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FOREWORD

This report presents the results of an investigation of water flow and
tenperature structure during winter in Lake Huron. Twenty-one current neter
moorings were deployed in the lake in Novenber 1974 and retrieved approxinately
6 months later. Collected data were analyzed to determine the character of
current flow during conditions of an alnost isothernal |ake water mass. This
study was a cooperative effort of the National Cceanic and Atnospheric Adm n-
istration's Geat Lakes Environmental Research Laboratory, the Canada Centre
for Inland Waters, and Region v of the Environnental Protection Agency. It
was partially supported by the Environnental Protection Agency through an Inter-
agency Agreement and is a contribution to the International Joint Conm ssion
Upper Lakes Reference Study. The authors are particularly grateful to Dr. E
B. Bennett of the Canada Centre for Inland Waters for his arrangement for and
coordi nation of Canadian participation in the study and to M. R J. Bowden of
the Environnental Protection Agency, Region Vv, for his generous support of
field operations from the Research Vessel Roger R Simons.
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W NTER CURRENTS | N LAKE HURON*
James H. Saylor and Gerald S. Mller

Twenty-one current meter noorings were deployed in Lake Huron
during winter 1974-75. The noorings were set in Novenber 1974 and
retrieved approxinmately 6 nonths later. The stations were configured
on a coarse grid to nmeasure the lake-scale circulation during wnter.
Water tenperature was also recorded in nearly all of the 65 current
meters deployed. Results reveal a strong cyclonic flow pattern in
the Lake Huron Basin persisting throughout the winter. The observed
winter circulation was in essence very simlar to what is now
believed to be the summer circulation of epilimnion water, although
the winter currents penetrated to deeper levels in the water colum
and were nore intense. Wnter cyclonic flow persisted in a nearly
honogeneous water mass, while summer currents exhibited an al nost
geostrophic balance with observed water density distributions.

This suggests that the current field driven by prevailing w nd
stresses across the lake's water surface may be largely responsible
for establishing the horizontal gradients of water density ob-
served in the |ake during summer. Analyses of energetic wind
stress inpulses reveal the prevailing wind directions that drive
the dominant circulations. The winter studies permt a descrip-
tion of the annual cycle of horizontal current speed variation
with depth in Lake Huron, and in the other Geat Lakes as well.
The effects of ice cover are examned and the distribution and
movenment of the ice cover with respect to |ake current and
tenperature fields are discussed.

1. I NTRODUCTI ON

This report presents the results of an investigation of the character of
winter current flow in Lake Huron. The investigative effort was undertaken
during winter 1974-75 as a part of the International Joint Conmission Upper
Lakes Reference Study. The current surveys were acconplished through a coopera-
tive effort of the Geat Lakes Environnental Research Laboratory (G.ERL) of the
Nati onal Cceanic and Atmospheric Admnistration, The Canada Centre for Inland
Waters (CCIW, and the United States Environnental Protection Agency (EPA),
Region V.  The study reported here represents the first serious attenpt to
describe the winter circulation of Lake Huron.

The earliest study of Lake Huron currents was reported by Harrington (1895)
Drift bottles were released from cargo ships traversing Lake Huron during the
summers of 1892 and 1893. By correlating release and recovery points of the
drift bottles, he deduced a prevailing cyclonic flow pattern of Lake Huron
surface water. noting especially a persistent southward flow along the entire
length of the |ake's west coast. Water noving southward along this shore was
observed to return northward along the |ake's east coast, closing the circul a-
tion pattern to form essentially a single cyclonic cell. W shall return to

*GLERL Contribution No. 111.



Harrington's observations later in this report as the winter observations
reported here reveal sone renmarkable conparisons with this early effort to
describe currents.

Ayers et al. (1956) perforned three nultiship synoptic surveys of Lake
Huron during the sunmmer of 1954, observing on several Lake Huron cross sections
distributions of physical, chemcal, and biological properties of the water
mass.  Using the observed water tenperature distributions and a dynam c height
met hod devel oped for fresh water to conpute geostrophic currents, they deter-
mned current flows fromthe water density field for each survey. The current
patterns determned were in general nore conplex than Harrington's results,
al though there were certain simlarities in the reported cyclonic character
of the gross circulation.

In the summer of 1966, the Federal Water Pollution Control Admnistration
(FWPCA) performed extensive measurements of currents in Lake Huron by nooring
a large nunber of current nmeters at numerous open |ake |ocations. Subsequent
to this data collection effort, reorganization within the Federal governnment
placed this activity within the EPA.  Changing program priorities prevented
tinely analyses and reporting of these surveys. As part of the Internationa
Joint Conmi ssion Upper Lakes Reference Study, GLERL undertook analyses of these
current data and the results were reported by Sloss and Saylor (1975). This
effort was subject to many shortcom ngs because of inherent instrument linmita-
tions in the generation of current meters used in the surveys and the |oss of
docunmentation in the interval between data collection and analysis. In spite
of these shortcom ngs, evidence of a general cyclonic lake circulation was
reveal ed to support the nature of the gross summer current patterns reported
previously.

All of these previous investigative prograns were performed during sunmer
and fall, when the Lake Huron water mass is typically density stratified.
Several current neter moorings were set along the west coast of the |ake dur-
ing winter 1965-66 by FWPCA, but the effort was unsatisfactory for determ ning
| arge-scal e characteristics of winter circulation (FWCA, 1967). Wth the
near absence of any know edge of winter currents in Lake Huron, the program
described in this report was initiated. The winter season is characterized by
an al nost isothernal water mass in Lake Huron, as is true of the other Geat
Lakes as well. Girculation during this long season of nearly honmpbgeneous
water in the |lake basins has received very little attention, primarily because
of the difficulties and rigors of working during the severe weather associated
with winter on the Geat Lakes.

The bathymetry of Lake Huron is shown in Figure 1. Also shown in the fig-
ure are locations of the 21 current meter noorings placed in the |ake during
the winter of 1974-75.  Conparison of the bottom topography with station config-
uration gives some idea of the plan of study, which we will discuss in nore de-
tail later in this report. The geology of the region played an inportant role
in shaping the Lake Huron Basin. The north shore of the lake, along the North
Channel and northeastern shore of Georgian Bay, is on the edge of the Precam
brian Canadian Shield. The |ake basin otherwi se was carved out of the Pal eozoic
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rock province of the region (Hough, 1958). Resistant formations within the

Pal eozoi c province may be correlated with the nmajor bathymetric features of

the lake bottom N agara Dolonmite is the hard, erosion-resistant fornation
that forms the Lake Huron shoreline for a distance of nearly 60 km east of the
Straits of Mackinac. It continues southeastward to form the southern and south-
western shores of the chain of islands separating Lake Huron from Georgi an Bay
and the Bruce Peninsula. Along the Mchigan shore, resistant formations of the
Rogers City and Traverse Goup forned |ake shores and headl ands from Thunder
Bay at Alpena, Mich., northward to Presque Isle, Mich. From Thunder Bay south-
eastward, the underwater extensions of these resistant formations fornmed the
most inportant bathymetric feature of the |ake basin, a ridge that extends
across the lake to Cark Point on the Canadian shoreline nearly 15 km sout hwest
of Kincardine, Ont. This ridge is a very promi nent feature of basin topography
and it rises to within 11 m of the lake surface near the nmddle of the I|ake at
Six Fathom Bank. The northeastern face of the ridge is very steep as the |ake
bott om descends to depths exceeding 200 m, while the ridge itself is generally
30 to 60 m deep. Southwest of the ridge the |ake bottom descends nore gradu-
ally to depths of 70 to 100 m  Thus, the southeastward trending ridge sepa-
rates the lake into two distinct basins.



" this report we Will present evidence that there is in fact a prevailing
and dominant patter" of water current flow in Lake Huron during winter. season-
al and monthly current roses of water transport will be presented, and the re-
sponse of the lake to episodes of strong and steady wind stress will be exami ned.
The winter Studies make possible a description of the annual kinetic energy cycle
of the Lake Huron water nass.

2. METHCOD

Twenty-one current meter noorings were Set in Lake Huron during the latter
hal f of November 1974. Each nooring consisted of a string of current meters
suspended on a taut line beneath a subsurface float. Current meters were planned
for placement at uniformdepths of 15, 25, and 50 m below the water surface and
at 2 mabove the bottom actual depths of the current meters deployed varied
only slightly fromthe planned depths. tost of the moorings were Set in water
about 50 m deep and included three current neters. Three noorings were Set in
much deeper water and included the full conplement of four current meters. Cur-
rent meter depths on each nooring and the length of record obtained from each
meter are summarized in Figure 2. Morings nunbered 114 and 117 were not re-
covered in the spring of 1975, having been lost in regions of large surface wave
stress during wnter storns.

Twel ve noorings were deployed by CCIW from the Canada Survey Ship Limmos.
Current meters on these nmpoorings were a mx of Plessey nodel M021's and Geodyne
model 850's. AIl of the current neters had a" integral tenperature recorder
The renmining nine noorings were deployed fromthe EPA Fesearch \essel Roger
R. Simons and included a m x of AMF vector averaging current neters and Ceodyne
model A-100's. Only the AMF meters had a" integral tenperature recorder on
these moorings. Al of the winter mporings included an acoustic release just
above each mooring's sinker for recovery in the spring of 1975 and a ground
line of several hundred meters of polypropelene for recovery with a grapnel in
the event of release failure.

No ot her neasurenents were attenpted during the course of the w nter cur-
rent meter depl oynents. It was felt that existing meteorol ogical stations
around the perimeter of the lake were sufficient for adequate description of
wind and air tenperature fields influencing Lake Huron. Many of the current
meter stations were placed fairly close to shore (10 to 20 kn) St a water depth
of about 50 m  The placenent of current meters "ear the |ake boundaries was
based on considerations of the present know edge of lake circulations during
the density stratified season as all of the |akes have revealed that the strong-
est and nost persistent currents are observed within the first 20 km or there-
about s lakeward of the coasts. Flowin the coastal strips in long-term averages
is essentially parallel with the bathymetric contours and during summer these
regions are characterized by strong, though variable, horizontal density grad-
ients. 1" retrospect, the placement of current meters "ear the |ake boundaries
was a good choice as the results presented herein will illustrate. Qther areas
of current meter concentrations included the mouth of Saginaw Bay and the south-
eastern section of the ridge szparating the lake into two distinct basins.
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3.  RESULTS
3.1 The Character of the Wnd Field

G eat Lakes weather is characterized by high-pressure systens with associ-
ated fair skies interrupted every 3 to 4 days by the passage of synoptic-scale
| owpressure storm systenms. Air masses determning Geat Lakes weather are of
Pacific origin about 30 percent of the time during sumer and 75 percent of the
time during winter. Qulf of Mexico air masses constitute 10 to 40 percent of
the summer weather, but seldom penetrate as far north as the upper lakes in
winter (Phillips and McCulloch, 1972). Arctic air outbreaks during winter are
common over the basin.

The Great Lakes act as a vast reservoir for the storage of heat energy and
its subsequent exchange with the atnmosphere. During fall and winter, intense
heat and nonentum transfers occur and the G eat Lakes' interaction with, and
influence on, synoptic and mesoscal e weather are greatest. Cold, dry Arctic air
novi ng across the warm water of the Lakes triggers nunmerous phenonena such as
i ncreased cloudi ness, convective precipitation, increased down-wind air tenpera-
ture, and intensification of |owpressure systens due to large inputs of heat
and noisture.

Air mass nodification occurs rapidly. Phillips (1972) found that during
cold air outbreaks over Lake Ontario nore than half the total tenperature nodi-
fication occurs over the first 3 kmof water. The degree of nodification is a
function of the initial air-water tenperature difference and the length of tinme
the air is over the water. Phillips's results also show that, in the lowest 15
Q , the maxi mum nodification usually does not exceed 55 percent of the total pos-
sible nodification. (Total nodification is when the air warns to the sane tem
perature as the water.) A nesoscal e consequence of the addition of heat energy
and moisture is the creation of a local systemwth cyclonic vorticity, a low-
pressure trough that in ternms of pressure translates into a deficit of up to 6
mb over the |ake area (Petterssen and Cal abrese, 1959).

Wth upward heat flux, a high intensity of turbulence in the atmospheric
boundary |ayer is produced by buoyancy. This increased vertical exchange of
nmomentum during winter results in increased wind speeds in the surface |ayer
and, presumably, a decrease of speed in the upper layers. It has been estab-
lished that overwater wind speed is indeed a function of the difference between
land air tenmperature and water tenperature, which is a neasure of the atmos-
phere's stability. For exanple, with the water 8°C warner than the air tenpera-
ture, Richards et al. (1966) found that the overwater wnd speed over the lower
G eat Lakes was about twice that of the upwind land station. The mean nonthly
thermal stability values (T . - T )y using Alpena and Sagi naw, Mich., air
"tenperatures and 15 mwatera%lémperg‘%ﬁglés from nearby moorings show the charac-
teristic pattern (Fig. 3). Very unstable conditions exist from Novenber through
March, inplying that for this period the wind speeds over Lake Huron are prob-
ably about tw ce those recorded at nearby |and stations. During April the air
becones increasingly warner and hence is neutral to slightly stable, while con-
ditions during May are extrenely stable.
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During April and May the cold water rapidly cools the air above by conduc-
tion and a cold done of extrenmely stable air extends 100 m to occasionally 1500
m above the |ake surface (Lyons, 1970). The conduction inversion that devel ops
is generally less than 100 m deep and strengths of 25°C/100 m have been reported
(Bellaire, 1965). The cold air dome and inversion effectively shield the |ake
from surrounding atnospheric influences. Vertical exchange of momentum is dras-
tically reduced with the results that cumulus clouds are absent over the water
due to subsidence, thunderstorns are suppressed, and most inportant for this
study, wind speed and consequently waves and currents are dramatically reduced.
Thi s mesoscale anticycl one appears to be a separate feature of each of the Geat
Lakes (Strong, 1972) and is more pronounced over |arge, deep lakes |ike Lake
Huron.

Wnd data fromfive stations, Al pena and Sagi naw, Mich., and Goderi ch,
Bruce Ontario Hydro, and Southanpton, Ont., were used to define the wind field
over the lake. The nean nonthly wi nd speeds for Novenber 1974 through My
1975 show that speeds at nost stations peaked in January, dropped off slightly
through April, then decreased markedly in My (Fig. 4). The decrease in My
was due to the cold air over the | ake, which spilled over the nearshore | and
area, and the general decrease in the synoptic pressure gcadients. Note that
Saginaw, farthest from the |ake and probably out of the cold air influence,
experienced a |lesser speed decrease.

Wnd run roses for the five recording stations, expressed as a percentage
of the total wind flow past each anempbneter during the analysis interval, are
shown on all subsequent 15 m current nmaps. The wind roses are displayed accord-
ing to meteorological convention, i.e., the direction is that from which the
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wind blows. The prevailing directions, sougliwest t hrough northwest, and nean

scal ar speeds for the period of about 4 m s™, ‘Indicate that the Novenber 1974
through May 1975 wind regime was near "normal." No attenpt has been nmade to
adjust the neasured land winds to sinmulate overwater conditions. It must be

kept in mind that instrunent |ocation and exposure can cause variations in the
measured winds and that overwater winds are dependent on thermal stability as
described by Richards et al. (1966) and others.

3.2 Water Tenperature Structure

A conprehensive study describing water tenperatures in the Geat Lakes was
published by MIlar (1952). who constructed nonthly tenperature charts for each
of the lakes during 1935 to 1941 using tenperature data from ships' intakes.
Data from the navigation months were extrapolated to obtain neans for the win-
ter months. Measurements of winter temperatures were linited to the surface
layer using the airborne radiation thernoneter (ART) technique (Richards et al.,
1969). Satellites also provided infrared data. However, both nethods are |im
ited to cloudless days and measure only surface tenperature. Tenperature data
obt ai ned during the 1974-75 Lake Huron wi nter study provided the first contin-
uous | arge-scale synoptic picture of winter tenperatures in Lake Huron.

During the period of study, the winter tenperature structure was essen-
tially isothermal at all stations (Fig. 5), indicating that m xing was taking
pl ace throughout the water colummn. Though the shallowest depth at which water
tenperature measurenents were taken was at 15 m bathythernograph results from
Lake M chigan show that the water tenperature in winter is uniformfromthe
surface to at least 120 m (FWPCA, 1967). There are periods during calm cold
conditions when a shallow reverse thernocline forms, but such stratification
is readily destroyed by wind and turbulence. A winter thernocline of unspeci-
fied magnitude at a depth of about 180 m was observed in Lake M chigan, wth
indications of large-anplitude internal waves on the thernocline (FWPCA, 1967).
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Figure 5. Momthly nean water tenpera-
tures from Lake Huron's deep north-
eastern basin (mooring 113}, the
northern part ofthe |ake off Alpena,
Mich. (moorina 109}, and the sout h-
ern end (mooring 101).
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In Lake Huron a tenperature difference of up to 0.8°C was observed between 25
and 136 m depths in the deep northeastern basin in March, but it is doubtful
that this weak tenperature gradient would result in significant internal wave
devel opnent .

Some spatial characteristics of the observed Lake Huron w nter tenperature
field are shown in Figure 5. The nearshore areas (noorings 101 and 109) cool ed
rapidly, with the m ninum temperature of 0.2°C first occurring in niddle-to-late
February, while the northeastern basin did not reach its mininmof 1.5°C until
early April. The nonthly cooling rate in the northern basin was about 1°C per
month from Decenber through March, while the rate was 1.6°C per nonth in the
southern basin. The largest horizontal tenperature gradient was in February,
when t he nearshore areas had cool ed to near zero and the nid-1ake region was
still about 3°C It was also the month with the coldest air tenperatures and
maxi mumice cover. Figure 6 shows the isotherm pattern for the upper 15 m
Lack of data in the eastern part of the lake required some suppositions (given
as dashed lines). Qher winter nonths showed basically the sane isotherm pat-
tern, although the horizontal gradient was less, and were sinilar to ART results
(Richards et al., 1969).

The winter thermal structure is established and naintained through the
interaction of several processes. The coldest air tenperatures are associated
with westerly and northwesterly winds and se the greatest heat flux takes place

within the first 10-20 km lakeward from the west shore. \Wen the shal | ow near-
shore water cools to near zero, ice formation retards w nd generated nmiXxing,
prevents conductive heat flux with the air, and reduces radiational heating.
A winter thernmal bar, a sharply defined boundary between the near-zero inshore
water and 2°C offshore water, was observed about 16 km offshore in Lake M chigan
from bat hyt her nogr aph surveys (FWPCA, 1967). Al though bathythernograph surveys
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were not performed during the Lake Huron winter study, the nonthly tenperatures
from inshore and midlake |ocations and the extent of the ice formation suggests
that a winter thernal bar probably exists in Lake Huron also, at |east around

the northern basin. The sharpness of the thermal discontinuity and its effec-
tiveness in inhibiting mxing between the two water masses needs further clari-
fication.

The shal | oner southern basin cools nost rapidly through conduction and
convection and the nmid-lake ridge inhibits subsurface water novenent between
the two basins. A conparison of tenperatures to the north, south, and on the
ridge (moorings 116, 119, and 118, respectively, in Fig. 7) shows that the
northern basin was cooler until md-January and thereafter warner through April.
The tenperature difference reached a maxinum of 1.6°C in March. During January
and February the ridge tenperature (at nooring 118) was colder than either
basin, which is consistent with previous data observed in this area. [ ndi vi d-
ual ART surveys in winter and spring showed the isotherms follow ng the general
i sobaths of the ridge; transparency neasurements showed a tongue of more turbid
wat er extending northwestward into the |lake (Ayers et al., 1956), and satellite
i mgery showed turbid plunes neandering lakeward in the ridge area, with the
water over the ridge warner than either basin during the sumer warm ng period
(Strong, 1974). Apparently a part of the northward flow al ong the eastern
shore is deflected lakeward by the ridge, resulting in more turbid water over
the ridge and cooler or warner tenperatures, depending on the season.
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Figure 7. \ter temperature distri-
bution aecrcss the mid-igke ridge.
Moorirnz 116 was just north of the
rid, -¢é wn the southern rart Of the
deep rnortheasterm basin, mooring
128 wzs on the ridge, aud mooring
118 was just south of the ridae
in trne southerwn basin.
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3.3 Seasonal and Mnthly Current Patterns

Currents observed during the winter surveys are summarized as nonthly and
seasonal current roses in Appendix A The current roses present the distribu-
tion of current run, expressed as a percentage of the total water transport
past each current neter suspended in the water colum, in a fashion anal ogous
to our presentation of wind statistics. The current roses are draw' to show
t he percentage of flow past each neter toward each octant i n the oceanographic
preference, while the wind run roses retain their usual presentation in the
direction fromwhich the wind is blow ng. There are, of course, many al ter na-
tive techniques for the presentation of flow statistics. The choice made here
has the advantage that it is easily interpreted visually to give patterns of
dom nant water transport in addition to some indication of the variability of
current flow.  The disadvantage of this sort of presentation is the absence of
a suitable display of the lake-scale distribution of current speeds. To djsplay
representative current speeds for |ake currents, we will include several charts
of resultant current vectors.

3.3.1 Novenber 1974

The winter current studies started in November and current patterns pre-
sented represent only the latter third of the month. Fjgures A.la-d, show the
current and wind roses for this period. Each |evel of observation is show' on
a separate chart and it should be noted that several current neters used at the
25 mlevel were just 2 moff the bottom (those at the nouth of Sagi naw Bay and
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at the extrene southern end of the |ake), as were nmany of the current neters
shown at the 50 m |evel about the perineter of the |ake and on the md-|ake
ridge. " general, current meters at the 25 and 50 m |evels showed flow charac-
teristics very simlar to shallower current neters on the same nooring for the
duration of the winter season. Therefore, current neters near the bottom at 25
and 50 m were usually still very much within the upper level flow regine during
winter in Lake Huron and are presented as such. Bottomcurrents at 2 m off the
| ake floor are shown only in much deeper water.

Novermber winds prevailed from the southwest quadrant at meteorol ogical

stations in the southern half of the Lake Huron basin, while Al pena recorded a

hi gher percentage of wind fromthe north-northwest. Lake water tenperatures

were nearly uniform throughout the upper SO m averaging a little less than 6°C |

in the northern half of the [ake and just over 7°C in the southern half of the ,

lake. Along the Mchigan coast a dom nant southward flow characterized the

circulation. This steady southward flow ran parallel to the bathynetry and

was present from surface to bottom with unchanging steadiness. Not all of the

current meter nmoorings were deployed in the eastern part of the l|ake, but re-

porting stations showed a return northward flow along the east coast closing

the circulation to formone large cyclornic cell. The pattern of flow was

especial ly steady and persistent about the perimeter of the lake, with only

mooring 113 in the center of Lake Huron's northern reaches show ng much varia-

bility. Here the resultant flow was northward at all levels. East-southeast- g

ward flow at the 50 mlevel at nmooring 112 persisted for the entire winter sea- ’

son. Mooring 112 was placed on a ridge-like structure protruding eastward into

the lake basin fromthe vicinity of Cove Island. The |ake bottom is deeper

both north and south of the station, and the 50 m |level flow was nearly paral- [

lel with the local bathymetry. !
|

The coherent pattern of |ake-scale circulation illumnated by the Novem
ber data is unusual in conparison with earlier reported surveys of currents in
Lake Huron during sumer (cf., Sloss and Saylor, 1975). The consistent pattern
of lake-scale flow, as observed especially along the western coast of the |ake,
is attributed to the inproved instrumentation used in the surveys and not to
any fundanental changes in the character of Lake Huron currents.

3.3.2 Decenber 1974

Decenber wi nds were predominantly southwesterly over the entire | ake basin
(Fig. A.2a). Water tenperature was nearly isothermal throughout the Iake,
averaging just over 4°C. Currents observed during Decenber are shown in Figures
A.2a-d. Southward flow along the west coast of Lake Huron south of Al pena con-
tinued to be the dominant feature of lake circulation. Return flow along the
eastern shore was not as persistent as observed in Novenber, although the east-
ern shore current nmeters and most of the mid-lake stations exhibited a general
northerly drift. Moring 118 on the nmid-lake ridge showed northwesterly flow
at both 25 and 50 m while at nooring 119 south of the ridge the flow bel ow 50
m was northerly. North of the ridge the current neters at 50 m and near the
bottom at mooring 116 exhibited southeasterly flow, a pattern that persisted
t hroughout the winter.
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At the nouth of Saginaw Bay, current nmeters at 15 and 25 m depth indicated
a clockwise flow pattern. This is consistent with the work of Danek and Sayl or
(1976), who found that a clockwi se eddy occupied the outer reaches of the bay
during southwest wind conditions, with.the core of southerly flow along the
west coast of Lake Huron pushed |akeward. On the other hand, northeasterly
wind caused a part of the Lake Huron flow to sweep in a counterclockw se |oop
through the outer reaches of the bay, exiting the bay in eastward flow just
north of the Mchigan thunb.

3.3.3 January 1975

Sout hwesterly wind flow in January (Fig. A.3a) was similar to the wind
distribution observed in Decenber, although the mean wind speed was greater,
as January recorded the highest mean wind speed during the 1974-75 winter sea-
son. Cooling of the lake's water mass resulted in nearshore water tenperatures
averagi ng about 2°C, while over the deep northeastern basin water tenperature
averaged a little less than 4°C.  Current flow during the nonth is summarized
in Figures A.3a-d. The circulation was essentially unchanged from Decenber.
Southward flow along the east coast of Lake Huron continued to be the doninant
feature in the |ake. Flow along the nid-lake ridge retained the characteristics
observed the previous nonth, with northwestward novenent on the ridge itself
and a southeastward return in deeper water to the north along the southern mar-
gin of the deep northeastern basin. The clockwi se eddy at the nouth of Saginaw
Bay intensified from the Decenber pattern, and the southerly coastal flow m-
grated lakeward far enough for nmooring 106 to be influenced by this localized
cell of circulation.

3.3.4 February 1975

In February, winds shifted to a nore westerly direction with nore episodes
of wind with a northerly conponent. Continued cooling of |ake water near the
coasts caused water at nearly 0°C to encircle a warmer core of denser water
centered over the deep northeastern lake basin. Currents, shown in Figures A4
a-d, were strongly cyclonic. Currents along the Mchigan coast were al nost
exclusively southward, and northward return flow along the Ontario coast was
very steady in the southern basin. Flow through the outer reaches of Sagi naw
Bay was in one large counterclockw se |oop.

W note that with the westerly wind of February, flow at mooring 118 on
the md-lake ridge lost its strong northwestward character, changing to south-
eastward flow at 25 m and binodal at 50 m  The flow remained nearly parallel
with the bathynetry, though, as it did throughout the season. North of the
ridge, mooring 116 continued to record southeastward flow at deeper levels in
the northeastern basin of the lake. South of the ridge, southeastward flow at
25 m at mooring 119 was acconpanied by nore northward flow conponents deeper
in the water col um.
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3.3.5 March 1975

The water tenperature patterns of February continued into March, as cold,
near 0°C water surrounded slightly warnmer water centered over the deep north-
eastern basin. This warmer water had cool ed somewhat from February, however,
and averaged about 2°C for the nmonth. Wnd over the Lake Huron basin prevailed
from the northwesterly quadrant (Fig. A.5a). Currents observed during March
are shown in Figures A.5a-d. Flow throughout the |ake basin was very strongly
cyclonic, almost exclusively southward along the west shore, and northward al ong
the southeast shore. Flow toward the southeast along the mid-lake ridge at 50
m (rmooring 118) conformed with bathymetric constraints and was sinmilar to the
February currents. Southeastward flow at nooring 112 at 50 m still persisted
as it had all winter, while nooring 110 at 50 m was now domi nantly southeast -
ward al so.

3.3.6 April 1975

April winds were northwesterly, very simlar to the wind distribution ob-
served in March. Currents during April (Figs. A.6a-d) were very simlar to
those during March, characterized by very steady southward flow al ong the west
shore of the lake and northward return flow along the east shore south of dark
Point. A steady counterclockw se flushing of Lake Huron water through the
outer reaches of Saginaw Bay was also pronminent. The start of spring warmng
near the coasts of the |lake established an al nost isothermal |ake during April,
with nmonthly averaged water tenperatures varying no nore than 1°C throughout
the basin.

3.3.7 May 1975

The Canadian current neters were renoved in early My, while the United
States neters were renoved in late May. Therefore only the west shore of the
| ake is covered in Figures A.7a-c, but data fromthese nmeters show a remark-
abl e change in the character of Lake Huron current flow. As noted earlier,

i ntense atnospheric stability over the cold lake surface in May was associated
with reduced wind speeds at stations along the perineter of the |ake. This
sheltering of the lake surface from strong wind stress resulted in a catas-
trophic decrease in the kinetic energy of the water mass and, inferred fromthe
observed current patterns, the loss of an organized pattern of current flow in
the lake. The southward flow along the |ake's west coast, as observed in all
earlier nonths, was absent although a counterclockwi se flow through the outer
parts of Saginaw Bay was still apparent. The warning of nearshore water that

started in April continued through May so that at the time of current meter
removal , shorebound water as warm as 8° to 10°C had reached offshore to the 15

n level at several of the current neter stations. The neat-shore warmng and
conconitant establishment of significant horizontal tenperature gradients does
not in itself, however, prove the existence of characteristic circulation pat-
terns in the absence of significant wind stress.
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3.3.8 Wnter Circulation

Wnd and current roses for the entire winter season are shown in Figures
A.8a-d. Only those neters operating a significant part of the season are
included. The patterns show that there was clearly a dom nant, or character-
istic, current flow during the 1974-75 wi nter season in Lake Huron.  Sout hward
flow along the |ake's west coast was very steady and extended from Al pena to
the southernnmost end of the lake. The mouth of Saginaw Bay exhibited two pat-
terns of circulation, either a counterclockw se |oop of Lake Huron water flow
ing through the outer bay during northerly wind, or a clockwi se eddy in the
outer bay during southwesterly wind. Return northward flow along the east
coast of the lake was not as clearly defined except in the region south of
Qark Point. Unfortunately, nany of the current nmeters in the inportant coastal
zone in the northeastern part of the lake failed to return useable current
records.

To indicate current speeds associated with the winter circulation, resul-
tant current vectors for the season are shown in Figure 8. The highest cur-
rent speeds wet-e observed close to the coast, with speeds decreasing toward
the center of the basin. The strongest resultant currents were associated
with the southward flow along the |ake's west coast, with the renainder of the
| ake exhibiting a less intense northerly drift formng one large cyclonic cell
of circulation. Flow along the mid-lake ridge was usually parallel with the
bathynetry, either northwesterly or southeasterly, although the vector resul-
tant current was northward. Just north of the ridge, currents at deeper |evels
at mooring 116 were southeasterly along the southern flank of the deep north-
eastern | ake basin.

Mooring 111 between Georgian Bay and Lake Huron has not been discussed in
connection with lake circulation as it was placed in a north-to-south trending
channel separated from the |ake by intervening shallower depths. The resultant
current vector for the season indicates an inflow of water to Georgian Bay at
the 25 m level, however, which was probably balanced by a return flow to Lake
Huron at deeper depths as reported during summer (Sloss and Saylor, 1975).

The 50 mlevel at nmooring 109 was al so poorly exposed and probably exhibited
local effects not closely tuned to whole |ake patterns because of the shoal
water that protruded eastward in the lake just north of North Point at Al pena.
(Depths shall ower that 10 moccur sout h-southeast of this nooring.)

To get an idea of the volune of water transported about the |ake by the
resultant circulation, we conputed the south-southeastward volume transport
across the section of the |ake between noorings 103 and fu4, just east ot
Sagi naw Bay. The |ake bottom between these two stations is flat, with an aver-
age depth of about 50 m  We know the velocity distribution in the upper 25 m
and coul d reasonably assume a conservative velocity profile as linearly decreas-
ing fromthe 25 m level_f.a no flow at the |ake bottom  The resulting vol ume
flux was about 40,000 m”/s, or roughly eight times the |ong-term average dis-
charge of the St. Clair Rivelj. Throughout the survey interval (about 180 days),
this nmeant that about 625 km of water was transported southward through the
section.. 3'1'his is nearly one-fifth of the total water volune of Lake Huron
(3,500 km™). Most of this water nust have returned northward in the eastern
parts of the |ake basin. This inplies that the bulk of the |ake's water mass
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Figure 8. vector resultant current
flowsin Lake Huron during winter
1974-75. The depth (m)of each
current velocity measurenment is
shown with the current vector.
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is certainly in a well-nixed condition. Short-term transports through the

section, both southward and northward, were of course nuch greater, accelerat-
ing the nixing of |ake water.

3.4 Episode Analysis

Girculation patterns depicted by the seasonal and nonthly current maps are

the integrated result of all the wind stress fluctuations and acconpanying cur-
rents that occurred during that particular time period. It is also instructive

to examine the current response and circulation patterns that develop during
short-term epi sodes of steady wi nd stress.

Synoptic weather systens pass over the Geat Lakes region rather quickly;
therefore times when winds are directionally steady are usually linited to
several days duration. The episodes discussed in the follow ng sections were

selected on the basis of wind data, prinmarily from Sagi naw and Al pena.
periods of 3 days or longer with nearly steady wind direction and mean wi nd
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speeds of 5 m s~L or greater are presented. The wind and current data are con-
current; lag tine to allow for current response was not applied because the
periods of steady wind stress did not always exactly coincide between stations
and current response varies with several factors such as |ocation and depth.
This does not present a serious problem since there are normally generation,
steady state, and decay epochs associated with significant storns so that any
residual currents from a previous regine are soon overpowered by currents gen-
erated during the selected episode. Data are presented in the same formas in
the previous section and are contained in Appendix B.

3.4.1 20-22 Novenber 1974

A deepening | ow pressure center nmoved across the northern states and
passed over Lake Huron on 20 November. Strong cyclonic circulation over the
northeast United States continued as the center migrated across New York on
the 21st. Wnds over the |akes were westerly to northerly during the 3-day
peri od (20:%2 Novenber), wth mean speeds along the perimeter of Lake Huron of
5to7 ms’ ., Not all the current meters had been depl oyed, but |arge-scale
cyclonic circulation in the lake with a counterclockwi se |oop through the outer
portion of Saginaw Bay is evident in charts (Figs. B.la-d) for that date. The
current penetrates to at least 50 mwith little change in direction except at
mooring 112, where the current is alnost exclusively northwesterly at 15 m
northerly at 25 m, and easterly at 50 m As pointed out in the discussion of
the monthly currents, nooring 112 was positioned on a ridge and the 50 m depth
flow parall el ed the bathynmetry during the entire winter. Al though the shallow
meters on noorings 110 and 112 failed shortly after this episode, the currents
are indicative of what can be expected during the rest of the winter when there
is a northwest w nd.

3.4.2 30 Novenber-2 Decenber 1974

Nort heasterly winds 5 to 8 m s'1 across Lake Huron 30 Novenber through 2
December resulted from a deep |owpressure system that devel oped over the south-
western states and migrated across Tennessee and Virginia. Currents during
these 3 days (Figs. B.2a-d) showed a cl ockwi se gyre in the southern part of the
| ake. The counterclockw se |ooping through the outer region of Saginaw Bay was
consistent with patterns observed by Danek and Saylor (1976). There was consi d-
erable shear in the bay. Moring 108 showed the water noving into the bay at
the 15 mlevel with the wind stress; however, the outflow speed at 25 m was
about twice that of the inflow and caused a net eastward flow past the site.

The current speed at mporing 105 was about 60 percent higher at the 25 m depth
than at 15 m Flow at the 15 m depth at mooring 109 was northwesterly, a typi-
cal response to northeast wi nds and not unexpected because of the shoal water
south and east of the mooring. Moring 104 showed a simlar response, possibly
due to the shape of the shoreline. Northwesterly flow on the shallower water

of the nmid-lake ridge (nmooring 118) was just exactly opposite to the flow of
water in the deeper water north and south of the ridge, a pattern that persisted
for much of the winter due to the local bathymetry.
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3.4.3 26-29 Decenber 1974

A week of west to southwest w nd across Lake Huron dominated the weat her
in |ate Decenber as the eastern half of the United States and Canada were under
the influence of a nassive high-pressure system centered over the southeastern
states. Figures B.3a-d show the general cyclonic flow pattern that existed in
Lake Huron during the last 4 days of the week-long episode when the current
patterns were well established. The currents were very sinmilar to those ob-
served for the entire nmonth of Decenber, when southwesterly w nds prevail ed.
Southward flow along the lake's west coast was not quite as sharply delineated
as it was during nore westerly and northwesterly wind stresses, and a cl ock-
wise pattern of current flow existed in the mouth of Saginaw Bay. Northwest-
ward flow along the crest of the mid-lake ridge was again evident.

3.4.4 9-11 January 1975

A deep trough extending from northwest Canada to Texas devel oped over the
Plains States. The center noved northeastward over the Mdwest and the G eat
Lakes Basin on 11 Janugiy and continued into Canada. The strong cyclonic air
flow resulted in 7 ms ©~ winds fromthe sout heast over the basin during the 3
days. Lake circulation was essentially anticyclonic, a rare event in Lake
Huron since southeast winds are generally less intense with shorter (< 2 days)
duration (Figs. B.4a-d). The pattern of flow across the nid-lake ridge as noted
in the northeasterly wind episode was repeated, wth northwesterly currents
along the ridge and a southeasterly return in deeper water north and south of
the ridge. C ockwi se water transport in the nouth of Saginaw Bay was especially
clear in the currents at 25 m depth.

This episode does denpbnstrate that given the right comnbination of wnd

speed, direction, and duration, the characteristic cyclonic lake circulation
can be reversed.

3.4.5 11-14 January 1975

The deep low continued into Canada. Wnds renni ned about 8 m s'l, but
switched to the southwest as Lake Huron cane under the influence of the back-
side of the low The current pattern (Figs. B.5a-d) was sinmlar to the just
concl uded episode, but several neters, e.g., 102, 104, were show ng bidirec-
rional characteristics, indicating that the current was adjusting to the new
wind regine. This adjustnment was not immediate, however, and showed that con-
siderable tinme (on the order of a day ««two) is required for the | ake to ad-
just its current flow to be in harmony with the newWy applied wind stress if
this stress does not reinforce an already existing pattern of flow. A longer
epi sode of southwesterly wind presented earlier showed a substantially differ-
ent circulation for this wnd direction.

3.4.6 9-15 February 1975

During the first 3 days of the 9-15 February epi sode, anticyclonic circu-
lation prevailed over the Great Lake Basin froma weak high. On the 12th, a
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weak trough over the Lakes area extended to the Gulf of Mexico. Flat pressure
gradients prevailed during the remainder of the period. This episode was
selected to determne the effect of ice-cover on current patterns. I ce, of
70- to 90-percent concentration, extending from Alpena to Port Huron and east-
ward to moorings 103 and 101, was observed on 12 February. Wnds were west to
northwest during the period so cyclonic lake circulation would be expected.
The current rose map does show the anticipated cyclonic flow (Figs. B.6a-d);
however, the four noorings at the head of Sagi naw Bay were |ess directional
than when the lake was ice free and current speeds were much |ess.

3.4.7 26 February-6 March 1975

The Geat Lakes were under the influence of a |ow centered in eastern
Canada during 26-29 February, followed by another closed |ow north of Lake
Huron on the 1st of March. This |low noved over Quebec, while yet another |ow
travel led up the East Coast, causing cyclonic circulation over the East. Lake
Huron therefore experienied general ly westerly winds for the 9-day period with
nean speeds up to 9 m s - at Saginaw. The lake circulation (Figs. B.7a-d) was
again cyclonic, with little variation with depth except in Saginaw Bay at noor-
ing 108 where the 15 mcurrent was eastward and the 25 m current nore westward.
Also the 50 m currents at 109 were northwesterly, opposite to that at 15 m due
to the local bathynetry. Tenperatures were between 0.0" and 0.8°C in the west-
ern half of the lake, and 1.6' and 2.8°C in the eastern half.

3.4.8 1-8 April 1975

A cold front passed over Lake Huron on 1 April and a deep upper trough
over the West spawned a |ow pressure center, which passed over the |ower Geat
Lakes on the 3rd. This system noved over New England, noved offshore, and
filled over the next 5 days. The resulting northwest winds over Lake Huron
produced the familiar cyclonic circulation pattern (Figs. B.8a-d). Tenpera-
tures illustrated little spatial variation. The mnimumwas 0.3°C at nooring
102 and the maxi mum was 1.8°C at nmporing 113 in the deep northern basin. Cur-
rent flow during this inportant episode was especially steady and gave an ex-
traordinary picture of lake circulation during northwest wind in those areas
of the lake covered with functioning current neters. An identical picture of
circulation, and sone idea of its persistence is afforded by the current roses
prepared for a slightly different interval of time, 3-13 April, shown in
Figures B.9a-d.

3.4.9 3-7 May 1975

This episode was selected to determne what circulation pattern exists
during light, variable wind conditions. The atnospheric pressure gradients
were small during nost of the period, interrupted by two weak |ows noving over
Lake Huron on the 4th and 6th. The refulting wi nds for the 5-day period were
north to northeasterly at about 3 ms " A conduction inversion, discussed in
a previous section, undoubtedly formed over the |ake, reducing the overwater

19



wi nd stress. The Canadian moorings had been retrieved so only currents in the
western part of the |ake were neasured. The current pattern (Figs. B.l0a-c)
was somewhat disorganized. Water flowed through the outer reaches of Sagi naw
Bay in one large counterclockwi se loop as is characteristic of the bay nouth
during episodes of northeast wind. Current directions at 15 m were north and
nort hwest off Alpena (nmooring 109) and Harbor Beach (rooring 102), respectively,
whi ch nust have been in response to the northeasterly winds, as seen on other
occasions, and the bathymetry, even though the wi nds were [light.

The circulation pattern was confused, not unlike the nonthly histograns,
whi ch showed considerable transport variability. As pointed out earlier, May
was a somewhat unique nonth; wnd speeds decreased considerably around the
| ake, and the conduction inversion that was present a |arge percentage of the
time effectively decoupled the water from direct wind stress; hence currents
were very weak and directionally variable.

3.5 Effects of |ce Cover

The 1974-75 winter season saw the first successful attenpt at year-round
navi gation on the Geat Lakes due in part to less than normal ice cover. Air
tenperatures well above normal through early January delayed significant ice
growth. A nonth of cold tenperatures beginning in md-January produced rapid
ice gromth with Lake Huron's maxinum ice cover of 45 percent occurring in mid-
February (Leshkevich, 1976). Warm tenperatures during the last half of February
significantly decreased the anpbunt of ice and, although March and April air
tenmperatures were well below normal, the nunber of freezing degree-days was
not sufficient to redevelop significant ice cover on the lake. The percentages
of lake surface that can be expected to be ice covered during a mld, normal,
and severe winter are about 40, 60, and 80 percent, respectively, for Lake
Hur on (Rondy, 1969).

In an effort to describe qualitatively the effect of ice cover on circu-
lation patterns in Lake Huron, currents during the 9-15 February 1975 maxi mum
ice period were compared with currents of the 26 February-6 March 1975 peri od,
which had sinmilar wind conditions but little ice cover. Results from Side
Looki ng Airborne Radar (SLAR) surveys on 8, 10-13, and 16 February reveal ed the
basic features of ice coverage at its maxi mum devel opment. Figure 9 shows a
SLAR image on 12 February 1976. Wnds during the ice period were light to
moderate westerly with the exception of light easterly winds on the 11lth and
15th. A 10 to 20 kmwi de band of close pack ice (70-90 percent ice cover)
along the western shore of the |ake persisted through the period, while the
southern portion was alnost totally covered. The eastern shore showed a 5
kmwi de ice pack along the shore up to at least Cark Point. Both shores re-
sponded sonewhat to winds and cold tenperatures. The western band noved off-
shore somewhat during stronger westerly winds with new ice formng behind it,
while the eastern band becane nore conpact. The opposite occurred during east-
erly winds. Even though the wind was westerly during nost of the period, no
evidence of ice noving across the |ake was seen. Only shifting of the outer
boundary and the degree of conpactness was noted. The cyclonic character of
the circulation was evidenced by strong shear zones and lakeward extention of
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Figure 9.  Side-Looking Airborne Radar
i mge showing the ice cover on western
Lake Huron on 12 February 1975. Wite
areas indicate edges and cracksinthe
i ce.

ice near Al pena and the head of Saginaw Bay and by the northward novenent of
pack ice along the Ontario shore. A conbination of warm air tenperatures and
wind and current activity broke up the ice into smaller floes, so that by 16
February the ampunt of ice decreased and only a 5 to 10 km band of floe ice
remained on the western half of Lake Huron

Figures 10 and 11 show the resultant speed and direction for each meter
and the average ice cover for the two episodes (Leshkevich, 1976). Currents
di splayed in histogram form for the two periods are included in Appendix B.
Current direction and magnitude appeared unaffected in nost parts of the |ake
except off the Saginaw Bay area, whege the resultant speeds were near zero
during the ice period and 5-17 cms ™ at the end of February. Particularly
obvious was the greatly reduced speed at nooring 104 off Point aux Barques
This particular site was in an area o intense currents. The resultant speeds
at 15 and 25 m were.2.3 and 0.5 cms respectively, during ice cover and
10.3 and 16.7 cms during the conparison period. Ofshore currents north
(mooring 107) and south (nooring 102) of Saginaw Bay showed little change in
speed or direction. A decrease'in nean nonthly kinetic energy of the lake in
February was attributable in part to ice growth

The only enpirical study of currents in a large lake with partial ice
cover that is known to the authors was reported by Pal mer and Izatt (1972).
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Their results fromone current neter 0.8 km of fshore at Nanticoke, Lake Erie,
indicate that during the ice formation period, with ice extending 0.5 km
beyond the neter site, the currents did not vary appreciably from those when
the lake was ice free. Wen the ice cover extended 1.5 m beyond the nooring
location, currents were weak, with [ong periods of no novenent. Also no sig-
nificant energy was detected at the free oscillation periods as there was dur-
ing the ice formation period. Palmer and Izatt gave no infornation on the
amount of ice cover on the whole lake so that the surface area available for
direct wind stress forcing is not known. Arctic ice investigations have con-
centrated on determning the nomentum exchange from the atnosphere through the
ice into the oceanic boundary layer and ice-water stress. Sheng and Lick (1973)
calculated numerically the steady-state wind-driven currents in Lake Erie when
the eastern third or western third of the lake was ice covered and conpared
these results with those calculated for ice-free conditions. The conparison
basically showed that currents under the ice were weak except near the ice
boundary, where velocities were conmparable to ice-free conditions.

The presented evidence indicates that ice on the western portion of Lake
Huron does result in dramatic current speed decreases in areas, such as the
head of Sagi naw Bay, where the neters are far enough renoved from the open
water to prevent significant |ateral monmentum transfer. There may be little or
no change in the observed current velocity north and south of the Bay because
the meters were not always within the ice-cover area or were very near the ice
boundary. Distribution of ice cover is controlled by the general cyclonic |ake
circulation, forcing it southward along the western side and northward al ong
the east coast. |lce forced into midlake, as occurs north of Point Clark and
the Alpena area, is nelted by the higher tenperature of the water.

The 1974-75 winter season was mld, with little ice cover, and we can only
specul ate on what effects greater anounts of ice would have on the current pat-
tern in Lake Huron. Cbviously as the ice cover increases, the area upon which
wi nd stress can act decreases and the kinetic energy of the lake will decrease.
As the ice cover approaches the severe classification as in 1967 (80 percent
coverage), the currents would probably be greatly dinnished.

3.6 The Annual Cycle of the Variation of Current Speeds with Depth

There have been few studies of currents and concomtant water tenperature
distributions during winter in the Geat Lakes. It is therefore instructive to
look at the distribution of current speeds throughout the water colum as w nter
progresses and to conpare this distribution with what is known during other sea-
sons of the year. Figure 12 presents mean nonthly current speeds observed at
all noorings at the four levels of measurement in the water colum. Mean cur-
rent speeds in Novenber exhibited considerable variation with depth, with speeds
hi ghest at the 15 m |level and decreasing nonotonically with depth. The Novem
ber currents were associated with the last vestiges of summer density stratifi-
cation. Decenmber nean currents decreased from November values at the 15 and
25 m levels and increased at 50 m and near the bottom There were no signifi-
cant differences in current speeds in the upper 50 m of the water colum in
Decenber, establishing a pattern of flow variation with depth that continued
for the remainder of the winter nmonths in nearly isothermal water.
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Mean nmonthly wind speeds at five stations scattered about the perineter
of Lake Huron were shown in Figure 4. The average w nds were nearly the sane
at all stations during Novenber and Decenber, peaked at all stations in January,
and then exhibited a rather uniform decrease through the winter and into April.
The station nobst representative of overwater wind speed was the Bruce Ontario
Hydro installation at Douglas Point, Ont., as its location on the shoreline
gi ves good exposure to the prevailing westerly winds. Wnd speeds neasured
here were, as expected, greater than those recorded at the other four stations,
which varied in exposure and were not situated as close to the |ake shore. Al
stations showed markedly decreased wind speeds in May, with the Bruce station
on the lake shore showing the largest relative decrease.

Mean current speeds at the three levels of nmeasurenent in the upper 50 m
of the water colum showed only insignificant differences during the nonths of
Decenber 1974 through April 1975, when the water nmss of Lake Huron was nearly
hormogeneous. Current speeds near the bottom were less, but followed closely
the trend of speed increase or decrease in the near surface water. The slack-
ening of current speeds during February and March 1975 was greater than woul d
be predicted by sinple relationships with the observed wind speeds and was
probably caused by ice cover during these nmonths. Since a nmgjority of the cur-
rent neters were placed within 20 km of the coast, the nmean current speeds are
wei ghted toward what is occurring in the coastal zone. But this area is where
the ice is. A rapid decrease in current speeds at all levels in Muy, as the
nearshore waters were rapidly warmng, was caused by |essening wind stress on
the lake surface, due in part to the intense atnospheric stability over the
| ake surface.

For the ice-free, warm weather nonths of April through Cctober, a compara-
tively large quantity of current and water tenperature data has been collected
in the Geat Lakes. Figure 13 (Bennett and Saylor, 1974) shows a typical re-

sult of current studies during this season of the year, with nean current speeds
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increasing steadily from small values in May and with considerable vertical
gradi ents of horizontal current velocity from higher speeds near the surface
and decreasing with depth. BMS val ues of current speed are presented in this
figure and the trend of increasing kinetic energy at all depths throughout the
ice-free season is clear. The general increase in energy in Lake Ontario was
found to be associated with a sinilar trend in the surface wind stress over

the lake, a trend characteristic of the Geat Lakes region. Peak energy |evels
in late June, early August, and early Cctober were related to three intense
storms. Studies in the other Geat Lakes have shown sinilar trends of seasonal
ki netic energy increase.

Comparisons of power spectra conmputed from flow data collected during the
ice-free nonths indicate that the seasonal increase in kinetic energy is gen-
eral across all frequencies and is especially pronounced at near-inertial fre-
quencies, when the lakes are strongly density stratified. \ile these seasonal
changes correspond with increasing momentum flux from the surface wind stress,
the greater growh at near-inertial frequencies represents the fact that, wth
stratification, the dominant response of the lake to forcing is in the form of
inertia-gravitational internal waves. The internal wave activity causes the
mean current speeds to be greater than would be observed in the absence of
stratification and accentuates the vertical gradient of horizontal velocity.

It is apparent that we observe an annual cycle in the lakewide distribu-

tion of kinetic energy. Starting fromvery low current speeds in late spring,
which result fromhigh stability in the overlake boundary |ayer because of warm
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air over a cold lake surface, average current Speeds increase in a rather
steady fashion gt all water depths in response to a simlar seasonal trend in
applied wind stress. Horizontal current speeds decrease rapidly with depth,
with vertical gradients in harnmony with the spreading and thickening density
discontinuities in a stably Stratified water ma** as summer progresses. Wth
very stable stratification, kinetic energy grows rapidly in favored near-iner-
tial frequencies because of the dominant response of the lake to forcing in the
form of inertio-gravitational internal waves. Wth the breakup of stratifica-
tion in late fall, kinetic energy is evenly distributed in at |east the upper
530 m of the water colum in Lake Huron and rises or falls in close agreement
with the winter-long trend of applied wind stress. Volume transports are
large during winter because of strong wind Stress and the deep penetration and
stability of the mea" current flow patterns. Currents in very deep water are
Significant during winter and respond to increases or decreases in w nd stress
in the same fashion as nearer surface intensities. 1Ice formation is evidenced
by reduced current speeds, as a part Of the water Surface is sheltered from
the wind. Kinetic energy falls catastrophically during late spring with the
formation of a stable boundary layer of warmair over the cold |ake surface.
Subsequent warmng of the surface water and the *tart of stable density Strati-

fication initiates the gradual 1lakewide increase of current speeds all over
again.

3.7 Conparison of Summer Current Patterns

Harrington's (1895) current chart Of Lake Huron, which was conpiled from
drift bottle releases and recoveries during summer, i S sunmarized in Figure
14, His studies reveal ed persistent southward flowing currents along the west
shore of the |ake and a return northward flow along the Ontario coast as far
north as the nouth of CGeorgia" Bay. Drift bottles released to the east of
Georgian Bay had a tendency to meander through the mouth of the bay and disperse
about its perimeter. This feature |ed Harrington tO close a counterclockw se
flow cell jn latitudes just south of the bay mouth. Another cell of cyclonic
flow was tucked into the northwestern corner Of Lake Huron tO account for west-
ward drift observed al ong the northern coast of the lake, i.e., the shore ex-
tending northwestward fromthe nouth of Georgian Bay.

Sloss and Saylor (1975) analyzed current Neter recordings made in Lake
Huron during the sumver of 1966 and d.d,.d a pattern Of flow in epilimnion
water (Fig. 15).  Again the circulation Of surface water was found to be of a
cvelonic nature. Essential differences from the Harrington studies consisted
of ?nlargement of the cyclonic circulation cell over the deep northeastern
basin of the lake. The northern linit of this cell was placed just east of
the shoal water that protrudes nearly 30 km southward from the western end of
Manitoulin I'sland.  Another cyclomic pattern was found to exist to the west of
the shoal , occupying a" area about half the size indicated by Harrington.

Sloss and Saylor also reported a rather Steady flow of Lake Huron surface water
into Georgian Bay and a subsurface return flow Of bay water into the | ake.
This feature probably accounts for a large part Of the difference in flow pat-

tterg's reported jn the reaches of Lake Huron east Of the bay mouth in the two
stual es.
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As the surface water warnms in spring and early summer, an epilimnion fornmns
initially near shore and gradual ly spreads and thicken* as summer progresses.
Typical features of surface water tenperature distributions observed during the
warmng cycle are shown in Figure 16. Warm water confined in My to coastal
areas gradually expands lakeward in July to surround a col der, denser pool of
water centered over the deep northeastern basin of Lake Huron. Simlar distri-
buti ons observed in 1966 have been reported by Bolsenga (1976). Tenperature
distributions within the |ake basin on a cross section of the |ake from Bl ack
Ri ver, Mich., to Tobermory, Ont., were taken during the same tine intervals as
the surface tenperature measurenents (Fig. 17). Al isotherms exhibit similar
characteristics, being depressed near the coast* and shallow near the center of
the lake basin. This feature is not unique to Lake Huron, but rather appears
to be characteristic of the devel opment of summer stratification in all of the
G eat Lakes.

The inportance of the tenperature distributions to lake circulation arises
because of observations that show that in the Geat Lakes, as in oceans, persis-
tent horizontal water density gradient* are supported by nearly geostrophic
current flows, which represent a balance between pressure and Coriolis forces.

A cold core of dense water surrounded by warmer, |ess dense water is supported
by currents flowi ng counterclockw se about the cell, characterized by conver-
gence (sinking) along the coasts and divergence (upwelling) over the core.

Thus, the horizontal tenperature gradients observed during the warm weather
season on Lake Huron and repeatedly observed year after year give supporting
evidence to a circulation pattern very similar to the reported current surveys.

Now it is also apparent that the winter current patterns in Lake Huron are
very simlar to those observed in summer. The wi nter observations reveal a
deeper penetration of high current speeds in the nearly isothermal water mass
and larger volunme transports, which can be attributed to |arger nomentum fluxes
because of increased wind speed*. Wnter circulation persists in a character-
istic cyclonic pattern unsupported by significant horizontal water density
gradients. The small gradients observed exhibit features simlar to sumer
distributions, with a denser core of water over the |ake's deep basin surrounded
by col der, less dense water and ice about the |lake coasts. The obvious conclu-
sion drawn from these observation* is that the prevailing w nd-driven current
patterns support the observed thermal structure (the currents are simlar with
or without horizontal tenperature gradients). It is not the thermal structure
that drives the current*.

4. CONCLUSI ONS

Wnter in Lake Huron is acconpanied by an alnost isothermal water mass.
In 1974 the last vestiges of sunmmer stratification were observed in Novenber.
Following a nmonth of no discernible tenperature gradient* (Decenber), the wn-
ter months of January, February, and March showed faint tenperature differen-
tials consisting of a pool of warnmer water (1° to 2°C warmer) centered over the
| ake's deep northeastern basin surrounded by colder water and ice about the
| ake coasts. April exhibited a return to near isothermal conditions, followed
in May by the start of the cyclical v -ming trend.
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Wnd speeds about the perineter of the lake during winter were relatively
high conmpared with winds during summer. Instability in the overwater atnos-
phere caused by cold air nmoving over a warmer water surface peaked in January,
as did observed wind speeds. Unstable conditions endured from Novenber through
March.  April was a nonth of nearly neutral atnmospheric stability over the |ake
and May was a nmonth of extreme stability. Wth large nonmentum fluxes from the
atnosphere to honpbgeneous water in winter, mean current speeds were nearly the
same throughout at least the upper 50 m of the water colum. This distribution
contrasted vividly with sumer observations showing strong vertical gradients
of horizontal current velocity with depth, the velocity gradients being very
closely related to vertical water tenperature (or density) gradients. Month-to-
month variations of mean current speeds in winter closely paralleled the month-
to-nonth variations in mean w nd speeds observed about the |ake's perineter,
al though ice cover in February and March appeared to reduce the nonentum fl ux
fromair to water on a whole basin view. Intense stability in the ova-Iake
boundary layer in May was very effective in shielding the |ake surface from sig-
nificant wind stress and caused a remarkable decrease in the lake's kinetic
ener gy.

Current patterns in Lake Huron in winter 1974-75 were domi nated by south-
ward flow along the entire west coast south of Al pena. This southward current
was especially intense during episodes of strong west and northwesterly w nds.
Wth westerly winds prevailing throughout the winter nonths, southerly flow
along the west coast persisted frommonth to nmonth and was the nost promni nent
feature of the resultant winter current flow. The steady southward flow pene-
trated to at least the 50 mlevel of coastal bathymetry and apparently occupied
a wide coastal strip with rather uniform characteristics (at least 30 km wi de
just east of the nouth of Saginaw Bay). Large volumes of water were transported
southward in this current. Mich less data was collected in the eastern half of
the lake. The available information suggests that a broad northward return flow
characterizes the current field in this area. This return flow appeared well
established in the south end of the lake, but the pattern was uncertain in the
northern parts because of the scarcity of data. Perturbations to this lakewide
pattern occurred during episodes of strong wind stress, but long period nean
flows showed a definite preference for cyclonic flow during the w nter season.

Fl ow patterns during winter 1974-75 were very similar to those observed in
summer. Long-lived horizontal gradients of water density established in summer
were supportive of observed |arge-scale cyclonic flow and in fact may have
establ i shed al nobst geostrophic equilibrium The winter current studies, which
established similar current features existing in a honogeneous |ake, suggest
that the summer thermal structure is supported in part by the w nd-driven |ake
circulation, as it is certainly not the tenperature field that is controlling
current patterns.
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Appendi x A

MONTHLY AND SEASONAL WATER CURRENT TRANSPORT AND WIND RUN ROSES FOR CONDI TI ONS
OBSERVED | N LAKE HURON DURI NG W NTER 1974-75.
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Figure A.la. Water current transport roses at 15 m depth in Lake
Huron and wind run roses at five perineter meteorological Sta-
tions for November 1374. Current roses show the percentage of

current runtoward each octant, while wind roses show the per-
centage of W nd run from each octant.
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Figure A.1b. Current roses at 25 m depth for Novenber 1974.
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Figure 4.71e. Current roses at 50 m depth for Novenber 1974.
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Figure A 1d. Current roses at 2 m above the bottom for Novenber

1974.

38




OISTRIBUTION c.<
SCALE

————
5 20 40 60 % OF TOTAL

LAKE HURON
DECEMBER 1974 15 m

KILOMETERS
¢ 10 20 30 40 50

8300 8200

Figure A.2a. Current roses at 15 m depth and wind roses for
Decenber 1974.
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40



LAKE HURON

DECEMBER 1974 50 m

DISTRIBUTIOM Od
SCALE P =]
5 20 40 40) % OF TOTAL
oSaginaw ‘

__ KILOMETERS

—
G 10 20 30 40
8300 )/ 92"00

Figure A. 2c. Current roses at 50 m depth for Decenber 1974.
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Figure A 2d. Current rogses at 2 m above the bottom for Decenber
1974.
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Figure A.3a. Current roses at 15 m depth and wi nd roses for
January 1975.
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Figure A 3b. Current roses at 25 m depth forJanuary 1975.
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Figure A.3e. Current roses at 50 m depth forJanuary 1975.
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Figure A 3d. Current roses at 2 m above the bottom for January
1975.

46




457007 —

W

44700 -

h"” DISTRIBUTION ﬁ‘

5 20 40 60 % OF ToTAL

coSagmaw

FEBRUARY 1
KILOME"
10 20 ¢

o

¥l o0 LU

Figure A.4a. Current roses at 15 m depth and wind roses for
February 1875,
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Figure A 4b. Current roses at 25 m depth f O February 1975.
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Figure A 4d.  Current roses at 2 m above the bottom for February
1975.
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Figure A.5a. C(urrent roses at 15 m depth and w nd roses for
March 1975.
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Figure A 5. CQurrent roses at 25 m depth for March 1975,
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Figure A.5c. Current roses at 50 m depth for Mareh 1975.
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Current roses at 15 m depth and wi nd roses for
April 1975.
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Figure A. 6b. Currentrosesatlsmdepthfor April 1375.
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Figure A.6c. Current roses at 50 rm depth for April 1875.
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Figure 4.6d. Current roses at 2 m above the bottom for April
1975.
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Figure 4.7a. Current roses at 15 m depth and wind roses for
May 1975.
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Figure A4.7c.

Current roses at 50 m depth for May 1975.
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No current data received from 2 m off the bottom for May 1975.

62



DISTRIBUTION o‘
SCALE

-
5 20 40 60 % OF TOTAL

>

oSaginaw

LAKE HURON
WINTER 1874—1975 15 m
KILOMETERS

o O 201 o w

5200

Figure 4.8a. Current roses al1l5 m depth and wind roses for
wi nter 1974-75.
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Currew: roses at 25 m depth for winter 1274-75.
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Figure 4.8c. Current roses at 50 m depth for winter 1974-75.
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Figure A 8d. Current roses at 2 m above the bottom for winter
1974-75.
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Appendi x B

WATER CURRENT TRANSPORT AND WND RUN ROSES FOR SELECTED EPI SCDES OF DI RECTI ON-
ALLY STEADY WND STRESS I N LAKE HURON DURI NG W NTER 1974-75.
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Figure B.la. C(urrent roses at 15 m depth and wi nd reses for
20-22 Jovermber 1974,
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Pigure 3. Ib.  Current roses at 25 m depth for 20-22 Novenber 1974.
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Figure B.le. Current roses at 50 m depth for 20-22 Novenber 1974,
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Figure B.1d. Current roses at 2 m above the bottom for20-22
November 1974.
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Figure B. 2b. Current roses at 25 m depth for 30 November-2
Decenber 1974.
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Figure B.2¢. CQurrent roses at 50 m depth for 30 Novenber-2
Decenber 1974.
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Figure B.2d. CQurrent roses at 2 m above the bottom for 30
Novenber-2 Decenmber 19 74.
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Figure B.3. Current roses at 25 m depth for 26-29 Decenber 1974.
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Figure B.3¢. Current roses at 50 m depth for 26-29 Decenber 1974.
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Figure B.4a. Current roses at 15 m depth and wind reses for 9-11
January 1975.
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Figure B. 4b.  Current roses at 25 m depth for 9-11 January 1975.
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Figure B.4c. Current roses at 50 m depth for9-11 January 1975.
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Figure B. 4d. Current roses at 2 m above the bottom for9-17
January 1975.
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Figure B.5a. Current roses at 15 m depth and wi nd roses for 11-14
January 1975.
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Figure B. 8. Current roses at
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25 m depth for 11-14 January 1975.
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Figure B.Se. Current roses at 50 m depth for 11-14 January 1975.
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“igure B. &d. Current roses at 2 m above the bottom for 11-14
January 1975.
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Figure B.6a. Current roses at 15 m depth and wi nd roses for 9-15
February 1975.
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Figure B.6b.

Current roses at 25 m depth for 9-15 February 1975.
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Figure B.6e. Current roses at 50 m depth for9-15 February 1975.
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Figure B.7a. C(Current roses at” 15 m depth and wind rosesfor26
February-6 March 1975,
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Figure B. 7h. CQurrent roses at 25 mdepth for26 February-6

March 1975.
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Figure B.7e. Qurrent roses at 50 m depth for26 February-6
March 1975.
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Figure B. 7d. Current roses at 2 m above the bottom for 26
February-6 March 1975.
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Figure B.8a. Current roses at 15 m depth and wi nd roses for [-8
April 1975.
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Figure B.8b. (Current roses at 25 m depth for 1-8 April 1975.
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“tgure B. e, Qurrent roses at 50 m depth forl-8 April 1975.

98




BISTRIBUTION g<
SCALE m
5720 40 60 % OF TOTAL

oSaginaw

'LAKE HURON
1-8 APRIL 1975 2 m asove BOTTOM

KILOMETERS
— :
0 10 20 30 40 50

Figure B. 8d. Current roses at 2 m above the bottom for 1-8
April 1975.
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Figure B. 9a. Qurrent roses at 15 m depth and wind roses fOr 3-13
4pril 1975,
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Figure B.9b. CQurrent roses at 25 m depth for 3-13 apriz 1975.
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Figure B. 9c. Current roses at 50 m depth fOr 3-13 april 1975.

102




Alpena

%

9 L QF TOTAL

oSaginaw

LAKE HURON
3-13 APRIL 1975 2 m ABQVE BOTTOM

KILOMETERS

0 10 20 30 40 50

Figure B.9d. Current roses at 2 m above the bottom for3-13
April 1975.
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Figure B.10a. Current roses at 15 m depth and wind resesfor3-7

May 1975.
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Figure 5. 10b. Qurrent roses at 25 m depth for 3-7 May 1975.
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Figure B.10c. Current roses at 50 m depth for 3-7 May 1975.
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No current data received from 2 m off the bottom for May 1975.
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