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LARGE-SCALE CURRENT MEASUREMENTS IN LAKE SUPERIOR
Peter W. Sloss and James H. Saylor

Analyses of current meter data collected in Lake
Superior in 1967 and 1973 show a general counterclockwise
circulation covering most of the lake™ Currents near the
shore are strong - exceeding 10 cm s for a half-month
vector average - and generally parallel to the isobaths.
Open-lake currents show strong periodic motions at the local
inertial frequency. An interesting periodicity is seen in
the currents between Isle Royale and the northern shore.
Oscillatory components observed there are driven by inertial
motions when the lake becomes thermally stratified in late
summer, but in spring they show periodicities related to the
first and sixth free surface modes of the lake. Other per-
sistent features of the measured flow patterns are the
Keweenaw Current and a general strengthening of summertime
flows as the lake becomes stratified.

1. INTRODUCTION

This report presents the results of an analysis of current meter data
collected in Lake Superior during 1966 and 1967 by the Federal Water Pollu-
tion Control Administration (FWPCA). (Subsequent to collection of the
data set, reorganization within the federal government placed this activity
within the responsibilities of the Environmental Protection Agency.) Re-
sults of the current meter surveys have not been previously published,
although several selected episodes from a few of the current meter stations
have been incorporated in various studies concerning the dynamics of small
areas of the lake. We attempt in this report to evaluate the usefulness
of this data set and to infer from it some characteristics of the large-
scale circulation patterns of Lake Superior. Additionally, comparisons of
these results with those of a current study conducted by the Canada Centre
for Inland Waters (CCIW) during 1973 are made to assist in verifying that
the current patterns deduced are truly representative of the summertime
circulation of Lake Superior.

Lake Superior is the largest of the five Great Lakes, with a length
of about 650 km and a maximum width of nearly 300 km (the average width is
120 km). The average depth of the lake is 175 m, and the volume of water
stored in Lake Superior exceeds the volume of water contained in all of the
other Grent Lakes combined. The surface area of the lake is nearly
80,000 km , and this large water surface exerts much influence on the cli-

mate of the surrounding land masses.

Concommitant with the current studies conducted in 1966 and 1967, water
temperatures were measured at the same levels in the water column as the
current meters on each mooring. The water temperatures were recorded in



analog form on a waxed paper chart. Unfortunately, the usefulness of the
temperature data was limited by many mechanical failures of the recording
devices and uncertainties in the timing of many records. The data were not
systematically reduced and edited, but some features of the temperature
structure observed in Lake Superior were reported in Federal Water Quality
Administration (FWQA, 1968) reports. Millar (1952) discussed the annual
cycle of water temperature distribution in Lake Superior, and the 1966-67
data agree fairly well with Millar"s results.

Lake Superior is nearly isothermal from December through early June of
each year. The fall turnover occurs as the water at the lake"s surface is
cooled to 4°C. After attaining a nearly isothermal condition at this tem-
perature, Tfurther cooling and intense wind stirring during winter result in
an essentially isothermal lake water mass at a temperature of 0°lto 2°C.
Heating of the lake water in spring occurs Ffirst in the shallow water near
the lake coasts; this heated water spreads gradually during the course of
early summer toward the deeper areas near the center of the lake basin.
Because of the deep mean depth of Lake Superior, the quantity of water
which warms and forms the summer and early fall epilimnion is only a small
fraction (estimated in FWQA as 15 percent) of the lake®"s total water volume.
An important feature of epilimnion formation and distribution during the
course of summer heating is its unequal thickness over the lake basin,
with a deeper epilimnion near the coasts of the lake and a thinner layer
over the deep lake center. This characteristic is common to other lakes
as well, and is typical, for example, of the summer temperature distribu-
tion in Lake Huron. This pattern is perturbed by intervals of wind stress
which generate upwellings and downwellings. Since wind stress and the dis-
tribution of water density are the two most important forces driving the
currents in the Great Lakes during the season of density stratification,
the temperature distributions are indicative of current patterns. Whether
the density distribution drives the currents, or the currents establish
and help maintain the density distribution is an unanswerable question at
this time. The important point is that they are interrelated, and that the
observed temperature distributions fit the pattern, inferred from the current
meter recordings, of a general counterclockwise circulation of Lake Superior

during summer.

2. DATA COLLECTION AND TRANSLATION

A network of current meter moorings was deployed in Lake Superior from
the fall of 1966 through the summer of 1967 by the FWPCA. Seven moorings
were placed for the winter observations, and 16 for the summer; locations of
the summer moorings are shown in figure 1. A 17th summer mooring was lost.

Each mooring comprised a string of Geodyne current meters at FWPCA
.standard depths of 10, 15, 22, 30, 60, 90, 120, and 150 meters, with the
number of meters on each mooring determined by water depth. Surface winds
were recorded at nine summer moorings. Current speed and direction were
recorded optically every 30 min as Gray-binary coded numbers represented
by dot images on 16 mm film. Data films were decoded by an automatic



flying—spot scanner at Geodyne with the data transferred to BCD magnetic
tape for computer analysis.

Port Arthur

Grand Marais

| le;

’
Suparior
Ashland

Sault Sta Mans

460 KILOMETERS

STATUTE MILES

Figure 1. FWPCA 1967 summer mooring sites.

Additional data were supplied to the Great Lakes Environmental Research
Laboratory (GLERL) by the CCIW from their 1973 summer field season. Data
were returned from 12 moorings at 1 or more depths. Locations of CCIW
moorings are shown in figure 2.



LAKE SUPERIOR 1973 C.C.L.W
LAKE CURRENT OBSERVATIONS

Location and designation of
current meter stations.

Figure 2. CCIW 1973 summer mooring sites

Of 145 current meter and 9 wind data films collected by FWPCA, only
some 61 were usable; the rest showed some obvious malfunction of the current
meter clock, film system, or sensors and were not scanned. After automatic
scanning, several additional bad films became evident. There was a problem
in the scanner that caused it to lose track of the rotor-impulse channels on
the film, resulting in spurious zero-speed reports. All data analyzed by
the flying-spot scanner at Geodyne showed this defect with varying degrees
of severity. In addition to the spurious zero speeds, many data readings on
most films were flagged by the scanner as unreadable either for speed or
direction or both. Typical Ffilm translations resulted in some 10 percent of
the data points being flagged as unreadable or zero-speed. The net return
of data is thus some 40 percent of the expected sample, not including



several current meters which operated for only part of the intended season.
Only three wind films ran all summer, and some were as short as 3 to 10
days. Normalizing the sample size to expected record lengths would further
decrease the percentage of return.

Absolute timing of readable data is uncertain in some records since
there is evidence that some meters sometimes failed to advance the film
between readings. Starting points on many films are obscured or lightstruck,
making it necessary to approximate times based on film footage; therefore,
it must be recognized that the data on which the following discussions are
based were seriously degraded by lax quality control at FWPCA and their

contractors.

CCIW kindly supplied a number of current meter records which spanned
June through September 1973. Most of these data arefrom moorings near the
Canadian and Minnesota shore lines on the northwest, with four moorings
near Upper Michigan, off the Keweenaw Peninsula, andnear Grand Marais,
Mich. The data were collected by the use of currentmeters built by Plessy
and magnetic-recording Geodyne meters, and reported as hourly averages after
editing. The results look much more consistent than the FWPCA data set.

3. RESULTS
3.1 Summer Circulation - 1967

Resultant currents were calculated from each operating current meter’s
output for each half month from mid-May through October 1967. This averag-
ing procedure is described by Sloss and Saylor (1975). These resultants
are summarized in figures 3-13. Maps with suffix Malf show resultant current
vectors for 10- and 30-m depths; maps with suffix "b" show resultant current
vectors for 15-, 22-, and 60-m depths. Some large-scale features of the net
circulation of the lake can be seen in spite of the wide spacing between
observation points.

Thermal stratification begins in Lake Superior in early June and con-
tinues into September, but the thermocline is unlikely to pass for any long
duration below 30 m. The average maximum epilimnion thickness is about 22 m
(FWQA, 1968). As a result, most current vectors presented here represent
flow in the hypolimnion. It is highly probable that current speeds reported
here are lower than the actual values due to the frequent incidence in the
data of zero speed readings which continuity would seem to contradict. Can-
adian data from 1973 (discussed later) show considerably higher speeds at
nearly the same locations studied during 1967 and under similar conditions.

Usable data started with the second half of May 1967 (fig. 3a, b) for
stations west of 88°W longitude. Winds for this period averaged from the
northerly quadrant, but recorded currents at 10 and 30 m show no organized
pattern. Flow at 10 m is offshore at moorings 2 and 3. This pattern sug-
gests that upwelling along the southern shore may have occurred in the
western part of the lake because the 30-m flow is onshore at station 2.
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Figure 3a. (FWPCA) half-month average current vectors, 16-31 May 1967,
10 and 30 m.

The First half of June saw mean winds at approximately 3 m s~ from

the northeast. Currents at 10 m flowed southwestward along the shore at
station 4 and continued offshore at 2 and 3 (fig. 4a). Strong offshore
flow at station 1 at 15 m indicated the flow turned to follow the shore
in a counterclockwise pattern (fig. 4b). At station 9, the Keweenaw
Current was beginning to appear in the data. Smith_]1972) reported that
this current reached 80 cm s and averaged 26 cm s , although no such
magnitudes were seen in the FWPCA data. This is assumed to be related to
measurement hardware, not nature. Smith"s data were confirmed by CCIW
measurements at their mooring 4. No other organized flow was evident for

this period in the FWPCA data.



16 - 31 MAY 67
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Figure 3b. (FWPCA) half-month average current vectors, 16-31 May 1967,
15, 22, and 60 m.
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Figure 4a. (FWPCA) half-month average current vectors, 1-15 June 1967,
10 and SO m.
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Data for 16-30 June (fig. 5a, b) began to show a general counter-
clockwise flow encompassing the whole lake in the 10- and 15-meter layers.
Flows at 30 m opposed shallower flows at many stations. Mean winds were
light and had switched to the south quadrant.

Southerly winds in early July triggered possible upwelling along much
of the south shore of Lake Superior (fig. 6a, b). While 10-m flows were
offshore or parallel to shore at most southern lake stations, 30-m flows
were strongly onshore. Surface layer (10-m) flow at stations 11 and 12
was to the south, as were all deeper flows at station 12, suggesting a
return flow there supporting the upwelling. All measured average 10-m
current speeds remained below 5 cm s for this period.

Stronger 10-m flows were found for 16-31 July at station 11, indicating
a westward flow south of Isle Royale to maintain a general counterclockwise
circulation for the whole lake (fig. 7a, b). These flows were the strongest
measured at 10 m for any 2-week period at an offshore station. Most of
the high speed flow measured during this interval occurred during only 4
days of data - 17-21 July - during which an average speed of over 58 cm s
was reached, with no missing readings reported for a 16-hr interval. The
question must be raised whether this represents true readings in the record.
These data were coded during the scanning process as "rotor too fast to
read speed channel." The data from station 12 nearby show no such velocity
surge for the same days. Station 11 data from 10-m depth, in fact, became
unreadable for the last 6 days of July. Flows below 10 m support a con-
tinued counterclockwise circulation covering the lake.

Early August winds averaged to very small resultants, and currents in
the lake were generally light. At station 11, flow changed to_ jpparent
continuous inertial loops witlji a net drift of less than 1 cm s , but an
orbital speed of 2 to 5 cm s in the inertial loop. The general counter-
clockwise circulation continued (fig. 8a, b).

The second half of August saw light northerly winds. Circulation at
10 m showed continuation of the pattern of previous maps. Note that the
10-m vector for station 9 seems permanently locked toward the north-north-
west, while the Keweenaw Current shows prominently at 15 and 60 m (fig. O9a,
b). Thus, the recordings from the 10-m level at station 9 are judged un-
reliable.

The maps for 1-15 September (fig. 10a, b) are similar to the August
set. The counterclockwise lakjwide circulation persisted and the Keweenaw
Current averaged |Jome 13 cm s at 15 m. At station 15 at 30 m, the current
exceeded 15 cm s parallel to bathymetry. Flow at station 16 at both 10
and 15 m pointed into the lake rather than toward Sault Ste. Marie, Mich.
This station was located west of the deepest water in the region, and in-
dicated a circulation pattern in Whitefish Bay which may be usually clock-
wise in summer, with St. Marys River water originating in a southward flow
along the Canadian shore of the bay. Flows at stations 2 and 3 were parallel
to shore, following the prevailing circulation.

10



16 - 30 JUNE 67
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Figure b5a. (FWPCA) half-month average current vectors, 16-30 June 19673
10 and 30 m.
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Figure 5b. (FWPCA) half-month average current vectors, 16-30 June 1967,
15, 22, and 60 m.
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Figure 6a. (FWPCA) half-month average current vectors, 1-15 July 1967,
10 and 30 m.
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1 - 15 JULY 67
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Figure 7a. (FWPCA) half-month average current vectors,
10 and 30 m.
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Figure 7b. (FWPCA) half-month average current vectors, 16-21 July 1967,
151 22, and 60 m.
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1 - 16 AUGUST 67
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Figure 8a. (FWPCA) half-month average current vectors,
10 and 30 m.
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Figure 8b. (FWPCA) half-month average current vectors, 1-16 August 1967,
15, 22, and 60 m.
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Figure 9a. (FWPCA) half-month average current vectors? 16-31 August 1967>

10 and 30 m.
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Figure 10a. (FWPCA) half-month average current vectors, 1-15 September 1967,
10 and 30 m.
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Figure 10b.  (FWPCA)
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The second half of September (fig. 1la, b) seemed to contain a change
in the flow pattern as a current flowed from the Keweenaw Peninsula toward
Isle Royale at 15 m at station 9, and at 10 and 15 m at station 11. Winds
were predominantly from the north. There was still evidence of a strong
counterclockwise circulation west of 88°W to the tip of the lake and of
another cell occupying the eastern half. The cross-lake current from
station 9 may have been an artifact of the hardware used in data collection
or reduction. Thus, the suggestion of two counterclockwise cells in the
lake can be inferred from the data, but certainly not proved conclusively.

October (fig. 12a, b and 13a, b) was the last month in which a signi-
ficant number of moorings were left; only five still reported at 10 m for
1-15 October. The late September pattern was continued. A strong north-
eastward coastal current was found at stations 2 and 3 at 10 and 30 m and
at station 15 at 60 m. For 16-31 October four stations still reported
flows at 10 m, including the suspiciously steady north-northwest flow at
station 9. Deeper flows for this period “were still parallel to bathymetry
at stations 2, 3, and 15, but strong and divergent in direction at station
5, which showed such behavior all season. The scatter of directions at
mooring 5 is probably due to its location in a confined bay and out of the
mainstream of the basic counterclockwise lake circulation.

3.2 FWPCA Observations - Summer 1967, Summary

Five and one-half months of current data from a network of moorings in
Lake Superior revealed a persistent counterclockwise circulation covering
the whole lake once stratification had set in. Serious deficiencies in
data reduction techniques and equipment during the original processing by
the FWPCA and contracted data processors rendered a significant fraction
of the data sample useless, so that only general features of long-term cir-
culation patterns could be inferred. Monthly summaries of summer current
components are given in table 1.

3.3 CCIW Observations - Summer 1973

Figures 14-21 display half-monthly averages of CCIW data for the period
1 June-30 September 1973. A detailed, month-by-month discussion will not
be made here, since the patterns already determined from the FWPCA data are
again present. There are, however, some significant differences. CCIW
mooring 4 reported a consistent, strong east-northeast Keweenaw Current at
speeds exceeding 30 cm s from a location near FWPCA site 9, which showed
north-northwest currents at 10 m with lower speeds for a similar season.
Currents at CCIW site 3 showed an extension of the Keweenaw Current as it
swept around with the bathymetry although some of the data from FWPCA site
13 showed this flow continuing to the south-southwest.

23
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Figure 1lla. (FWPCA) half-month average current vectors3 16-30 September 19673
10 and 30 m.
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Figure 12a. (FWPCA)
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Figure 12b. (FWTCA) half-month average current vectors, 1-15 October 1967,
15, 22, and 60 m.
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Figure 13a. (FWPCA)
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Table 1.

Date

June 1967

July 1967

August 1967

(FWPCA) Current Components (East Component Followed

Station
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PR R R R R
No U R~WN R

0 ~N O U~ wNE

PR R R R R R
~NouUhWN R ©

Component; Both in am/s~*)

-0.

-3

-3

-0.

10 1
3377 1
.80, O.
.30, -3
66, 1.
.01, 0
.39, 2.
.68, 0.
.17, -0.
.46, 0.
44, -0.
.00, O.
57, 2.
.90, -3.
02, -1.
69, -1
87, 1
30, O
17, -0
.94, 2.
.12, 0.
Jo) 2.
06, -1

.15

08

.10

80

.01

69
86
89

62
36

00

64
00
88

.08

.10
.47

.44

a7
20
91

.20

15 m
-0.34, -0.76
4.70, 6.50
-0.95, 0.12
-0.96, -0.33
-1.10, 1.40
6.41, 2.20
-0.40, -0.17
-1.45, -2.82
-0.08, 2.30
-1.90, -1.66
~0.98, 0.05
0.10, 0.30
8.36, -0.24
-1.30, -0.24
0.12, -0.54
-0.32, 2.59
-2.72, -1.56
~1.19, 0.88

30

-Depth-

22 n
-4.42, -2.08
-0.72, 0.02
-0.55, 0.01
-0.72, -1.06
-3.78, -6.60
-0.62, -0.08
-0.24, -1.12
-0.94, -2.67
1.02, -0.91

-0.87, 0.06
-0.64, -0.70
-0.17, -1.32

by Forth

-0.
-0.

o

30 ;
20, -1
36, 1
88, -1
65, -2
52, 0O
44,

.92, -1
.46, -1
.64, 0
35, 0
30, O
.54, -2
.05, -0
.16, 2

.35

.35

.31

.63

.74

.95

.38

.61

.03
.00

.46

.66
.80



Table 1.

Date

June 1967

July 1967

August 1967

(FWPCA) Current Components (East

Component Followed by North

Component; Both in om/s~") (continued)
Beptn
Station 60 m 90 m 120 m

1 - N
2

3 -0.25, -0.12 S S
4

5 -0.20, 0.28 S S
0

7 S -0.22, -0.24 I
8

9 4.56, 0.92 6.95, 2.08 7.16, 1.46
11
12 -0.76, -1.07 -0.89V 0.16
13 —
14
15
16
17

1 S
2 -

3 -0.79, -2.65

b

5 0.02, 0.00 S _
0

7 S 0.92, 0.16 0.74, 0.07
8

9 4.50, 0.39 6.28, 1.74 3.93, 2.36
11 -0.37, -0.08 S
12 -0.54, -0.76 .
13
14 -0.30, 1.62
15 5.00, 1.74
16 - _
17

1 -

2

3 -1.61, -0.92

4

5 0.38, -0.54 - -
0

7 - 0.23, 0.09 -
8

9 3.10, 1.08 4.08, 2.26 2.65, 0.80
11 -0.41, -0.07
12 nnnn
13 [N - -
14 -0.16, 1.54
15 3.98, 7.34 — —
16
17 — — —_—

31

150 m

0.96,

0.02,

-1.08,

0.24

3.21

0.19

0.90



Table 1.

Date

September 1967

October 1967

(FWPCA) Current Components (East Component Followed by North

Component; Both in cm/s~") (continued)
-Depth-
Station 10 m 15 m 22 m
1 I — ——
2 3.61, 2.07
3 1.36, 0.76
4
5 _— 1.16, -2.
6 —_— 0.14, 0.77
7 0.24, -1.62 _
8 _
9 -1.50, 2.90 L
11 -1.94, -0.01 20.68, 0.11
12 -1.04, -3.78 _ -1.70, -3.
13 —_— 10.59, -1.60 _
14 S «0.67, 1.14 _
15 —_— - .
16 -1.72, 2.72 «1.14, 1.20 .
17 _— 20.36, 0.42 .
1
2 7.12, 4.02
3 2.42, 0.68
4
5 2.28, 3.
6 —_— -0.90, -0.96
7 0.11, 0.22 —_—
8
9 -1.54, 4.18 —_—
11
12
13
14
15
16
17

32

96

73

14

30 m
1.32, 0.66
0.02, 1.28

-0.34, -0.30
-1.24, -1.76
-0.30, -0.09
4.47, 8.20
7.17, 1.98
0.08, -3.84
-0.82, -1.94



Table 1.

Date

September 1967

October 1967

(FWPCA) Current Components (East Component Followed by North

Component; Both in cm/s~")

Station

wiN

60 m
0.67, -0.15
0.52, -0.74
4.18, 0.92
-0.72, -1.56
-0.03, 1.10
1.50, 1.29
1.12, 0.51
4.36, -0.79
-0.54, -0.69
7.20, 10.14

90 m

0.84,

4.33*
-0.70,

0.94,

33

-0.11

1.76
-0.02

0.60

(continued)

120 m

4.28, 0.60

pepth-————————— —

150 m
-0.29, -0.04
-1.16, 0.48

0.76, 0.28



LAKE SUPERIOR 1973 C.C.I.W
LAKE CURRENT OBSERVATIONS

1-15 JUNE

10m R
1I5M & ooeeeenn . 89 86°
2Zme  .... 46° 46°

Figure 14. (CCIW) half-month average eurrent vectors at 10, 15, and 22 m,
1-15 June 1973.
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LAKE SUPERIOR 1973 C.C.I.W
LAKE CURRENT OBSERVATIONS

16-30 JUNE
10 m
B5M®. .. 89 86°
46° 46°
Figure 15. (CCIW) half-month average overrent vectors at 10, 15,

16-30 June 1973.
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LAKE SUPERIOR 1973 C.C.I.W
LAKE CURRENT OBSERVATIONS

1-15 JULY 73
10m »

15 m®*
25m>*

Figure 16. (CCIW) half-month average current vectors at 10, 15, and 22 m,
1-15 July 1973.
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LAKE SUPERIOR 1973 C.C.I.W
LAKE CURRENT OBSERVATIONS

16-31 JULY
10 m>
15 m@*
25 m fr
Figure 17. (CCIW) half-month average current vectors at 10,

16-21 July 1972.
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15,
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LAKE SUPERIOR 1973 C.C..W
LAKE CURRENT OBSERVATIONS

1-16 AUGUST 73

89° 88
46° 46°""

Figure 18. (CCIW) half-month average current vectors at 10, 15, and 22 m,
1-16 August 1973.
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LAKE SUPERIOR 1973 C.C.I.W
LAKE CURRENT OBSERVATIONS

17-31 AUGUST 73

Figure 19. (CCIw) half-month average current vectors at 10, 1S, and
17-31 August 1973.
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LAKE SUPERIOR 1973 C.C.I.W
LAKE CURRENT OBSERVATIONS

1-15 SEPTEMBER 73

Figure 20. (CCIW) half-month average current vectors at 103

1-15 September 1975.
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LAKE SUPERIOR 1973 C.C.L.W
LAKE CURRENT OBSERVATIONS

16-30 SEPTEMBER 73
10 m

Figure 21. (CCIw) half-month average current vectors at 10,
16-30 September 1973.
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and 22 m,
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Flows along the northwest shore follow the bathymetry and are stronger
than those measured by the FWPCA. Early in the season (through mid-July)
the flows at CCIW station 10 were in near opposition between 15 and 25 m,
indicating probable downwelling. This is particularly clear in July
(fig. 16-17) when flow at station 8 was onshore while flow at station 10 di-
vided to flow parallel to shore, westward at 15 m, but eastward at 25 m.
Note also the strength measured for the Keweenaw Current.

The entire CCIW data set supports the existence of the counterclockwise
circulation of the whole lake, but wide spacing and absence of data from
the northeastern lake (also not well covered by FWPCA) makes verification
difficult.

The relatively small current at station 5 is a residual of averaged
inertial currents, which are a nearly constant phenomenon during the strati-
fied season. For example, *rent at 15 m for
station 5 averaged 2.1 cm s 15 September (f]Jg 20), the current
speed for the same period ranged trom « to 11 cm s and the direction
rotated clockwise through 360° each 16 hr. The average speed was thus more
than four times the vector resultant average.

A possible period of downwelling is shown in figure 21, the current
map for 16-30 September. Flow was toward shore at stations 6 and 8 and
parallel to shore at 7 and 10. Currents between Isle Royale and Thunder Bay
at stations 12 and 13 are westward, while flow at 11 is eastward.

In summary, the CCIW dat<ji show a lakewide counterclockwise flow which
generally averages 5-10 cm s and as fast as 35 cm s in the Keweenaw
Current. Flow near shore paralleled the bathymetry, while deepwater flow
was dominated by inertial currents during stratified conditions.

3.4 Oscillatory Currents at Isle Royale

Interesting periodicities occurred also in the currents at stations 11,
12, and 13. These periodic components were directed parallel to bathymetry
and corresponded to predicted oscillations and seiches of the lake (Rockwell,
1966; Mortimer and Fee, 1976; Rao and Schwab, 1976).

Flows in the channel between Isle Royale and the north shore of the
lake oscillated in two distinct patterns. During the early part of the
measurement season, the lake was thermally unstratified and spectral analy-
sis of flows measured at stations 12 and 13 showed strong coherence between
10- and 15-m levels at periods corresponding to the uninodal longitudinal
seiche, the lunar semidiurnal tide, and all periods greater than about
20 hr. The effects of surface oscillations are not generally detectable in
currents, except where amplified by some sort of constriction through which
an oscillatory flow is driven. The periodic current driven by the uninodal
seiche is also strongly coherent between measured east-west flows at 10 m
at stations 12 and 13.
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Figure 22 shows the spectra of east-west oscillations for 22 May-11
August 1973 for stations 12 and 13 at 10 m. The coherence spectrum com-
paring the two stations clearly shows significant correlations between
the measured oscillations only at line 21 (about 12.5 hr, the lunar tidal
period), line 33 (about 7.9 hr, the uninodal seiche), and line 92 (about
2.8 hr). Rao and Schwab (1976) computed a period of about 2.6 hrs for a
sixth mode of Lake Superior; this mode has a significant amplitude only
behind Isle Royale, and no other mode except the first strongly affects
that region. Rao and Schwab (personal communication) stated that their
computations provided better spatial than temporal resolution and that
the period of 2.8 hrs was probably correct for the sixth mode. Mortimer
and Fee (1976) observed in Lake Superior water levels normal modes which
had,, periods a few percent longer than those Rao and Schwab computed, so
the observations described in the present study appear to fit the actual
situation.

Figure 23 shows east-west current spectra for stations 12 and 13 at
10 m for 12 August-3 October 73. The lak$ had become stratified and a dif-
ferent oscillatory pattern dominated the currents. Inertial oscillations
prevailed with an order of magnitude more energy than the seiche-driven
motions. There is a suggestion of a hump in the spectrum from station 13
(closer to shore) at the 7.8-hr seiche period, but there is no coherence
between stations 12 and 13 at that period. The strong coherence at the
16-hr inertial period and a relative phase of 3° between the two meters in-
dicates that both meters were in the same rotating current cell. Inertial
motions at station 12 were nearly circular; with a phase angle of 91° be-
tween northward and eastward components at a coherence of 0.949, magnitudes
of the two spectral components were equal within 10 percent. Similar flows
existed at station 13, which in spite of its proximity to shore was in water
142-m deep. Depth at station 12 was 195 m.

3.5 FWPCA Observations - Winter 1966-67

Monthly resultant currents were calculated for six winter meters on
four moorings (locations shown on fig. 24) at winter stations 1, 2, 7,
and 8. Other records were of insufficient duration or quality to be used.
The data, summarized in table 2, spanned mid-October 1966 through mid-May
1967. Measured speeds were small, generally around 1 to 3 cm s® , although
the monthly peak was 8.32 and a half-month value of 11.17 cm s was re-
corded at station 1 at 10 m. These data were too sparse to define a circu-
lation pattern, but the resultants generally paralleled the bathymetry, and
station 1 tended to indicate a prevailing counterclockwise pattern of general
circulation. The locations of moorings 7 and 8 in particular were placed
out of the expected general circulation pattern and seemed to respond to

eddies shed by the main flow.
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LOG (SPECTRAL DENSITY)

PERIOD (HOURS)

!
N

SQUARED COHERENCE

60 80
SPECTRAL LINE NUMBER

Figure 22. Spectra of the east-west current components at CCIW moorings 12
(solid line) and IS (dotted line), depth 10 m, 22 May-11 August 1973.
Broken light line is squared coherence between the two stations. Peak in
coherence at 8-hr period is due to Ffirst longitudinal seiche of the lake;
the peak at 2.8 hr (line 92) may be due to sixth free mode.
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PERIOD (HOURS)

SQUARED COHERENCE

\ i tv

60 80
SPECTRAL LINE NUMBER

Figure 23. Same notation as figure 22, stations 12 and 13 at 10 m, east-
west components, 12 August-3 October 1973. Coherence peak at 16 hr is due
to inertial oscillation.
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Grand Marais

Ashland
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STATUTE MILES

Figure 24. FWPCA winter 1966-67 mooring sites.
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Table

Followed by North Component;

2.

(FWPCA)

Current Components at Four Selected Stations (East Component
Half-Month Data in Brackets)

Date Station
17-31 Oct. 1966 1
2
7
8
Nov. 1966 1
2
7
8
Dec. 1966 1
2
7
8
Jan. 1967 1
2
7
8
Feb. 1967 1
2.
7
8
March 1967 1
2
7
8
April 1967 1
2
7
8

1-16 May 1967

0 NN

Both
m
54:_:? 37]
02, -1.39
22:;Eﬁ8
JszzEAo
42;;E£4
.16;:;%.08
3222%50
92j_j10.03]

47

in cm/s~";
—————————— Depth—
22 m 30 m
[-0.46, 4
[ 0.95, 2
0.56, -0.
— -0.50, 1.
-0.72, 0.32
-0.60, 2
1.48, O
-0.70, O
0.91," -2.08 -
-0.32, O
-2.30, 1
— 0.30, O
3.23, -1.76 -
0.26, O
-1.44, -0.
-1.99, O.
1.00, 0.57 -
0.02, 1
-1.78, -1
0.15, 2.
-0.39, 2.16
-1.69, -1
0.90, -0.96
[-1.08, -2
[0.01, -0.16]

.96]
.55]

28
26

.85

.90
.72

.19

.28
.42

.72

51
16

.35

.48

47

.40

.01]

60 m

[-0.23;7— 2.32]

0.27, 0.55
-1.11, -1.56
-1.04, -1.92
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MESA

OCSEA

W/M

NHEML

RFC

(CIRES)

AOML

PMEL

Environmental Research
LABORATORIES

The mission of the Environmental Research Laboratories is to study the oceans, inland waters, the lower and
upper atmosphere, the space environment, and the Earth, in search of the understanding needed to provide more useful
services in improving man's prospects for survival as influenced by the physical environment. The following laboratories

contribute to this mission.

Marine EcoSystems Analysis Program Office.
Plans and coordinates regional programs of
basic and applied research directed toward the
solution of environmental problems which
involve the functioning, health and restoration
of marine ecosystems.

Quter Continental Shelf Environmental
Assessment Program Office Plans and directs
assessments of the primary environmental
impact of energy development along broad
areas of the outer continental shelf of the
United States: coordinates related research
activities of federal, state and private
institutions.

Weather Modification Program Office Plans
and directs ERL weather modification research
for precipitation enhancement and severe
storms mitigation: operates ERL s research
aircraft

National Hurricane and Experimental
Meteorology Laboratory Develops techniques
for more effective understanding and
forecasting of tropical weather Research areas
include hurricanes and tropical cumulus
systems: experimental methods for their
beneficial modification.

Research Facilities Center Provides aircraft
and related instrumentation for environmental
research programs Maintains liaison with
user and provides required operations or
measurement tools, logged data, and related
information for airborne or selected surface
research programs

Theoretical Studies Group Provides NOAA
participation in the Cooperative Institute for
Research in Environmental Sciences (CIRES).
a joint activity with the University of Colorado
Conducts cooperative research studies of a
theoretical nature on environmental problems.

Atlantic Oceanographic and Meteorological
Laboratories. Research areas include geology
and geophysics of ocean basins and borders,
oceanic processes, sea-air interactions and
remote sensing of ocean processes and
characteristics (Miami, Florida)

Pacific Marine Environmental Laboratory.
Research areas include environmental
processes with emphasis on monitoring and
predicting the effects of man s activities on
estuarine, coastal, and near-shore marine
processes (Seattle. Washington).

GLERL

GFDL

APCL

NSSL

WPL

ARL

AL

SEL

Great Lakes Environmental Research
Laboratory Research areas include physical,
chemical, and biological limnology: lake-air
interactions, lake hydrology, lake level
forecasting, and lake ice studies (Ann Arbor,
Michigan).

Geophysical Fluid Dynamics Laboratory
Research areas include dynamics and physics
of geophysical fluid systems: development of
a theoretical basis, through mathematical
modeling and computer simulation, for the
behavior and properties of the atmosphere and
the oceans (Princeton. New Jersey).

Atmospheric Physics and Chemistry Laboratory
Research areas include: processes of cloud
and precipitation physics: chemical composition
and nucleating substances in the lower
atmosphere; laboratory and field

experiments toward developing feasible
methods of weather modification.

National Severe Storms Laboratory. Research
is directed toward improved methods of
predicting and detecting tornadoes, squall
lines, thunderstorms, and other severe local
convective phenomena (Norman, Oklahoma).

Wave Propagation Laboratory Research areas
include theoretical research on radio waves,
optical waves, and acoustic gravity waves;
experimental research and development on
new forms of remote sensing.

Air Resources Laboratories. Research areas
include diffusion, transport, and dissipation of
atmospheric contaminants; development of
methods for prediction and control of
atmospheric pollution, geophysical monitoring
for climatic change (Silver Spring. Maryland)

Aeronomy Laboratory Research areas include
theoretical, laboratory, rocket, and satellite
studies of the physical and chemical processes
controlling the ionosphere and exosphere of
the Earth and other planets, and of the dynamics
of their interactions with high-altitude
meteorology.

Space Environment Laboratory Research
areas include solar-terrestial physics, service
and technique development in the areas of
environmental monitoring and forecasting.

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
BOULDER. COLORADO 80302
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