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ABSTRACT

Measurements of the surface velocity structure off the Keweenaw Peninsula of Lake Superior were ob-
tained in 1971 and 1972, using aerial photography to track surface drift cards. Variations in the current
structure are described at 9-min intervals, over a 45-min period of one experiment, using streamlines and
isotachs extending across the entire coastal region. Speed contour irregularities and eddies of about 100 m
diameter can be traced in some of the aerial sequences. Speed fluctuations of 25%, of the mean flow occur
frequently. The horizontal divergence and relative vorticity structure for each sequence is also calculated;
magnitudes of each are up to three times that of the local Coriolis parameter. Both inshore and offshore
countercurrents are observed.

The region of anticyclonic shear is typically twice as wide as the cyclonic shear region. Cross-stream
velocity gradients are about three times larger than those measured in the Gulf Stream. Rossby numbers
range from 0.5 to 0.8, and inertial accelerations appear to be larger than local accelerations at least 259,
of the time. Horizontal eddy viscosity coefficients range from #10% to #4105 cm? 71, Geostrophic calcula-
tions based on bathythermograph sections, airborne radiometer flights and meteorological data are also

discussed.

1. Introduction

The physics of strong ocean currents offer many in-
triguing problems. For many years features such as
meanders, multiple currents, volume transport varia-
tions, and kinetic energy balances have been the subject
of considerable research. However, their description
still remains inadequate let alone our knowledge of their
importance. In part, our lack of information can be
traced to the difficulties involved in obtaining statis-
tically significant data in major ocean current systems.
Most conventional measurement schemes, while yield-
ing valuable information, are limited to some extent by
the lack of simultaneity and small area coverage.
Projects designed to obtain simultaneous information
by standard shipboard techniques are usually prohibi-
tively expensive. In addition, dynamic features may
frequently be obscured by the numerous time and space
scale complexities of the problem.

The Laurentian Great Lakes are often regarded as
large-scale models of the oceans. Here complicating
factors such as the variation of the Coriolis parameter
with Jatitude and westward intensification are not likely
significant (Csanady, 1967). Strong coastal currents
occur seasonally and are, in some respects, similar
(although not dynamically analogous) to ocean currents
such as the Gulf Stream. The smaller space scale of a
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few kilometers allows more accurate measurement
techniques, but the smaller time scale places a premium
on obtaining truly synoptic data.

Satellite sensors (multi-spectral television and
thermal scanners) do not as yet have the resolution
necessary for measuring lake or ocean currents. How-
ever, the use of aerial photography in conjunction with
surface drogues provides a means of obtaining accurate
and synoptic surface current measurements over exten-
sive coastal regions. This is evidenced by the investiga-
tions of Keller (1963), Duxbury (1967), Sonu (1972)
and Wolf and Keating (1973). These and most other
aerial photographic investigations have been restricted
to the nearshore coastal zone where land, used to
reference drogue motion, appears in the photographs.

In offshore regions, the photographs contain no
ground features for reference points and the application
of aerial photography has been limited. In 1971, the
University of Wisconsin Marine Studies Center began
using offshore buoys, precisely positioned by shore-
based theodolites, to provide these photographic
reference points. This permitted an examination of the
fine-scale structure of coastal currents in Lake Superior
(Yeske et al., 1972; Yeske, 1973). The main disadvan-
tages of the photographic method, data reduction and
interpretation, have been alleviated by the development
of automatic data reduction programs and the adapta-
tion of computerized objective analysis techniques.
Photographic data collected during the 1971 and 1972
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Fi1G. 1. Lake Superior, the Keweenaw Peninsula and the Keweenaw Current.

summer field programs have been reduced and analyzed.
Among the 14 experiments conducted, several stood out
as being of high quality and spanning the entire coastal
current. The present paper describes some of the results
obtained during a 45-min period of the 19 July 1972
experiment. For other similar data the reader is referred
to Yeske (1973).

2. Great Lakes currents

A number of field and theoretical investigations of
Great Lakes coastal currents have been performed
(Csanady, 1972a, b; Mortimer, 1971; Scott et al., 1969,
1971). These currents occur seasonally, and are often
classified according to whether the warm water is
confined to shallow, nearshore regions (the “spring”
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F16. 2. The study area near Eagle Harbor, showing the location
of buoys (a) and theodolites (W) in 1972. Flight lines for photo-
graphic and radiometer operations, bottom contours and the
coordinate system are also shown.

regime), or a thermocline exists across the entire lake
(the “summer-fall” regime).

Persistent currents above 1 kt occur in both regimes,
and usually correlate with wind events. Changes within
an inertial period are frequent and geostrophic equi-
librium occurs periodically (Smith, 1972). Barotropic
seiching. (Platzman, 1972) and baroclinic Kelvin waves
(Csanady, 1972a) appear to explain many features of
these currents. Whatever the general cause, direct
measurements have shown the dynamics of Great Lakes
coastal currents to be both nonlinear and time-
dependent.

The Keweenaw Current (Fig. 1) has been studied by
the Marine Studies Center for several years (Ragotzkie,
1966 ; Smith and Ragotzkie, 1970). Most measurements
have been made near Eagle Harbor where the flow is
roughly eastward and can attain speeds over 90 cm sec™!
during the summer months. (Because of the latitude
of Lake Superior the spring regime usually begins in
July, and the summer regime in late August or early
September.) Here the coastline is quite straight, and
the bottom topography regular. The bottom slope is
about 0.1, one of the largest in the Lakes.

In the spring regime, the sharp outer edge of the
current is usually within 10 km of shore and is marked
by a sharp horizontal temperature gradient [on the
order of 1°C (10 m)~*]. In summer, these large tem-
perature and velocity gradients are not as frequent,
and the current outer edge is less well defined. Strong
coastal upwelling, driven by east winds, occurs several
times each summer.

Although the Keweenaw Current is re-established
vearly with time and space scales much smaller than
those of major oceanic currents such as the Gulf
Stream, it is narrow, of relatively high velocity, lies
close to shore, and may separate from the coast at the
eastern end of the Peninsula. In addition, eddies,
meanders and countercurrents are indicated. While any
analogy between this Current and the Gulf Stream is
open to criticism, it may be a means for examining the
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behavior of some aspects of major current systems.
The kinematic comparisons between the Keweenaw
Current and the Gulf Stream made below stem mainly
from our desire to place the results in a broader context,
and from the paucity of similar data for other bodies
of water on the scale of the Great Lakes. Regardless of
any broader context, the Keweenaw Current is likely
one of the keys to the dynamics and general circulation
of Lake Superior and is of obvious practical concern in
the dispersal of pollutants introduced alongshore.

3. Data collection and reduction

The field procedures are illustrated in Fig. 2. The
region near Eagle Harbor was selected for study because
of the close proximity of the current to shore. In each
experiment, drift cards (ordinary white posterboards)
were distributed from small boats at intervals of 10-100
m along a line about 1 km upstream of an array of
moored buoys. After the area was seeded, an aircraft
equipped with a precision aerial mapping camera flew
a racetrack pattern, passing over the buoy array on
each outward leg and taking a series of overlapping
pictures of the drift cards. Since most pictures contained
no ground features, the buoys were positioned simul-
taneously using two shore-based precision theodolites.
Up to 25 photographs were taken on one flight line,
depending on the current width. The interval between
aircraft passes was about 10 min with experiment
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Fi6. 3. Photogrammetrically derived surface speed contours
(solid lines, cm s™) and streamlines (dashed lines) off Eagle
Harbor on 19 July 1972 at 0933:21.
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Fi16. 4. As in Fig. 3 except at 0943:19.

durations ranging up to 3 h. Over 1500 drift cards were
used in most experiments. Nearly all experiments were
conducted under lake conditions of nearly flat calm
and zero or very low wind speeds. Most of the aerial
photography is supported by data from suspended
current meters, bathythermographs, water level record-
ings, nearshore bottom-temperature recorders, and
airborne radiometer flights.

Data reduction procedures (with program listings)
are given in Yeske (1973). Several techniques com-
monly used in terrestrial photogrammetry (three-
dimensional coordinate transformations and iterative
polynomial strip-adjustments) are combined into a
single data reduction program compatible with the
measurement scheme. Corrections are applied to com-
pensate for the short time it takes the aircraft to fly
across the Current (to provide truly synoptic data),
scale variations (arising from flying height oscillations
and camera tilts), and inaccuracies in the measurement
of photo-coordinates. Individual cards could be followed
from pass to pass, and the average velocities were found
by subtracting two successive drift card positions. The
errors in these average velocities are less than 2 cm s}
in speed and 3° in direction for the 10,000 velocities
thus far determined. This estimate is based upon the
effects of the most adverse photogrammetric conditions
encountered during the project which were evaluated in
the equations of a tilted photograph (Moffitt, 1967).
These maximum errors are also supported by direct
comparisons of the photogrammetric velocities with
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Fic. 5. As in Fig. 3 except at 0952:35.

those obtained from current meters and theodolite
tracking of drogues.

4. Results
a. Streamlines and isotachs

Five surface-velocity “snapshots” on 19 July 1972,
obtained at approximately 9-min intervals, are shown
in Figs. 3-7. The coordinate origin is the theodolite site
at Eagle Harbor (Fig. 2). The alongshore axis (X) is
oriented along a true azimuth of 081° (081°T) with the
transverse axis (¥) directed cross-stream at 351°T. In
these figures, velocity vectors were constructed at each
drift card’s initial position (indicated by X). Speeds
were then contoured and streamlines drawn tangent to
the velocity vectors.

The data show two westerly countercurrents (Fig. 3).
The inshore countercurrent extends only 300 m offshore
but attains speeds over 15 cm s7. The offshore counter-
current beginsg at about 4.6 km and has speeds up to
3 cm s7L Separating these flows is the main eastward
current. Speeds increase rather gradually from 300 m
to about 3.5 km offshore where a maximum of 46 cm s™*
occurs (Fig. 4). Fig. 5 indicates significant speed
changes across the current axis; three “slow” regions,
with minimum speeds of 34, 36 and 38 cm s have
formed. In Fig. 6 these regions appear to have merged
at 3 km. On the last pass (Fig. 7) an 11 cm s speed
reduction is indicated at the current axis.
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Although the speed contours are quite complex, the
irregularity of the 10 cm s~ contour 1 km offshore can
be followed in all passes. Over a short time, and in the
absence of wind, there is some hope that horizontal
momentum can be regarded as a conservative property
(see, e.g., Csanady, 1972b). We make this assumption,
as momentum is the only tracer available. Then an
eddy (i.e., a region of lower velocity) appears to move
downstream at about 30 cm s™. Another eddy at 2 km
(Fig. 6) may have detached from the meander in Fig. 5.
Streamlines suggest a strong convergence in this region.

b. The thermal bar Fi

An important feature in the Great Lakes is the spring
and fall thermal bar. In early spring the entire lake is
below 4°C. As heating intensifies the inshore surface
water warms to 4°C, the temperature of maximum
density. This results in the sinking of surface water and
the formation of a boundary, or thermal bar, between
nearshore and mid-lake waters. With continued heating
the bar moves away from shore and eventually merges
with its counterpart on the opposite shore in late
summer. The mechanism of the thermal bar and its
Importance to coastal circulations are not well under-
stood (Mortimer, 1971).

Bathythermograph data obtained during the pho-
tography (Fig. 8) indicate that the thermal bar (defined
by the position of the 4°C isotherm) separates the main
eastward flow and the offshore countercurrent. The 24 h
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Fic. 6. As in Fig. 3 except at 1001:22.
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resultant winds on 18 July were westerly at 5 m s
and probably caused the wedge-shaped thermocline
below 10 m (Csanady, 1972a). On 19 July, approxi-
mately 10 h before the experiment, the winds shifted to
the east and may relate to the lens-shaped thermocline
above 10 m. During the photography the wind speed
was about 1 m s with 15-cm ripples on the lake. The
geostrophic component of the longshore surface current
was computed using standard dynamic-height calcula-
tions (Ayers, 1956), with a 60 m level of no motion.
This level, a standard choice in Great Lakes work, is
also the depth to which bathythermograph data were
available. The surprisingly good agreement with
photogrammetrically computed speeds is perhaps some-
what misleading, in view of the kinetic character of the
current discussed below, and of the rather arbitrary
choice of the level of no motion. However, we found
similar agreement in all five photographic experiments
conducted during the spring regime (Yeske, 1973).

A distinct foam line appeared in the aerial photo-
graphs 4.6 km from shore (Fig. 9) and strongly supports
the presence of the thermal bar, and the downwelling
tending to occur at the 4°C isotherm. During the
experiment, the foam line moved over 100 m north.
This can be seen in Fig. 9 by its position relative to
Buoy R3 which moved less than 1 m cross-stream and
8 m downstream during the same period. The photo-
grammetrically derived positions of the line also suggest
an average northerly movement rate of 4 cm s during
the first four passes of the experiment (Figs. 3-6).
However, on the last pass (Fig. 7) a speed of about
8 cm s is indicated. This apparent acceleration of the
bar may have contributed to the 11 cm s! speed
reduction previously discussed. In several other experi-
ments, the current width also appeared to be inversely
proportional to the current speed.

An airborne radiation thermometer flight was con-
ducted along the entire Peninsula immediately following
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Fi6. 7. As in Fig. 3 except at 1010:56.

the photography. The results (Fig. 10) show the close
proximity of the current to shore (within 5 km). Large
meanders are not indicated and rarely occurred during
any of the 1971 and 1972 surveys.

¢. Divergence and relative vorticity

Divergence and vorticity are fundamental for
examining subsurface motions and fuid circulation.
Although treated in some detail theoretically, quantita-
tive field measurements are rarely found in the oceano-
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Fi6. 8. Temperature cross section (°C) and longshore geostrophic currents (cm s™) off
Eagle Harbor on 19 July 1972. Positive isotachs denote flow to the east.
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TIME 0933:21

FOAM LINE

PRIFT CARD LINES

R/V TINA MARIE

TIME 1010:56

250m

F16. 9. Aerial photographs of the thermal bar on 19 July 1972.

graphic literature. For each “snapshot” (Figs. 3-7),
the raw Lagrangian velocities were interpolated to grid
points spaced 100 m apart using an objective analysis
technique due to Whittaker (1974). In this method,
the interpolated velocity is determined from the four
raw velocities nearest the grid point, each of which is
weighted by the factor (R—D)/(R-+D). Here R is the
distance from the grid point to the point midway be-
tween the third and fourth closest raw velocities, and
D the distance from the grid point to the raw velocity

19 JULY 1972 SURFACE TEMPERATURE

Fre. 10. Surface temperatures (°C) associated with the
Keweenaw Current on 19 July 1972, as determined by an air-
borne radiation thermometer. Dashed lines denote aircraft tracks
along which data were gathered.
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F1c. 11. Divergence and relative vorticity (X 105 s™1) off
Eagle Harbor on 19 July 1972 at 0933:21.

being weighted. This method, designed for atmospheric
budget studies, optimizes local features about each grid
point prior to the interpolation, and preserves local
features near each grid point better than more com-
monly used atmospheric objective analyses (e.g.,
Cressman, 1959). A number of tests revealed that this
method minimizes data smoothing and accurately
reproduces the raw data (Yeske, 1973).

The results of the horizontal divergence (du/dx
+3dv/dy) and the vertical component of relative
vorticity (dv/dx—du/dy) calculations are given in
Figs. 11-15. To facilitate pattern interpretation,
convergence areas and regions of cyclonic vorticity are
shaded.

Divergence generally extends from shore to about
1.5 km offshore with magnitudes up to three times that
of the local Coriolis parameter. Convergence occurs
from 1.5 km northward and is strongest at the thermal
bar, marked by the above-mentioned foam line 4.6 km
offshore. A second photographic foam line 2.4 km
offshore (Figs. 14 and 15) is also present. The relative
vorticity structure indicates anticyclonic shears from
shore to the current axis, followed by cyclonic ten-
dencies north.

While some of the fluctuations in the divergence and
relative vorticity fields can be attributed to the
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centered-difference method of computing spatial deriva-
tives and errors in the photogrammetric method used
to obtain velocities, the foam line positions agree with
convergence regions. In addition, most of the changes
between ‘“‘snapshots” occur gradually. For example,
the convergence at 4.3 km decreases rather uniformly
from —42X1075 (Fig. 11) to —6X107? sec™* (Fig. 15).

The results in Figs. 11-14 were also averaged over
common areas (Fig. 16). Magnitudes are somewhat
reduced from the individual patterns but still on the
order of the Coriolis parameter. A measure of the
statistical significance of these results can be obtained
from the standard errors of the mean velocity on this
day (Yeske, 1973). These # and v velocity component
errors, computed at 300 m intervals across the Current
and over the entire experiment, were averaged. They
were then propagated into the divergence and vorticity
equations using the method of Berington (1969), after
which confidence intervals were calculated (Bendat
and Piersol, 1971). At the 959, level, the confidence
interval estimate is 2261075 g7,

d. Speed profiles and gradients

The instantaneous downstream velocity profiles % (y)
and cross-stream gradients /3y were calculated along
a fixed line of interpolated grid points, located 1 km
downstream of the Eagle Harbor theodolite and
directed normal to the coastline (Fig. 17). Webster’s
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F16. 12. As in Fig. 11 except at 0943:19.
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(1961) average Gulf Stream profile in the Straits of
Florida, based upon several years of observation, is
asymmetric with a 28 km wide region of cyclonic shear
and an average cross-stream gradient of 3X10-5 s7L
The anticyclonic region extends 59 km and has an
average cross-stream gradient of 2X10~% s!, This
extensive anticyclonic shear region has been verified
in numerous sections off Miami and may result from
the 509, reduction in channel width from Key West to
Miami (Stommel, 1966). For the Keweenaw Current
on 19 July, the average profile is also skewed with
cyclonic and anticyclonic widths of about 1.5 and 3.0
km, respectively, almost exactly proportional to those
of the Florida Current. Corresponding gradients are
higher than Webster’s observations with average values
of 11X107% and 91075 s~'. These features occur in
nearly all experiments and may relate to a flow con-
striction imposed by the Peninsula itself.

e. Horizontal eddy viscosity coefficients

Horizontal eddy viscosity coefficients (Fofonoff,
1962) were computed for several experiments. These
coefficients are not well known. Estimates range from
10° cm? s for Great Lakes currents (Csanady, 1964)
to 101 cm? s7* for the Antarctic Circumpolar Current
(Fofonoff, 1962). The maximum value suggested for the
Gulf Stream is about 5X107 cm? s~
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Eddy viscosity coefficients of the form

—u'u’ —u'y’ —'y/
 26m/0x on o 205/ 8y
dy 0«

were evaluated. To calculate these coefficients, the
time-averaged momentum fluxes at interpolated grid
points 300 m apart were used. The four gradients of
average velocities at each grid point were obtained by
taking centered differences in both the downstream
and cross-stream directions. To obtain one set of
coefficients for an experiment, the values at constant
offshore distances were averaged in the downstream
direction.

The results (Fig. 18) are typical of other days and
indicate frequent changes from positive to negative
values in all three coefficients. Eddy viscosities are
usually between 10* to 10°% cm? s~! or —10* to —108
cm? s7*; the numbers of positive and negative values
are nearly equal. A correlation is indicated in the K.,
and K,, patterns from shore to about 2 km offshore.
Further offshore, a correlation is suggested between
K,, and K,,.
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The calculated eddy viscosity coefficients were also
averaged across the entire current, and separate
averages computed for the cyclonic and anticyclonic
shear zones. The results for this day and four other
experiments (Table 1) indicate coefficients ranging
from —10° to —10° cm? s and 10% to 105 cm? s
Generally, K., and K,, magnitudes are on the order of
10° cm? s71; K, is about 10* cm? s~ Negative K., and
Ky, coefficients occur three times as often as positive
coefficients. For X, the number of positive and nega-
tive calculations are equal, with values usually opposite
in the cyclonic and anticyclonic shear zones. Consider-
ing all experiments, the average K,,, K,, and K,,
coefficients are about —105, —10* and —10° cm? s,
respectively. These are somewhat higher than other
estimates for the Great Lakes and represent to our
knowledge the first indication of negative eddy viscosi-
ties in the Lakes, a process not accounted for in any
theoretical study. This feature is discussed in further
detail in Green and Yeske (1974).

f. Rossby numbers and acceleration ratios

Many theoretical studies assume that the Rossby
number is small, so that the inertial terms are often
neglected. In regions of strong currents, Rossby num-
bers have not been adequately determined.
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TaBLE 1. Average horizontal eddy viscosity coefficients (X104 cm? s71) across the Keweenaw Current and for the
cyclonic and anticyclonic shear zones.

Horizontal eddy viscosity coefficients

Entire cross section

Cyclonic shear zone Anticyclonic shear zone

Date Kz Kyy Koy Koz Kyy Koy Kz Ky Koy

4 August 1971 —16.0 —7.6 —2.0 Insufficient data —23.0 —34 —4.0

13 July 1972 —5.9 16.0 —2.4 . 30.0 —6.8 —2.9 1.6 2.1

19 July 1972 —18.0 -1.1 1.4 —25.0 4.5 44 —14.0 —4.1 0.2

27 July 1972* —13.0 —11.0 2.8 —24.0 —15.0 —2.6 —0.3 -79 7.3

27 July 1972%* 2.0 —74 —0.7 4.0 —20.0 2.1 1.8 —4.4 —~1.6
Five-day averages

—10.2 —2.2 —-0.2 —13.5 -0.1 —-0.7 —7.7 —3.6 0.8

* Morning.

** Afternoon.

Using interpolated velocities and centered differences,
the inertial term v-Vv was computed at 52 grid points
located across the entire current for each of aerial
passes 2, 3 and 4. The absolute values of the term at
these 52 points were then averaged. A measure of the
local Rossby number was then determined using

I v-Vv l average

flvl
where | v|, the mean current speed at the interpolated
time, was obtained from the average kinetic energy of
the Current. The results indicate Rossby numbers of
0.6, 0.8 and 0.5 for passes 2, 3 and 4 respectively
(Figs. 4-6). These results are similar to those on six
other photographic experiments.

Many model studies also assume that local accelera-
tion terms are large with respect to the inertial accelera-
tions, and the inertial terms are again often neglected.
This assumption, for both the downstream and cross-
stream velocity components, can be examined using

| 0u/ ot

- [udu/dx-+vou/dy|
| 8/ o¢]

" |udv/ dx+vdu/dy|

Spatial gradients were again determined from centered
differences at the 52 grid points used above, on passes
2 to 4. The local accelerations, du/d¢t and dv/9, also
employ centered differences using velocity data from
interpolated times about 10 min before and after the
time of calculation. Histograms of computed accelera-
tion ratios are shown in Fig. 19 for the 156 calculations
of R, and R,. Patterns in R, and R, are similar and
indicate that at least 259, of the time, the inertial
accelerations in the Keweenaw are larger than the local
accelerations.

o=

5. Conclusions

The results from this investigation indicate that
dense, accurate, synoptic current information can be

obtained across an entire Great Lakes coastal current,
removed from ground orientation, using aerial pho-
tography and photogrammetric reduction methods.
Although such data are impractical to obtain on a
regular basis, they are useful in examining short-period
variations and the small-scale spatial structure of the
current.

The surface velocity observations off Eagle Harbor
reveal speed contour irregularities and 100 m diameter
eddies that can be followed over intervals of about
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F16. 17. Downstream velocity profiles (solid lines) and cross-stream velocity gradients
(dashed lines) on 19 July 1972.

9 min. Velocity fluctuations of 25%, with inshore and
offshore countercurrents were observed. Horizontal
divergence and relative vorticity magnitudes are often
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Fic. 18. Average horizontal eddy viscosity coefficients K,
(solid lines), K, (dashed lines) and K,, (dot-dashed lines) across
the Keweenaw Current on 19 July 1972.

three times larger than the local Coriolis parameter.
Regions of-anticyclonic shear are usually twice as wide
as the cyclonic shear zone; cross-stream velocity
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Fic. 19. Percentage of occurrence of local-to-inertial
accelerations (log scale).
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gradients are frequently three times larger than those
observed in the Gulf Stream.

Horizontal eddy viscosity coefficients range from
+10° to 410° cm® s with negative coefficients
dominant. The local Rossby number is about 0.6, and
inertial accelerations larger than local accelerations
occur at least 25%, of the time.
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