though cer-
tainly any CUC water will mix with regional water masses
as it moves up the canyon. In a seasonal water mass analysis
recently performed for the Straits of Juan de Fuca and
Georgia, Masson [2006] referred to this dense water as
‘‘deep inflow from the shelf’’. In a similar analysis for the
western continental margin of Vancouver Island, Mackas et
al. [1987] found both CUC and ‘‘coastal deep’’ water to be
present in Juan de Fuca Canyon. On the basis of these
results, we will assume that the denser water that is
upwelled to form the eddy is not solely composed of
CUC water.
[6] Although there have been previous numerical inves-

tigations of the Juan de Fuca Eddy, none yielded a conclu-

Figure 1. Geography and bathymetry (m) off the entrance to Juan de Fuca Strait. Transects A, B, and C,
along longitude 124.69�W and latitudes 48.42�N and 48.38�N, respectively, will be used in subsequent
figures or referred to in the text.
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sive generation mechanism. Weaver and Hsieh [1987]
demonstrated that a buoyancy flux emanating from Juan
de Fuca Strait might result in the formation of counter-
rotating eddy pairs on the continental shelf. Klinck [1988]
showed that a barotropic flow-passing over a narrow canyon
that cuts across the shelf will produce an eddy over the
canyon. The simulations of Masson and Cummins [2000]
generated a cyclonic eddy at the entrance of Juan de Fuca
Strait when a northwest wind interacted with the estuarine
flow emanating from the strait. However, they didn’t
examine the eddy generation dynamics further as the
Vancouver Island Coastal Current [VICC; Thomson et al.,
1989] was the primary focus of their model investigations.
Also, finally, though the average summer circulation simu-
lated by Foreman et al. [2000b] included the Juan de Fuca
Eddy, this model was spun-up from, and strongly nudged to,
three-dimensional climatological temperature and salinity
fields that reflected the presence of that eddy. So the model
did not generate an eddy from first principles.
[7] The objective of this study is to employ numerical

experiments partially validated with observational data to
better understand the flow dynamics near the entrance of
Juan de Fuca Strait, with particular attention paid to the
generation of the Juan de Fuca Eddy. The paper is
organized as follows: Section 2 provides some details on
the numerical model; section 3 compares observations with
the results of a baseline simulation that generates the eddy
with tidal, estuarine, and average summer upwelling fa-
vorable winds; section 4 describes sensitivity studies to
examine the role of each of these three primary forcings;
and section 5 describes the upwelling dynamics leading to

eddy formation. Finally, the results are summarized and
discussed in section 6.

2. Model and Forcing Details

[8] The model employed in this study is the Regional
Ocean Modeling System version 2.2 (ROMS, http://
www.myroms.org/index.php) that has garnered wide usage
in regional and coastal circulation studies [Chassignet et al.,
2000; Haidvogel et al., 2000, 2008; She and Klinck, 2000;
Marchesiello et al., 2001a; Di Lorenzo, 2003; Shchepetkin
andMcWilliams, 2005;Di Lorenzo et al., 2005;Warner et al.,
2005; Wilkin, 2006]. The model domain chosen for our
application is bounded by approximately 45.5�N to 50.0�N
and 123.5�W to 128.5�W (Figures 1 and 3). There are 20
levels in the vertical with enhanced resolution in the surface
and bottom boundary layers as given by the S-coordinate
parameters qb = 0.8 and qs = 5.0 [Song and Haidvogel, 1994].
(As a test with 40 vertical levels and the same S-coordinate
parameters produced essentially the same results as those
soon to be described for the baseline case, this vertical
resolution was deemed sufficient.) A stretched coordinate
rectangular grid (Figure 3) with resolution as coarse as 5 km
adjacent to the western boundary and as fine as 1 km near
Cape Flattery and the entrance to Juan de Fuca Strait was
employed to obtain an accurate representation of topographic
and coastal features in the region of interest without the
computational demands that would be needed to maintain the
same resolution everywhere. The model bathymetry is a
smoothed interpolation of data from a variety of sources
including: ETOP02 and the NOAA database for deep values
off the continental shelves; the National Geophysical Data

Figure 2. MERIS satellite fluorescence for 6 June 2003
(courtesy of the European Space Agency and provided by
J. Gower and S. King). Offshore black regions are clouds.

Figure 3. The horizontal model grid and 200 m depth
contour. Rectangles represent 8 grid cells in each direction.
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Center (NGDS/NOAA) (http://www.ngdc.noaa.gov/mgg/
coastal/coastal.html); and the Canadian Hydrographic Ser-
vice charts and databases for depths along the Vancouver
Island and Washington shelves and inland waters. In order to
avoid the creation of mudflats during low tide, the minimum
model depth was set to 3 m. The bathymetry was smoothed
using a Shapiro filter to satisfy theDh/h � 0.3 criterion (h is
the depth at a grid node and Dh is the depth change to
neighboring nodes) recommended for sigma coordinate
models [Mellor et al., 1994]. With respect to the generation
and maintenance of eddies, ROMS provides several options
for computing the advective terms in the momentum equa-
tions. On the basis of the work of Di Lorenzo et al. [2005],
who found that a less accurate second-order centered scheme
was not as successful in generating Haida Eddies, all simu-
lations described here employed a third-order upstream bias
scheme.
[9] A modified radiation condition [Marchesiello et al.,

2001a, 2001b] coupled with nudging to climatology was
used along the open boundaries to help stabilize long-term
integrations of the model. In order to maintain an estuarine
flow at the Juan de Fuca Strait boundary, this nudging was
given an e-folding timescale of 1.0 days for the temper-
atures and salinities associated with flows entering the
model domain and 30 days for flows leaving. Along the
northern, western and southern boundaries, the incoming
and outgoing nudging timescales were set to 30 and 60 days,
respectively. In keeping with Warner et al. [2005] who
accurately simulated temporal variations in mixing and
stratification over the spring-neap tidal cycle in the Hudson
River estuary, the generalized length-scale (GLS) turbulence
closure scheme [Umlauf and Burchard, 2003] with k-e
parameters was chosen for the vertical mixing and the
bottom stress was computed using a logarithmic formulation
via bottom roughness. More complete descriptions of the
model numerics, open boundary conditions, and mixed layer
parameterizations are given by Shchepetkin and McWilliams
[1998, 2003].

[10] Initial conditions for the model were computed from
a combination of the Levitus et al. [1994] temperature and
salinity monthly climatologies and a similar database with
much higher spatial resolution that has been constructed at
the Institute of Ocean Sciences using all available historical
data for the Alaska, Washington, Oregon, and British
Columbia shelves (http://www.pac.dfo-mpo.gc.ca/sci/osap/
data/alaska/default_e.htm). Though the data archive is more
extensive and the smoothing techniques were slightly dif-
ferent than those described by Foreman et al. [2000b], the
resultant average summer sigma-t contours at 50 m depth
are very similar to those shown in Figure 4a of that
publication. It should be noted that although the model
initial conditions include temperature and salinity signatures
of the Columbia River discharge, flows from that and other
rivers are not explicitly included in the model forcing.
[11] Wind-forcing was computed using output from the

University of Washington mesoscale atmospheric model
(MM5) with 4-km resolution (http://www.atmos.washington.
edu/mm5rt/). Tinis et al. [2006] recently compared 2003
summer and fall winds computed by this model, and a
similar larger domain 12-km version, with observations from
twelve offshore meteorological buoys ranging from British
Columbia to northern California. Mean summer winds were
generally in good agreement with the 12-km model speeds,
ranging from 81 to 101% of their observed counterparts.
Corresponding directions differed, on average, by only 8�.
Using archived MM5 data, an average upwelling wind stress
field was computed by averaging 2003–2005 summer (July –
September) stresses associated with offshore high pressure
atmospheric systems. This restriction eliminated northward
winds associated with infrequent summer storms. These
stresses were first computed at each MM5 grid point and
then interpolated bi-linearly to the ROMS grids. Winds
associated with these average stresses (Figure 4) have speeds
of over 8.0 m/s off Vancouver Island and southern Oregon,
and increasing magnitudes eastward in Juan de Fuca Strait.
Offshore directions are generally parallel to the coast and
show strong topographic steering in Juan de Fuca Strait.
Though a heat flux consistent with these average upwelling
favorable winds could have also been computed from MM5
output, this was not done. Rather, in all simulations the
surface ocean temperature was nudged back to initial values
with an e-folding timescale of 5 days.
[12] Tidal forcing at the model boundaries was interpo-

lated 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 four main constituents M2, S2, K1, and O1 were
used as they account for approximately 70% of the elevation
range at the entrance to Juan de Fuca Strait. The relatively
small latitudinal extent of the model domain means that
tidal potential forcing will be small and can be neglected
[Foreman et al., 1993].

3. Initial Summer Simulations

[13] In summertime, fluctuating (0.5–10 day period)
currents off the entrance to Juan de Fuca Strait are driven
by: (i) local winds, particularly for currents near the surface
and near the coast [Hickey, 1989]; (ii) remote winds to the
south of the strait that generate coastal trapped waves that

Figure 4. Average summer upwelling winds computed
from the MM5 atmospheric model. Vectors denote direction
and the underlying colors denote speed (m s�1).
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propagate poleward along the coast [Battisti and Hickey,
1984]; (iii) tides [Foreman and Thomson, 1997, henceforth
FT97]; and (iv) estuarine discharge [Hickey et al., 1991;
Masson and Cummins, 2000]. The dominant currents due to
coastal trapped waves are uni-directional across the shelf
and quasi-barotropic [Hickey, 1989]. Because of this struc-
ture, these waves are not expected to affect eddy generation
or structure significantly and thus are not included in the
subsequent sensitivity studies. At longer time periods such as
seasonal and interannual, currents are forced at least in part
by large scale winds along the coast as far south as northern
California, where alongshore wind stress is several times
larger than off Vancouver Island and northern Washington
[Hickey, 1989, data; McCreary et al., 1987, model]. These
winds are likely responsible for much of the regional scale
upwelling and the corresponding set-up of the baroclinic jet
that follows the shelf break off Vancouver Island and extends
through Washington and Oregon. However, we note that the
relative importance of local and remote wind-forcing in the
eddy region on these longer timescales has not yet been fully
determined.
[14] Observations and simulations suggest that the eddy

does not exist in the winter [Freeland and McIntosh, 1989;
Foreman et al., 2000]. As winds are the major forcing
mechanism that changes dramatically from summer to
winter [Thomson, 1981], it is traditionally assumed that
the summer wind-forcing is an essential ingredient to eddy
formation. This assumption will be tested with simulations
employing no wind and a winter wind. The numerical
model investigations begin by examining the combined
effects of three major forcing mechanisms; local upwelling
favorable winds, tides, and buoyancy flux associated with
the estuarine circulation, in order to determine if they can

capture the predominant summer flow patterns near the
entrance to Juan de Fuca Strait.
[15] The imposition of local wind and tidal forcing is

straightforward. The former is applied as a surface stress at
each horizontal grid cell while the latter is applied only at
the boundary cells. As mentioned earlier, estuarine flows are
imposed by initializing with 3D climatological temperature
and salinity fields and strongly nudging to these fields
adjacent to the Juan de Fuca boundary. The implication is
that, in the absence of poleward coastal winds, these fields
include the appropriate baroclinic pressure gradients to
drive a ‘‘normal’’ estuarine flow. Initial conditions were
the climatological temperature and salinity fields described
earlier. The model was run for sixty days and a harmonic
analysis [Pawlowicz et al., 2002] of stored hourly values
was performed over the last fifteen days to extract the
largest components of tidal and subtidal energy. As an
average over this same time period produces virtually the
same result as the constant (zero frequency) term, Z0, arising
from a harmonic analysis, the fields arising from these two
calculations will be used synonymously. The model will be
validated by comparing these harmonics or averages with
analogous values arising from the analysis of observations.
[16] To illustrate the effectiveness of the strong boundary

nudging in the eastern Juan de Fuca Strait in accurately
generating the estuarine circulation, we compare average Z0

(zero frequency) model and observed flows along transect A
(Figure 1) which crosses the entrance to Juan de Fuca Strait
(Figure 5). All values were converted to their along-channel
components (using �27� clockwise from east, 117�T, as the
along-strait direction) with positive values denoting flow
into the strait. All observed values shown in black, except
the one at 225 m depth, were computed from analyses of
moored current meter time series taken between June and
August of 1984 [Hickey et al., 1991]. Values at 225 m at the
central mooring site were from observations taken in June
1985 [Dewey and Crawford, 1988]. The model shows a
surface outflow that is stronger toward the middle of the
strait than is suggested by these and other observations
further to the east [Labrecque et al., 1994]. The model
inflow is weaker than the observed values in mid-channel
and the model inflow/outflow interface is shallower on the
southern side and has too much tilt across the strait.
However, as the model values are forced with average
summer climatology in eastern Juan de Fuca Strait, rather
than conditions specific to the time period of the observa-
tions, it is not reasonable to expect perfect agreement. In
fact, as demonstrated in Table 1 of Foreman et al. [2000],
the 1984 subtidal flows had considerable variability about
their mean values. (More recent observations mid-way
along the strait also show the core position of the estuarine
flow to slowly wander cross-channel [Thomson et al.,
2007].) As suggested by the 1985 inflow value at 225 m
relative to the 175 m value from 1984, there is also
considerable interannual variability. Further evidence of this
variability comes from analyses of observations taken by a
downward-looking University of Washington (UW) RDI
Workhorse ADCP mounted 6.5 m below a toroidal buoy
deployed, as part of the ECOHABPNW project, at essen-
tially the same location as the 1984 mid-channel site. These
ADCP data were collected at hourly intervals and harmon-
ically analyzed for the period of June to August 2003. The

Figure 5. Contours of the alongstrait (�27� clockwise
from east) Z0 (zero frequency) currents (cm s�1) along
transect A (Figure 1) for the baseline simulation. Positive
values denote approximately eastward. Except for the value
at 225 m depth [Dewey and Crawford, 1988], all black
values at the dots are from analyses of current meter time
series between June and August 1984 [Hickey et al., 1991].
White values to the left of the dots are from analyses of
observations from a downward ADCP between June and
August 2003.
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results, shown in white on Figure 5, indicate a deeper
surface outflow in 2003 than in 1984, and this is in better
agreement with the model estimates.
[17] It should be noted that the strong nudging to clima-

tological temperature and salinity values along the Juan de
Fuca model boundary are essential to accurately reproduc-
ing both the estuarine flows in the strait, and the eddy.
When this initial summer simulation was repeated with that
nudging timescale reduced from 1 day to 30 days, much
weaker estuarine flows and a weaker eddy resulted.
[18] Figure 6a shows the average horizontal Z0 currents at

35 m depth superimposed on average salinity field for the
same fifteen-day period. Observed Z0 currents computed
from analyses of current meter time series taken at 30 m
between June and August 1984 [Hickey et al., 1991] and at
40 m between March and June 1985 (FM89) are also shown
to demonstrate that the model has captured typical summer
subtidal circulation features for the region [Thomson et al.,
1989]. (These two observational data sets were chosen
because together they provide the best spatial views of
mean currents off the entrance of Juan de Fuca Strait.)
Although there is a relatively large variability associated
with summer currents in this region [Foreman et al., 2000a,
Table 1], the model captures the following features with
reasonable accuracy: an estuarine outflow from the strait, an
eddy, a VICC, and a southeastward Shelf Break Current
that, in this case, is driven by the local winds.
[19] Figures 6b and 6c show the analogous Z0 model

currents for the surface and at 100 m depth. The presence of
wind-driven currents means that the surface fields show a
much weaker eddy than at 35 m depth. Superimposed on the
Figure 6b model results are average observed currents for
the period of 1 June to 31 August 2003 as measured by S4
meters moored at 3 m depth as part of the ECOHABPNW
project. Not only are the model currents in excellent
agreement with these observed averages, but also the pattern
of fresher water emanating from the strait and curling
around the eddy in a counterclockwise manner is similar
to that shown in Figure 2. Figure 6c also has superimposed
average observed currents, in this case from the 1984 and
1985 moorings at 100m as described by Hickey et al. [1991]
and FM89. Much poorer agreement is now seen between
the model and observed values, especially in the eddy
region where the observations do not display much corre-
lation with each other. Nevertheless, model fields at 100 m
do show a weak eddy and saltier water whose location is
consistent with the eddy seen at 35 m.
[20] Table 1 by Foreman et al. [2000b] gives standard

deviations for many of the current meter (as opposed to
ADCP) Z0 values presented here. Though standard devia-
tions could also be computed for the model Z0 values, any
comparison with their observed counterparts would be a
case of ‘‘apples versus oranges’’ because the observations
experienced variable winds and estuarine flows while the
model was forced with temporally constant winds and
estuarine flows. Thus the model standard deviations would
be much smaller.
[21] Though a quantitative comparison with tide gauge

harmonics (analogous to that in FT97) was not performed,
contours of tidal elevation amplitude and phase for M2 and
K1 were similar to those obtained in that paper. Figure 7
compares model and observed major semi-axes for the M2

Figure 6. Currents and salinities averaged over days 46–
60 of the baseline simulation at: (a) at 35 m, (b) 0 m, and
(c) at 100 m depths. Only model vectors from every 12th grid
cell are shown. White arrows in panel (a) are average
observed currents at 30 m depth [Hickey et al., 1991] and
40 m depth (FM89); panel (b) are average currents at 3 m
depth from ECOHABPNW observations between 1 June
and 31 August 2003; and panel (c) are average currents at
100 m depth from Hickey et al. [1991] and FM89.
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and K1 tidal ellipses along transect A (Figure 1) crossing the
entrance of Juan de Fuca Strait. As with the Z0 currents
shown in Figure 5, all values shown in black except those at
225 m depth were computed by harmonically analyzing
observations taken between June and August of 1984. Both
constituents show a tongue of larger speeds extending
downward along the southern slope of the strait, though
the intensified model M2 values do not extend as deeply as
those computed from the observations. However, across the
rest of the transect, the model appears to capture the
observed speeds of both constituents with reasonable accu-
racy. The tidal ellipses are generally rectilinear with angles
of inclination that parallel the main axis of the strait. At the
center of the strait, the phase lag variations with depth
compare very well (not shown) with both those shown in
Figure 7 of FT97, and those computed from the downward-
looking ADCP moored in the summer of 2003. The S2 and

O1 major semi-axes show similar patterns with their mag-
nitudes being approximately 25% and 55% of M2 and K1,
respectively.
[22] Plots of the model M2 and K1 major semi-axes at

35 m depth are shown in Figure 8 along with values
computed from archived current meter time series moored
at either 30 or 40 m depth. The K1 model values are similar
to those calculated by the FT97 barotropic finite element
model and in particular, show evidence of the diurnal shelf
waves along the western Vancouver Island shelf that have
been extensively studied [Crawford and Thomson, 1984]
and modeled [Flather, 1988; Cummins et al., 2000]. The
present model values are in reasonable agreement with the
observed major semi-axes and those from previous models.
However, the M2 speeds attain much larger values westward
of the strait entrance than those in both the FT97 results and
an analogous plot (not shown) arising from a barotropic
(homogeneous density) run with the present model. A plot
similar to Figure 8a but for the surface M2 major semi-axes
shows that the region of enhanced current speeds forms a
narrow ‘‘tongue’’ extending offshore from Cape Flattery
parallel with the southern shoreline of the strait. The fact

Figure 7. Contours of the (a) M2 and (b) K1 major semi-
axes (cm s�1) along transect A (Figure 1) at the entrance of
Juan de Fuca Strait for the baseline simulation. Values at the
black dots at 175 m depth and above are from analyses of
current meter time series taken in the summer of 1984
[Hickey et al., 1991] while those at 225 m at the central
mooring are from June 1985 [Dewey and Crawford, 1988].

Figure 8. Contours of the model (a) M2 and (b) K1 major
semi-axes (cm s�1) at 35 m depth for the baseline
simulation. Values in black are from analyses of current
meter time series taken in the summer of 1984 [Hickey et
al., 1991] at 30 m depth and while those in white are from
the spring of 1985 (FM89) at 40 m depth.
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