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Foreword

This report presents the results of an analysis of water current record-
ings collected in Lake Huron during 1966 by the Federal Water Pollution
Control Administration. Most of the current data were collected during the
interval of May through September 1966 and are therefore representative of
the summer heating and density stratified season of Lake Buron. This is8 a
contribution to the Internatfonal Joint Commission Upper Lakes Reference
Study and was supported through an Interagency Agreement by the Environmental
Protection Agency, Reglion V.
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MEASUREMENTS OF CURRENT FLOW DURING SUMMER IN LAKE HURON

Peter W. Sloss and James H. Saylor

Reanalyses of the data from the 1966 Great Lakes-Illinois River
Basin Project (GLIRBP) of the (then) Federal Water Pollution Control
Administration (FWPCA) reveal some of the large-scale, persistent
sumnertime circulation patterns in Lake Huron. The greatest density
of data from the original 45 current meter moorings covers June
through August 1966, when some 21 stations returned synoptically-
significant data from meters at depths of 10 and 15 w. From this
somewhat sparse sample, it ig deduced that at 10-m depth a counter-
clockwise circulation dominates the northern 2/3 of the lake. The
shallower southern portion shows a more complex pattern, with gen-
erally southward flow along the shorelines on both sides and a
return flow northward near the centerline of the southern basin.
This latter pattern may decay later in the summer, but the data
become too patchy for definite analysis. The data set from 15-m
depth indicates similar circulations. Spectral amnalysis of currents
at individual statrions reveals a strong inertial rotation of the
current vector at open-lake sites. Only the data from the Straits
of Mackinac lack the inertial components and are dominated by the
lunar semidiurnal tide and the seiches of Lake Michigan.

1. INTRODUCTION

Currents in Lake Huron were described in an early study by Harrington
{1895) in which drift bottles were the measuring devices. More recently,
Ayers et al. (1956) combined drift bottle paths with temperatures and the
resulting dynamic height data to determine large-scale flow patterns at three
times during the summer of 1954, Neither study used continuocus current mea-
surements to determine the degree of persistence or the variability of the
reported currents.

In 1966, under the auspices of the Federal Water Pollution Control
Administration (FWPCA) and its Great Lakes~Illinois River Basin project
(GLIRBP), some 40 current-meter moorings were placed in Lake Huron for vary-
ing intervals of time from April through September. Seven moorings also were
deployed through the previous winter at locatlons near the Michigan shore.
Usable data were returned from stations 1, 4, and 9, but were too sparse for
any interpretation of winter currents, Details of typical moorings and
meters can be found in the report entitled "Lake Michigan Currents”

{FWPCA, 1967). The Lake Huron station network is shown in fig. 1.

Of the summer moorings, a maximum of 25 produced simultaneous, usable data
representing flow at the same depth (10 m) for the interval mid-June through
July 1966. By the middle of August, the number of functioning instruments at
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10-m depth was down to 13, At other depths, the maximum number of simultan-
eous usable records was 12 at 30-m depth during the second half of June. The
entire avallable data set from all moorings consists of 187 data files on
magnetic tape. There are, howsver, timing and data-quality problems evident
on many of the files. The exact percentage of "good" data returned depends
on the user's quality criteria and patience--some 30 of the original data
films from the current wmeters were recently reprocessed by Geodyne, Inc., to
correct serious timing discrepancies {n cases where the number of observa-
tions was not 1n agreement with the indicated start and stop dates and the
interval between observations. Absolute timing, for purposes of correlation
between different meters, remaina a serious problem with much of the data the
authors have seen from Geodyne "Type G" meters.

The majority of the current data was recorded at 30-min fatervals, al-
though some records were timed at 20—, 10—, or 5-min spacing, and data from
station 16 include several periocdsg of about a2 week's duration each, during
which data were taken st l-min spacing. The purpose of these intensive obser-
vations 1is not known.

2. DATA ANALYSIS

The velocity time series generated by the current meters were analyvzed
in two ways: block averages over varlous time pericds, and spectrum analysis.
Spectrum analysis of lake current data (Verber, 1966; Malone, 1968) has shown
a strong component of rotary motion at the local inertial frequency in open-
lake areas during the season of stratification. The GLIRBP Lake Huron data
show this behavior at stations as close ag 5 km from the shore.

The presence of a stroug inertial component in the current filuctuations
suggests that short-term net flowa can best be computed on the basis of
vector—-averaged currents from an integral number of inertial periods. Iner-
tial pericds in Lake Ruron range from 17.6 hours at the south end of the lake
{latitude 43°N) to 16.7 hours at the north end (latitude 46°N). PFor data
taken every 30 min, this north-south variarion represents a difference of two
data points per inertial period; thus, the same averaging interval does not
apply te every station.

For convenience, the averaging interval could be chosen to be one iner-
tial period rounded back to the nearest data point. For data spaced at 30-min
intervals, applicarion of this averaging scheme Tesults in a maximum deviation
from a complete inertial cyecle of about 10° of rotation. Closer data spacing
reduces the deviation at some stations to less than 1 percent of a cycle. For
example, spectra of currents at station 13 in the southern arm of Lake Huron
indicate that in July moere than 1/3 of the total kinetic energy in long-period
motions was contained in a band of frequencies spanning 1/16 to 1718 cycles
per hour. More detaile of spectrum computations are presented later in this
paper.

Longer~term averages of vector velocitles are not as sensitive to
inertial currents. The above example of station 13 had a wean flow at 10~-m
depth of about 1 em 8 = over a lé-day period, while the standard deviations
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of the current components were on the order of 8 e 8 l. At the latitude of

station 13 the local inertial period 1s 17.3 hours, so the l6-day averaging
period represents 22,15 inertial cycles. The weight of the "extra' 0.15
cycle, spread over the whole interval, does not affect the long-term mean
current significantly as it represents less than 1 percent of the total time,

3. CIRCULATION PATTERNS

The greatest density of data was obtained from the 10-m level, with more
than 20 stations operating from wmid-June through July. The surface-layer
clrculation is aasumaa\to follow a pattern similar to the 10-m currents in
summer. The thermocline was below 10 m after early July. Fig. 2-10 depict
the surface~laver circulation measured over l4-~16-day intervals from 1 May
through 14 September. Larger circles represent operating current meters;
the average current vectors are represented by line segments originating at
the mooring locations and extending in the direction of flow with a length
proportional to the speed of flow., Map fig. (2, 3, 4, 5, 6, 7, B, 9, and 10)
marked a show 10~ and 30-m currents; figures marked b show 15~ and 22-m
currents.

The first group of data for 10-u currents represents 1-14& May 1966,
shown in fig. 2a. Data were returned only from meters in the southera end
of the lake and show evidence of a possible counterclockwise circulation.
Strong shears are evident between 10 and 30 m. Currents at Iintermediate
levels (fig. 2b) show similar patterns. The lake was thermally homogeneous
for the period of these maps.

A slightly larger data sample wag returned for the second half of May
{fig. 3a), but the measured flow looks extremely dizorganized, Iin apite of
several frontal passages early in the period. Data from the northern part of
the lake show another possible small counterclockwise gyre west of stations
26-28, visible also in fig. 3b.

Pig. 4a-b show flows for 1-14 June. The flow northward from atatfion 26
toward station 28 continued at all depths. There ig evidence of the reestab-
lishment of the gyre in the southern lake, but data are sparse, The lake was
still homogeneous through this peried.

Fig. Sa-b, representing the second half of June, show 2 somevhat dis-
organized pattern of flow. There is an apparent counterclockwise circulation
occupying the middle 1/3 of the lake, flowing southward past Harrisville and
returning northward on the Ontario side. Local weather patterns for this
period were dominated by high-pressure or westgily to sonthwesterly winds,

Net current speeds averaged around 2 to 3 cm 8 ~ over the lake, being stronger
in coastal areas than in the open lake.

During the period 1-14 July there were some four frontal passages over
Lake Buron. Heteorological conditions were determined from summary maps for
each day (American Meteorological Society, 1966), and wind recorders at
moorings 11, 16, 28, 29, and 32. S$Stronger and more frequent winds from the
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northwest gquadrant apparently strengthened the southward flow along the west-
ern shore as shown in fig. 6a-b. The gyre in the central part of the lake,
between latitudes 44° and 45°, was less well dgiined than in the previous half
month. There was 3 net inflow of some 10 cm 5 = from Lake Michigarn and an
outflowof 8 ca s into Georglan Bay; both of these appear to be responses

to the prevailing winds. It should be noted, however, that the direction of
surface flow in both the Straits of Mackinac and the channel into Georgian

Bay does not prevail to the bottoms of the channels and, In fact, may be
nearly balanced by opposing currents at great depth {E. B. Bemmett, personnel
communication, 1975}.

The secomd half of July saw three major frontal passages which continued
the pattern of prevailing westerly to northwesterly winds. Wind records from
the moorings equipped with functioning anemometers showed evidence of the
frontal activity. The average winds at atations 16 and 32 tended to be west-
erly, but the winds recorded at ststions 11 and 29 had a more north—south
bias. It should be noted that for the interval 15-31 July some 30 percent of
the expected wind data points from station 11 were missing or of unusable
quality. Station 29 winds were dominantly from the asorthwest.

Currents at 10 m for 15-31 July (fig. 78) reflected the dominance of
northwesterly flow, with a strengthening of tgi southward flow along the
Michigan shore, with mean speeds up toc 8 cm s ~. The gyre in the central
region of the lake retained its identity, but flowe in the Saginaw Bay mouth
and the southern basin of the lake remained complex. Flow in the Straits of
Mackinac appeared to angle across the channel, but long~term averaging of
flows which oscillated with amplitudes up to 100 cm 8 ~, alternately eastward
and westward, confused the picture. The meter at mooring 32 (Straits of
Mackinac) at 22-m depth (fig. 7b) gave mostly north-south readings, although
no equipment malfunction or data processing errors were reported; compass
failure or misalignwent is assumed to be the cause of these anomaloug direc-
tion readings at 22 m. In the southern baszin, flow at 15 m shows a strong
gyre.

The weather maps for 2, 8§, and 14 August show low-pressure centers
c¢rossing the Lake Huron reglon. Wind records at station 29 show wind direc-
tions rotating through two complete circles during the first half of the
month. Unfortunately, the current meters at stations 26 and 27 had ceased
functioning. Winds at station 16 prevailed westerly and southwesterly, while
winds at station 11 were largely from the south until a deepening storm over
Quebec pulled winds around to the north on 12 August. The lack of northerly
wind components at station 1& gives cause for suspicion that the data from
that meter are not entirely reliable.

Current patterns Jetermined from the 13 meters still operating during the
first half of August show the effects of the more southerly wind flow (fig.
8a-b)., In the southern basin, flow was northward along both shores, as was
the flow out of Saginaw Bay. Evidence of the gyre in mid-lake remained,
indicated principally by wvectors at stations 17, 20, and 21.
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Flows for 15-31 August remained similar to those for the first half of
the month, Fig. 9a-b show the same large mid-lake gyre and persistent north-
ward flow at stations 26-28 appearing in fig. 10a-b for 1-14 September. These
flow patterns seem to define the circulation throughout the stratified season.,

Thus, the general summertime circulation of surface water in Lake Huron
appears to consist of a large counterclockwise gyre, whichioccupies most of
the lake north of latitude 44°N, and more complex and transient flows in the
southern arm and around Saginaw Bay., Circulation patterns determined from the
GLIRBF data have some of the characteristics described in the study by Ayers
et al. {1956}, and although the lake's response to meteorological inputs
created significant!@iffaraneea, such features as the persistent socuthward
current along the Michigan shore at latitude 45°N and a southward (along
shore} flow at the south end of the lake are common to both sets of observa-
tions,

Also confirming the May through August curvent patterns revealed by the
moored current meters are numerpus dynamlc height computations made for thie
interval from lLake Burom temperature data collected since 1960 by the Great
Lakes Institute of the University of Toronto and by the Canada Centre for
Inland Waters. These data invariably show a pool of colder water centered
over the deep basin in the northeastern part of Lake Huron with warmer, less
dense water along both the United States and Canadian coasts., Dynamic height
computations therefore indicate a large counterclockwise circulation about
the colder core, essentially of the same dimensions as the current meters
reveal. Current speeds determined by the two methods are of the same order of
magnitude, Therefore, bathymetry of the lake basin plays an important role in
shaping the circulation pattern during the summer heating interval we have
examined.

4. FLOWS AT DEPTHS BELOW 10 m

Flows at 15-m depth [map fig. (2, 3, 4, 5, &, 7, 8, 9, and 10) marked b]
generally szemed to follow the shallower layer, but the density of observations
was not great enough to define circulations. Particularly problematical was
a lack of simultaneous, reiiable data for more than cone depth at any mooring.
Phase relationships between inertial oscillations above and below the thermo-
cline, as reported by Malone {(1968), are difficult to determine from the
GLIRBP Lake Hurom data. Only 6 moorings provided data at both 10— and 15-m
depths in July, and only 11 moorings gave any usable 15-m data at all. Miss-
ing data are attributable to instrument failures and possible inadeguacies in
the automated data-reduction hardware and processing methods (Mehr, 1965 and
1970). Data were also taken at 22-, 30~, 60-, 90-, and 120-m depths, where
applicable, but the sample sizes from these levels were smaller than even the
15-m ser. Half-monthly flows could be computed at a maximum of 12 moorings
for 30~-m depth, and only for the second half of June were that many available.

Existing 30~m data showed flows similar to surface curreats in the south-
ern basin and & persistent current northeastward and antieyclonically curved
from station 26 toward station 28. There were insufficiest data to determine
the continuations up or downstream of this region, but the prevailing winds

20




<8*

15-31 AUGUST S8,

H
 §
i
H
&
Bay Tay
Saginaw
KILOME 1E8S
T U i 3
o = -] &G 0 » b=
e o SIATUTE MILES ] 437
* PR e 0 43 i
Jee e a2 ] -
84" §3* 2"
Pigure 9a. Half-month average current vectors at 10 m and 30 m for

15-31 August 1966.
21



[T a3 a2

15~31 AUGUST 88

45*)

ELYS] —
22’“@;-:;%‘-

L —
i
!
Suginaw .
KLOMETERS
b ¢ m&fl?ﬁ!’? MILE 5“ * e
. "
e — Ty ] “3
[ = ] % s w
O S SN
&a* 837

Figure 8b, Half-month average current vectors at 15 m and 22 m for
15-31 Auguat 1866.

22




4Bt

I
1~14 SEPTEMBER 66

s

—
; 10 1 @
i sem@cnu-ao-

st

Sagimaw

KHOMETERS

) 9 0
SINYUTE MILES

Figure 10a. Half-menth average current vectors at 10 m and 30 m
for 1~14 September 1966.

23




e
e
¥

e

i

L

Ba*

L EM

22M@ravneas

!
&4 i
; Godwru b
! Bay Tty
Saginew .
KU OMEYERS
[ et vt pusvildowelietr, ==t
Fad 3 0 alr (3]
PRV __STATUTE MILES ¥
E o o 2 P
i k
Be®
Figure 10b. Balf-month average current vectors at 15 m and 22 m for

1-14 September 1966.

24

T T ——rr———r



would have favored upwelling inshore of station 26. There are two explanations
for this flow. There 18 a topographic ridge in the lake bottom which extends
northeastward from the Michigan shore east of Calcite {at approximately 83.5°W
longitude} toward, and including, the Duck Islands at longitude near 83.0°W.
Also, the dynamic height computations from the Cznada Ce-tre for Inland Waters
and others referred to earlier in this paper show a persistent cold core which
lies west of the line of moorings 2628 and may control the flow in that
reglion.

3. EFFECTS OF THERMAL STRUCTURE

Fig. 11 a-d show temperature profiles taken by the U.S. Lake Survey
Center's R/V Shenehon as part of a separate study. the profiles show
gtratification started in early June, with the thermocline passing 10-m depth
early in July, but remaining shallower than 30 m through August. The loca-
tions at which the profiles were taken were: 1la, near mooring 27; 1lb,
near mooring 18: llc, near mooring 16; and 1ld, near mooring 13.

Examination of even these few, selected profiles reveals some reason
for the behavior of the current vectors. Fig. 114, from the southern basin,
shows that the warm surface laver did not penetrate to the 10-m depth until
after July 5. The 10-m currents at station 13 consisted mostly of inertial
oscillations untll mid-July, at which time a definite directional current
began to develop. By early August, the surface layer was thicker than 15 m,
and the mean flow at station 13 strongly directional, although the inertial
component remained. (Spectrum analysis of station 13 currents is presented
in the next section.) Similarly, the directional flow at stations 17 and 21
strengthened as the epilimnion deepened. Flow in the upper hypolimnion,
represented by the 30-m vectors, sometimes opposed the surface flow, as at
moorings 26 in all of July and at mooring 20 in the first half of July. Other
thermal effects have been described earlier in this paper.

6. OSCILLATORY CURRENTS

Spectrum computations in this study were done by applying the fast
Fourier transform (FFT) algorithm to time series formed from the cartesian
veloclity components along the east-west and north-south directions. Follow-
ing the method of Gonella (1972), rotary spectra also were computed. A
multispectral averaging technique was employed, rather than prefiltering and
sub-sampling as was done by Malone (1968). 1In the present study, spectra
were computed for several overlapping subsets of the total data series; then
the spectra were ensemble—averaged and smoothed by Hanning to produce a
single spectrum representative of the entire data series. The alignment of
overlapping data is shown schematically in fig. 12. Each subset was linearly
detrended and cosine-tapered at the ends before transforming.

The resulting spectrum admittedly is biased in favor of the middle por-
tion of the data series, which is included in more than one subseries, but by
varying the amount of overlap, it is possible to cover almost the entire
original data series in spite of the FFT constraint which requires a number
of data points equal to & power of 2. Sufficient resolution may be obtained
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Figure 1la. Temperature profiles (bathythermograph) from
R/V Shenehon taken near mooring 27?. The thermocline passed
10 m in early July 1966 and had not reached 30 m by Z?at
date shown. Maximon temperature gradient is 1.0°C m ~.

Figure 11b, Temperature profiles from near mooring 18.
Thermocline touched 30-m depth first at end of czn?Zya*is
period, Maximen temperature gradient is 0.7°C m -,

Figure 1lc. Temperature profiles from near mooring 16,
Bpilimmion included 10-m depth first at end of an?lyais
period. Maximuem temperaturve gradient i{s 1.6°C m™°,

Piguve 11d. Temperature profiles from near mooring 13.
Epilimmion reached 10 m in mid-July 1966. Maxrimuen tem-
perature gradient is 2.8°C m™1,
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with a transform of length 256 points, which results in 129 spectral estimates
from zero frequency to the Nyquist frequency; this is analogous to a "conven—
tional" Fourier transform using 128 lags. For example, 32 days of hourly
data give a total set of 768 observations that may be subdivided into 3 con-
tiguous, independent subsets of length 256 and 2 more subscts of length 256
which are centered over the 2 connecting points between the other 3 sets. The
overlald sets will pick up details of the signal that may have been suppressed
by the tapering at the ends of the independent sets.

Figure 12. Schematic representation of
data subsets for spectrum computation.

o Vhale date sat, size M . Each subsel must consist of an integer
1 3 5 7 v pawer of 2 points. For the case
- - - - shown, a subset of 256 points would
Cobrers sixe NS allow coverage of a total of 1,280

points (not an integer power of 2).
Overlap shown is 50 percent.

Statistical degrees of freedom {v) are calculsted on the basig of the
number of independent data points, by the formulae

v ' (2N - N/4M)/(8/2v) (1la)
or v o= 48 - 1/2, (1p)

where N is the number of points in the total data set and M is the number of
transformed subsets, Note that the degrees of freedom do not depend on the
size of the transformed subsets, but only on their number, The dependence of
v on the ratio of the size of a subset to the total sample, which would be
controlled by the number of lags used, is eliminated here since the FFT is
znalogous to a lagged-product method using all the allowable lags. The FFT
yilelds spectral estimates at n/2Z + 1 nonnegative frequencies for a sample of
size n.

Rotary components of the velocity vector are computed following Gonella
(1972), according to

Pey(E) = [P, () - Qu(£))/2 (2a)

Peu(E) = [B(D) + Qy(D1/2, (2b)

where P . and P are the clockwise and counterclockwise components of the
phasor ggpresengggion of the velocity at frequency £, P, is the average scalar
power at £, and Q... is the quadrature spectrum evaluated at f. While the
rotary c&mgonentsx§ and P could be computed from any pair of scalar ser-
ies they obviously ﬁgve phygical meaning primarily for wvelocity components
along perpendicular axes at a single site. The rotary components are conven-
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iently invariant with respect to orientation of the coordinate axes. Align-
ment of the major axis is determined (Gonella, 1972) by

tan 2¢ = ZSXYJ(SXX - SYY), (3
where, for any frequency, the angle ¢ is clockwise from north, S, is the
cospectrus between east and north motions, and and 5. are the auto-

gpectra of the east and north components, respectlvely.

Fig. 13a~-b andW\4a-b show cartesian-component and rotary spectra for
currents at 10-m depth at mooring 13 for the periods 1-16 July and 17 July-
2 August. The raw data for each spectrum consist of 768 consecutive half-hour
readings of current velocity. To increase low-frequency resclution, the
data were first averaged in 4's to give 2-hourly velocitles, lowering the
Kyquist frequency from 1.0 to 0.25 cycle per hour. The resulting data
set, reduced In length to 192 2-hourly values, was then transformed in 3
overlapping subsets of leagth 128; each subset began at the 33rd point of
the previous set for 75 percent overlap. From fig. 11, it appears chat
the meter in this example was in the thermocline for at least part of the
1-16 July interval, during which there was a strong spectral component at
the local inertisl frequency with a clockwise rotation of the velocliy
vector at all frequenciea up to 20 percent lower and 80 percent higher.

The energy of motions with periods of 16 to 13 hours was almost 60 percent
greater than the energy of all motions with periods longer than 50 hours.

For the interval 17 July-3 August, energy in the inertial range (16-18 hours)
exceeded the energy in long-period motions by 25 percent. The relative drop
is attribuctable to thickening of the epilimnion and the consequent grester
inveolvement of water at the 10-m level in meteorological scale moticns; total
energy had increased more tharn threefold. ¥or the entire cbservation period,
wotions in the inertial range were nearly circular. There 1s no ready ex-
planation for the additional energy pesk in fig. léa-b at 8.8 hours: Lake
Huron has no free oscillations at that period and the spectral methods used
here do not produce such strong side lobes. It is possible that inertial-
period waves on the thermocline were large enough to place the meter alter-
nately in the epilimnion and hypolimnion.

Flg. 1l5a-b show rotary spectra for station 17 for the period 9 July-
13 September at depths of 10 and 30 m, respectively. While both records
contained strong inertial components, attempts to correlate motions at the
2 depths were unsuccessful. In the light of other studies which shoved co-
herence and expected phase reversals across the thermocline (Malone, 1968),
it is evident that the data from station 17 were subject to the timing
discrepancles which seem to pervade the GLIRBP data. These data were also
averaged over 2-hour intervals, but longer data sers were used, with 5 sub-
sets of length 256 and 50 percent overlap.

Fig. 1l6a~b are a component and rotary spectra for station 35 at 1l6-m
depth, probably in the hypolimnlion for the analyzed period of 16 June-20 July.
Data were averaged over l-hour intervals and transformed as 5 sets of length
256 with 50 percent overlap. The mooring was approximately 5 km from shore
in a total water depth of 26 m, yet the inertial motions are quite strong,
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Pigure 13a. Power specitra of north (heavy line) and east (light line)

hourly velocity componente at etation 13, depth 10 m, for 1-16 July
1966, Only the first half of the computed spectrum is shown; no
gignificant peaks appeared in lines 85-128. Note that most spectira
shoum in this paper are truncated in this maner; excepiions are
noted. Spectral density (power) scale ie logarithmie.
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Figure 13b. Rotational epectra of clockwise (heavy line) and counterelock-
wise (light line) hourly veloeity componente at station 13, depth 10 m,
for 1-16 July 1866. The inertial band eontains 100 times as much energy
in clockwise motions ae in counterclochksise.
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Figure 14a. Power spectra of north (heavy line) and east (light line)
hourly velocity componente at etation 13, depth 10 m, for 17 July-3 August
1966. Power in inertial range has doubled, as has long-period power.
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Figure 14b. Rotatiomal spectra of clockwise (heavy linel and counterclock-
wise (light line} hourly veloeity compomente at station 13, depth 10 m,
for 17 July-3 August 1966. Increase in power in counterclockwise motion
at inertial period may indicate development of linear motion added to
rotary current.
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Pigure 15a. Rotational aspectra of clockwise (hequy line) and counterclock-

wige (light line) 2-hourly averaged velocity compoments at atation 17,
depth 10 m, 9 July-13 September 1566. The spectrum i8 again truncated
at the midpoint, but the horizontal scale now covers half the interval
of the previous fig. 13a-b, I1d4a-b.

33




Period, hours

1«: 3:2 18 8
)
ol |
z
g it
f
s
°
2
e
g7
..3...
_ ! -if + : + -+ o + o -+ e — oo :
0 10 20 ao 40 S0 &0

Spactral Line Number

] Pigure 15b. Rotational spectra of clockwise (heavy line) and counterclock-
wise (light line) 2-hourly averaged veloeity components at station 17,

i depth 30 m, 8 July-13 September 1366. The inertial peak is nearly the

: same atrength as at 10 m {(within 15 percent), but spread between clock-
wise and counterclockiise is larger.
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Figure 16a. Power spectra of north (heavy line) and east (light line)
hourly velocity components at statiom 35, depth 16 m, for 16 June-20 July
1966. The east velocity peak at 6.5 hours (line 39) corresponds to the
firet free oscillation period for Lake Burem; the veloeity vestor ie
actually biased nearly perpendicular to shore, according to equatiom (3).
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Pigure 16b. Rotational spectra of clockwise (heavy line) and counterclock-
wise (light line) hourly velocity components at etation 35, depth 18 m,
for 16 June-20 July 1966. Near equality of clockwise and counterclock-
wise components at line 35 impliee linear motion as desoribed in the text,
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describing an ellipse oriented with major axis toward 38° west of north,

or parallel to shore. Also present in the east-west component (approximately
30° from perpendicular to shore) was a spectral peak at the period of the
first Lake Huron seiche, 6.5 hours. Alfignment of this motion was directed
toward 35° east of north. Superimposed on the broad inertial pesk was a
motion that was coherent between the north-south and east-west components
(at greater than 95 percent significance) at the lunar semidiurnal tidal
frequency. The spectrum contained more energy in the north-south (30° from
parallel to shere) component, and the phase between the components of about
50° (north leading east) implies an elliptical motion with major axis in-
clined to be nearly parallel to shore along an angle of 36° west of north.

The Straits of Mackinac are discussed in detail elsewhere {Saylor and
Sloss, 1976, in press), but one spectrum from mooring 32 data is included
here (fig. 17) to show a strongly directional flow dominated by meteoroclogi-
cal scale (about 3-day) motions and a strong energy splke at the lunar semi-
diurnal tide. The lake seiches were poorly delineated in the record shown
here, although the first seiche of Lake Michigan may be present with a period
of approximately 8.9 hours (cf. Rockwell, 1966). Long-period motions had the
most energy at periods ranging from 64-85 hours (cf. Powers and Ayers, 1560).

7. SUMMARY AND CONCLUSIONS

The summertime surface circulation of Lake Huron is dominated by a
counterclockwise gyre which occuples most of the northern 2/3 of the lake.
There is a smaller counterclockwise gyre in the northwestern end of the lake,
at least partially constrained by bottom topography. The southern basin dis-
plays more complex patterns dependent on weather. A topographic ridge, separ-
ating the southern basin from the deeper main basin, is follewed by tha south-
ern boundary of the main gyre. Studies of the thermal structure of Lake Huron
have ghown temperature patterns which suggest similar circulations. The
surface circulation was not always well indlcated by current meters at 10-m
depth, since the thermocline remained shallower than 30 m for the entire
season and sppeared near 10 m until mid-July, e.g., parts of the southern
lake, where upwelling prevailed along the west shore, showed hypolimnion
motions at 10 m through mid-July.

Thermal stratification allowed the development of strong inertial
oscillations and rotary currents in most of the lake. Inertial motions were
most clearly defined where thermal stratification was sharpest and in such
cases accounted for much of the total water movement. At some stations
there were indications of possible tidal and zeiche-driven currents, but
only at the Straits of Mackinac were such motioms clearly detectable. Cor-
relations of oscillatory currents at various locations were apparently not
poasible due to Inherent uncertainties in absolute timing of the GLIRBP data.
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Pigure 17. Power spectra of north (heavy line) and east (light line)

2-hourly velocity components at etation 32 (Straite of Mackinac), depth
10 m, 15 July~16 September 1966. The etrong spectral peak at line 41
itg the Lunar semidivwemal tide, and the broad peak at lines 55-60 rep-
regents the first free seiche of lLake Michigan. The half of the spec-
trum from 8- to 4-hour periods shows no significant peake, although

the second Lake Michigan seiche may appear around line 105. (Plot not
truncated. )

38




8. REFERENCES

American Meteorological Society (A.M.S8.), 1966, Daily weather maps. Weather-
wise, 19, 179-181, 218-224.

Ayers, J. C., D. V. Anderson, D. C. Chandler, and G. H. Lauff, 1956, Currents
and water masses in Lake Huron. Techmical Paper No. 1, Great Lakes
Research Division, University of Michigan, Ann Arbor, Michigan. No
pagination.

Federal Water Pollution Control Administration, 1967, Lake Michigan currents.
Federal Water Pollution Costrol Adeministration, U.S. Department of the
Interior, Great Lakes Region, Chicago, Illinois. No pagination.

Gonella, J., 1972, A rotary-component method for analysing meteorological and
oceanographic time series. Deep Sea Research, 19, 833-846,

Harrington, M. W., 1895, Surface currents of the Great Lakes, as deduced
from the movements of bottle papers during the seasons of 1892, 1893,
and 1894, Bulletin B (revieed), U.8. Weather Bureau, 14 pp.

Malone, F. D., 1968, An analysis of current measurements in Lake Michigan.
Journal of Geophysical Research, 22, 7065-7081,

Mehr, E., 1965, Computer processing of lake data 1963-1964, Report Ko,
TR-86~-8, Geophysical Sciences Laboratory, Department of Meteorology
and Oceanography, New York University, Bronx, New York, 45 pp.

Mehr, E., 1970, Computer processing of lake data, 1970. Project Report for
Contract DI-14~12-8, Federal Water Pollution Control Administration,
U.5. Department of the Interior, Region 5, 14 pp.

Powers, C. F., and J. C. Ayers, 1960, Water transport studies in the Straits
of Mackinac region of Lake Buron. Limnology and Oceanography, 15, 81-85.

Rockwell, D. C., 19686, Theoretical free oscillations of the Great Lakes.
Technical Report No. 20, Department of the Geophysical Sciences, Univer-
sicy of Chicago, Chicago, Illinois, 87 pp.

Saylor, J. H., and P. W. Sloss, 1976, Water volume transport and oscillatory
current flow in the Straits of Mackinac. Jowmal of Physical Oceanog-
raphy, 6, in press.

Verbex, J. L., 1966, Inertial currents in the Great Lakes. Publication

No, 15, Great Lakes Research Division, University of Michigan, Ann Arbor,
Michigan, 375-379.

39

& 45 % GOYERMMENT PRINTING OFFICE 3575 - 17 347/1243 Hog. 3




]

o P O W e

ENVIRONMENTAL RESEARCH LABORATORIES

The mission of the Environmental Reasearch Laboratories 5 to study the oceans, Infand waters, the lower
and upper atmosphere, the space environment, and the earth, in search of the understanding needed to pro-
vide more useful ssrvices in improving man's prospects for sirvival as influenced by the physical environment,
Laborataties cantributing to these studies are:

Attantic Ocesrogrophic ond Meteorologicel Leboratories [AOML j: Geology and geophysics of ocean basing
‘ané bor;icrs, oc)eanis processes, sea-air interactions and remote sensing of ocean processes and characteristics
Miami, Fiorida),

Paeitic Marine Envirommentol Laoboratory (PMEL}: Environmental processes with emphasis on monitaring
and predict‘ing the effects of man's activities on estusrine, coastad, and nearshore marine processes {Seanle,
Washington}.

Great Lakes Environmental Research Loborstory {GLERL): Physical, chemical, and hivlagical, Himnology,
take-air interactions, lake hydrology, lake leve! forecasting, and lake ice spusdles {Ann Arbor, Michigan].

Atmospheric Physics ond Chemistry Laborgtory {APCL): Processes of cloud and precipiation physics;
chemnical composition and nucteating substances in the lower atmosphere; and laboratory and field experimenes
toward developing feasibie methods of weather modification,

Alr Resources Laborotories [ARL}: Diffusion, transport, and dissipation of atmospheric ¢ontaminanis;
development of methods for prediction and control of aimospheric pollution; geophysical monitoring for
climatic change (Sitver Spring, Maryland].

Geophysical Fluid Dynemics Laboratory (GFDL): Dynamics and physics of geophysical fluid systems;
development of 3 theoretical basis, through mathematical modeling and computer simulation, for the behavior
and properties of the atmosphere and the oceans {Princetan, New Jersev).

Nationot Severe Storms Laboratory (NSSL}: Yornadoes, squall lines, thunderstorms, and other severe Incal
convective phenomena directed toward improved methods of prediction and desection {Norman, Oklahoma).

Spuce Environment Laborotory (SEL} Solarterrestrial physics, serviee and technique development in the
areas of environmental monitoring and forscasting.

Aetronomy Leboratory ALY Theorstical, laboratory, rockel, and sateliite studies of the physical and
chemical processes controlling the lonosphere and exosphere of the earth and other plinets, and of the
dynamics of their interactions with kigh-altitude meteorology.

Wave Propagation Laboretory (WPLJ: Deveiopment of new methods for remote sensing of the geophysicat
environment with special emphasis on optical, microwave and acoustic sensing systems,

Marine EcoSystem Anolysis Program OFfice (MESA): Plans and directs imerdisciplinary anafyses of the
physical, chemical, geological, and biological chancteristics of selected cpastal regions to assess the potential
cffects of octan dumping, municipal and industrial waste discharges, oil pollution, or other activity which may
have environmental impaci.

Weather Modifiggtion Program Office (WMPOJ: Plans and directs ERL weather modification research
activities in precipitation enhancement and severe storms mitigation and operates ERL's reseacch aircraft,

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
BOULDER, COLORADO 80302
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