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LANDSAT fake color image of ice
cover on Lake Michigan for 16
February 1977. The winter of
1978-77 produced a record areal
ice extent on Lake Michigan.
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SUMVARY OF GREAT LAKES WEATHER AND | CE CONDI TI ONS, W NTER 1976-77=

The winter of 1976-77 was the fifth coldest in the past 200
vears. Record-breaking |low tenperatures from mid-Cctober to mid-
February, associated with an upper air pressure pattern consisting
of a strong ridge in the westerly flow over North Anerica, resulted
in extraordinary ice cover on the Geat Lakes. |ce was produced
al nost sinultaneously in various shallow protected areas of the
G eat Lakes in early Decenber. The progression of early winter,
md-winter, and maxi numice extent was from4 to 5 weeks earlier
than normal. At the time of maximumice extent in early February,
Lake Superior was approximately 83 percent ice covered, Lake M chi-
gan over 90 percent, Lake Huron approximately 89 percent, Lake Erie
100 percent, and Lake Ontario approxinmately 38 percent. Spring
breakup started in late February in the southern part of the Geat
Lakes region and in early March in the northern part. The bul k of

the ice cover was gone by the fourth week of April.  Shipping was
severely hanpered by the abnormally large amunt and duration of
the ice cover. Direct icebreaker assistance by the U S. Coast

CGuard was up about 55 percent over the previous wnter season.

1. I NTRODUCTI ON
F. H Quinn and R A Assel

This report on the 1976-77 winter weather and ice conditions is the
first coordinated report to conbine the activities of each of the NOAA
conponents responsible for monitoring Great Lakes ice conditions. The
participating units are the National Wather Service (NwWS), the Environ-
mental Research Laboratories (ERL), and the National Environnental
Satellite Service (Ness). I ndi vidual publications produced in the past
by each of the above units led to an undesirable fragnentation of G eat
Lakes ice information. R A Assel and F. H Qinn edited the report
and all authors reviewed it.

Most geographic locations referenced in this report are shown in
Figure 1. The winter of 1976-77 is an appropriate year to begin the
combi ned NOAA ice reports as it was the fifth coldest winter in the
Geat Lakes in the past 200 years and the col dest since the programto
extend winter navigation on the Geat Lakes began in 1971. Thus, it
will likely serve as the benchmark winter for Geat Lakes ice studies
for many years to come.

*GLERL Contribution No. 138.
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The first ice began to formin the Geat Lakes in early Decenber.
Wth the continued record cold winter, the ice cover grew rapidly,
reaching its maximum extent during the first week of February. At this
time the percent of ice cover on each of the |akes was as follows: Lake
Superior, 83 percent; Lake M chigan, 90 percent; Lake Huron, 89 percent;
Lake St. Clair, 100 percent; Lake Erie, 100 percent; Lake Ontario, 38
percent. The spring breakup started early in March with the last ice
being seen in Buffalo Harbor on 30 April. The harshness of the 1976-77
winter ice conditions severely hanpered waterborne commerce throughout
the Great Lakes.

2. SUMMARY OF METEOROLOG CAL CONDI TI ONS
C. R Snider
2.1 Synoptic Study of the Wnter

The winter of 1976-77 was the coldest on the Geat Lakes since
serious attenpts at winter navigation began. Record breaking cold
weat her persisted over the eastern half of North Anerica from mid-
Cct ober through nid-February.

The neteorol ogi cal phenomenon responsible for this anomaly was not
confined only to the Great Lakes, but was part of a world-w de pattern.
Excessively warm weather occurred during the sane period on the west
coast of North America and in portions of western Europe; the drought
over the western states intensified.

The persistent cold was associated with an upper air pressure
pattern consisting of a strong ridge in the westerly wind flow that
settled over western North America and renmmined nearly stationary from
late autum to late winter. Figures 2a-¢ show the nean height of the
700 millibar surface during November and Decenber 1976 and January 1977.
Stream ines coning fromthe north and northwest directed one frigid air
mass after another across the Geat Lakes. Figures 3a-c show the nornal
mean height of the 700 mllibar surface during the same tine. In a
typical winter, streamines at this level fluctuate from northwesterly
to southwesterly, allowing alternate nmovenent of cold and mld air
masses over the Lakes. The cause of these blocking high-pressure cen-
ters that occasionally develop in the general circulation of the at-
mosphere is not well understood, though sone statistical relationships
useful for forecasting have been derived. Nanmias (1969, 1971), Rogers
(1976b), and Egger (1977) have pointed out that abnormally warm water in
the eastern North Pacific Ccean is associated with, and sonetinmes pre-
cedes, the devel opment of such blocking highs. Namias (1978) gives a
detailed description of the causes of this abnornmal winter.
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Figure 2a. Mean 700 mb heights, November 1976.
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Figure 2¢. Mean 700 mb heights, January 1977.
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Figure 3ua. Normal 700 mb heights, November 1976.






Normal 700 mb heights, January 1977.
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Weat her systems at the earth's surface devel op and nove in response
to the configuration of the upper wind flow. Divergence and subsidence
in the northern and northeastern portions of the ridge kept skies nearly
clear over the continental polar air mass source region in northwestern
Canada. Uninpeded terrestrial radiation continuously cooled the sur-
face, which in turn cooled the air near the surface in this snow covered
region. This cooling in conbination with the subsidence aloft brought
about repeated anticyclogenesis. As each newy generated high cell
built to a critical pressure, it broke out of the source region and,
steered by the winds aloft, noved across eastern North Anerica.

The winter of 1976-77 can be divided into several phases:
1. The preparatory phase, from August to m d-Cctober,

2. The onset, from mid-Cctober to Novenber,

3. The northern intenstive phase, from Decenber to early January,

4, The core of the winter, or the southern intensive phase, mid-
January.

5. The recedi ng phase, from late January to March.

2.1.1 The Preparatory Phase

The roots of the winter can be traced back as far as August 1976.
That was the first of a continuous series of months with bel ow nornal
tenmperatures over the Great Lakes. Each month from August 1976 through
January 1977 had a mean tenperature farther below normal than that of
the previous nonth. The anomaly was at first almost inperceptible. The
normal cool air nmasses of late summer were sinply a little nore persis-
tent than the normal warm air masses. The cool ness becane a little nore
noticeable in September and early Cctober.

2.1.2 The Onset of Wnter

A cold front swept through the Lakes region during 15 and 16 Ccto-
ber. The continental polar air mass that followed was not exceptionally
cold for that time of year, but it established a pattern that was to
persist for 4 nonths. No warm front would appear to bring any other
type of air nmss over the Lakes until md-February. By late Novenber it
had becone obvious that an unusually cold winter was in progress. \ater
tenperatures were near freezing throughout the Lakes, and ice was appear-
ing in sone areas from3 to 4 weeks earlier than normal.

The relatively warm waters of the Geat Lakes, even when they are
ice covered, provide a substantial source of heat to nodify cold winter-
time air masses. Cold air noving over the lakes is warmed and its
pressure |owered. For this reason, the center of highest pressure

10



rarely passes directly over the Lakes. Usually about half of them will
go to the north and half to the south. The northerly jet stream of fall
1976 directed nost of them well to the south, bringing rather |ow tem
peratures to the entire region and the greatest negative departures from
nornal to the southern part of the region (see Figs. 4a-e).

2.1.3 The Northern |Intense Phase

During Decenmber and early January the ridge over western North
Anerica flattened a little, but remained firmMy anchored in place. (old
high centers were then directed through the slot between the Geat Lakes
and Hudson Bay. This section of Canada suffered extreme cold during
this phase. North of the Lakes Decenmber nonthly neans were |ower than
those in January, a rare occurrence. Cold air masses also persisted
t hroughout this period over and south of the Lakes, but they were only a
sanmpl e of what was yet to cone.

Figure 4q. Mean temperature (°C), November 1976.
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Figure 4b. Mean temperature departure from normal ("ClI, November 1976.

Figure 4c. Mean temperature departure from xnormal(d), November 1976.
12



2.1.4 The Core of the Wnter

In early January the Arctic stratosphere underwent a major warm ng,
perhaps fueled by southerly winds fromthe eastern Pacific. This pro-
duced a deep anticyclone centered near the North Pole, (Fig. 2¢) which
absorbed the shallower anticyclones normally present over the northern
portions of Asia and North Anerica. Masses of cold air poured directly
fromthe Arctic into the heart of the continent.

The first cold wave of this intense phase spread across the G eat
Lakes on 8 January. On the norning of 9 January the highest pressure
was just south of Duluth, Minn., and nost stations in the northern Lakes
region reported their |owest tenperatures of the winter (Fig. 5a).

-36

-28

Figure 5a. Minimen temperature, 9 January 1977 (°C).
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An even colder air mass swept southward during 15 and 16 January.
The center noved through the Plains States, sparing the Geat Lakes its
greatest cold, but bringing the |owest tenperatures of the winter to
cities along the southern Lakes and to nmost of the country farther south
(Fig. 5b) on the norning of 17 January.

Figure 5b. Minimum temperature, 17 January 1977 (°C).

The great tenperature anomalies over the Great Lakes (Section 2.3),
and the massive ice cover that resulted, were due not so much to ex-
trenely low individual tenperature readings as to the long continuance
of well below normal tenperatures. The |owest tenperature of the wnter
at Detroit, Mich., was -23°C, not as cold as is experienced in many

mlder winters. The -34°C extrenme at Sault Ste. Marie, Mich., was only
alittle nore unusual.
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2.1.5 The Recedi ng Phase

Warmer air masses began pushing intermttently into the Lakes
region in md-February. Tenperatures averaged near normal during the
|l ast half of February and March. But normal tenperatures were still
bel ow freezing during nuch of this period, so that with the exception of
portions of the southern Great Lakes the massive ice cover already
present continued to thicken slowy. A few warm days during March
started the nelting, which proceeded at a nmore rapid than usual rate
during the warm month of April. Shallow waters cleared rapidly, but
many ice formations on deeper water were so thick that it was well into
May before the last vestige was gone.

2.1.6 The Precipitation Pattern

Each of the cold air masses that burst across the Lakes was pre-
ceded by a rather weak cold front, weak because the air mass ahead of it
was only slightly warmer than the air mass following it. These weak
fronts can produce only small anounts of precipitation. Average snow
fall over the Geat Lakes Basin was considerably less than normal, wth
the spectacul ar exception of a few localities on the |ee shores. Mich
publicity was given the heavy snowfall that paralyzed Buffalo, NY.
Simlar heavy snow fell locally at Watertown, N Y., and at Sault Ste.
Marie (Fig. 6).

2.2 Freezing Degree-Days

The concept of freezing degree-day (FDD) accurul ations is useful in
forecasting a wide range of phenonena: the usage of heating fuel, the
maturation of crops, etc. The growth of fresh water ice is closely
correlated with the accunulation of FDD's (Richards, 1963; Snider, 1974,
Assel , 1976).

FDD calculations are sensitive to minor changes in conputational
procedur es. Various workers have used different methods of conputing
daily nmean tenperature, negative FDD s (thaw ng degree-days), and
determ nation of the beginning of the freezing season. Data presented
here were derived as described bel ow

A Thawi ng degree-days (defined as positive departures of nean
daily air tenperatures from0°C) are subtracted fromthe FDD
total. It is possible for the accumulated FDD total to fall
bel ow zero owing to an extended nild spell. [If this happens,
FDD s and thawi ng degree-days continue to be added or sub-
tracted al gebraically.
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Figure 6. Precipitation excessor deficiency (em water equivalent),
December 1976 through February 1977.

B. A determnation must be made as to when to begin the FDD

tabulations in the fall. The nethod used at NW5, Detroit,
begins the tally on the first fall date on which one or more
FDD's occur (a mean tenperature of -1°C or below). If this

occurs before the mean (or normal) date of the first occur-
rence (Table 1), an al gebraic sunmation process is initiated
and continued up through that mean date, which is based on
normals currently being used. |If on this mean date the
accurmul ated total is negative, the total is dropped and the
FDD tally will begin on the first date after this mean date
that a -1°C or lower mean daily tenperature occurs. [f the
total is positive, the summmation process continues to build
upon this total for the remainder of the winter. O course
if no FDD's occur before this nmean (normal) date, the tally is
routinely initiated on the first day thereafter with an FDD
occurrence.

16



Tabie 1. Mean Date of First Freezing
Degree-Day Occurrence

Location Dat e

Dul uth, M nn. 9 Nov.
Mar quette, Mich. 19 Nov.
Sault Ste. Marie, Mich. 24 Nov.
Green Bay, Ws. 23 Nov.
M | waukee, Ws. 27 Nov.
Miskegon, Mich. 29 Nov.
Alpena, Mich. 27 Nov.
Detroit, Mich. 29 Nov.
Tol edo, Ohio 29 Nov.
Cleveland, Chio 10 Dec.
Buf fal o, New York 1 Dec.
Rochester, New York 1 Dec.
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edays

Ac mulated Freezing ® gr

Figures 74-j show normal FDD curves (solid line) and curves
representing wnter 1976-77 (dashed line) at several Geat Lakes cities.
The most pertinent data from the NWS and the Geat Lakes Environnental
Research Laboratory (GLERL) are summarized in Table 2. The accunul ation
of FDD's during winter 1976-77 was everywhere greater than normal, with
the excess above normal being greatest in the southern part of the Geat
Lakes region. At Ceveland, Ohio, the accunulation reached 330 percent
of normal. The maxi num was reached considerably earlier than nornal
everywhere except at Sault Ste. Marie. Tenperatures during the breakup
season were above nornal except in the northeastern part of the region,
where the onset of spring was retarded by the ice cover itself.

F C

3600 200C

2700 150C T

1800 100C

900 500 —- - e ',agfr/
pm—
"

d \

hS
‘-
By
.
.
A Y
e

- |

-

0 P st s ST R LU ! [ L
5E 1015202530 5 10 15202530 5 1015202530 5 10 152025 5 10 15202530 5 10 1520 25
NOV. DEC. JAN. FEB. MAR. APR.

Figure 7a. Freezing degree-day accumulations,
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2.3 Cimtic Anonalies and Conparisons

Fi gures d4a, 8a, and 92 show nean tenperatures for Novermber and
Decenber 1976 and January 1977. The well-known effect of the Lakes in
warmng the |ee shores shows up strongly on these charts.

Fi gures 4b, 8b, and 90 show the same data expressed in terns of
degrees Celsius departure fromnormal. Even here the lake affect is
quite evident, for the normal variability is much greater inland than
al ong the | akeshore.

Fi gures 4e¢, 8¢, and 9¢ show the sane data expressed in terns of
standard deviations departure from normal. This transformation renoves
the lake effect and gives a realistic 'picture of the anonal ous nature of
the cold weather during these 3 nonths. A departure nore than 3 stan-
dard deviations below nornmal wll occur 13 tines in 10,000 occasions.
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Table 2.  Maximum Freezing Degree-Day Values
Norﬁal* Maxi munt * Nor nmal * Maxi munt *
Mexi mum FDD's (°C) maxi mum date 1976-77
Location FbD's (°C) 1976- 77 date
Dul uth, M nn. 1267 1453 3 Apr. 7 Mar
Marquette, Mich. 756 933 30 Mar. 6 Mar.
Sault Ste.

Marie, Mich. 946 1246 3 Apr. 9 Apr.
G een Bay, Ws. 787 1157 27 Nar. 3 Mar.
M| waukee, Ws. 489 852 17 Mar. 2 Mar
Muskegon, Mich. 329 673 17 Mar. 2 Mar.
Alpena, Mich. 647 904 29 Mar. 3 Mar.
C eveland, Chio 191 631 1 Mar. 21 Feb.
Buffalo, N Y. 272 594 18 Mar. 23 Feb.
Rochester, N Y. 326 527 18 Mar. 23 Feb.

*From GLERL records.

**Erom NWS, Detroit

records.
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Figure 8a. Mean temperature (°C), December 1976.

Figure 8b. Mean temperature departure from normal ("Cl, December 1976
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Figure 8c. Mean temperature departure from normal (G), December 1976.

Figure 9a. Mean temperature (°C), January 1877.
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Figure 9b5. Mean temperature departure from normal (°C), January 1977.

Figure 9c. Mean temperature departure from normal (o), January 1977.
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Such departures did occur on the northern shore of Lake Huron in Decem
ber 1976 and over the southern end of Lake Mchigan and a broad area to
the south in January 1977.

Fi gures 10z and bshow the mean tenperature and the departure from
normal for the entire 3-nonth period. The mean trajectory of the cold
air masses to the west and south of the Lakes is well illustrated, as is
the effect of the Lakes on air tenperature.

2.4 Conparison with Previous Wnters

As nost of the extraction of sensible and latent heat from the
wat er occurs during Novernber, the date of initial ice formation is well
correlated with the Novenber nean air tenperature. Ice fornms and
t hi ckens during Decenber and January and reaches its greatest mass
during February. The date of the final nelting, usually in April, is
well correlated with the February nean air tenperature. The rate of
melting during March and April is not as well correlated with anbient
air tenperatures as one mght expect. Apparently absorption of solar
radiation plays as inportant a role in conductive heat transfer. TFrom
the above statenents, it can be concluded that the nean tenperature of
the 4-nonth period from Novenber through February is a satisfactory
i ndi cator of the severity of a winter season.

Most of the mmjor meteorol ogical observatories in the region have
instrumental records about 100 years in length. Al of them have been
relocated at |east once, and none of the records are conpletely honp-
geneous. Changes in observational and conputational procedures require
that early records be carefully studied and adjusted if necessary before
conparing them with nodern records. Unofficial observations can extend
the record back many nore years in a few places, but these observations
must be used with even nore care. Noninstrunental observations can also
be used to indicate the severity of a winter. The ice cover itself is
an excellent integrator of mean winter tenperatures over broad areas.

The mean tenperature of these 4 nonths is averaged over four
wi dely separated stations, Duluth, Sault Ste. Marie, Detroit, and
Buffalo, to obtain a single index of winter severity on the Geat Lakes.
H gh quality data from these four stations are available back to 1888.
There is nearly continuous data of sonewhat |esser quality back to 1820
for Mnneapolis, Minn.; Detroit; and Al bany, N. Y. These were nor-
mal i zed to the same base. For earlier data the nearest continuous
record is from New Haven, Conn., which goes back to 1780. These records
were also normalized to the same base, but were used very cautiously.
Their indications were conpared to the continuous ice record back to
1807 at Buffalo, to tenperature records at Detroit between 1781 and
1786, and to various narrative weather summaries from the Geat Lakes,
mostly around Lake Erie.

28



-12

Figure 1 Oa. Mean Temperature (“Cl, November 1976 through January 1977.

Figure I Ob. Mean temperature departure from normal(°CJ,
November 1976 through January 1977.
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It was thus possible to classify as severe, ordinary, or mld the
200 winters from 1777 through 1977 over the Geat Lakes, and to list in
order of severity the 20 (first decile) col dest of the two centuries.
This listing is given in Table 3 and each of the winters that proved to
be col der than 1976-77 is discussed briefly.

2.4.1 The Wnter of 1903-04

Novenber, Decenber, and January of this winter each averaged just a
l[ittle warner than the corresponding months of 1976-77. February of
1904 was much col der than February 1977 (-10.9 vs. =3.7°C). lce forned
a little later than in 1976-77, but continued to thicken rapidly through
February. Navigation out of Ceveland was not possible before 1 April,
the Soo Locks opened 30 April, and Duluth Harbor opened 8 May. There
had been no attenpt to extend the previous navigation season and cl osing
dates were normal for that era.

2.4.2 The Wnter of 1783-84

Novenber and the first part of Decenmber were nmild. The last 11
days of Decenber were continuously below freezing at Detroit. After a
brief thaw the first few days of January, very cold weather set in for
the rest of the nonth. The Detroit River froze over on 7 January. The
tenperature at Detroit was -27 or -28°C each norning from 27 through 30
January. Another brief thaw the first of February was again followed by
cold weather, which continued into March. On 6 March the ice on Lake
St. Clair was 3-feet thick. On 22 March the river could still be
crossed by sl edge.

2.4.3 The Wnter of 1874-75

This winter was quite simlar to that of 1903-04. Novenber and
January were a little warmer than in 1976-77;, Decenber considerably
warmer. February was extrenely cold, -11.4°C. As nmight be expected,
this sequence of weather events had a major effect on the springtime
openi ng of navigation. The 12 May opening of the Soo Locks was the
|atest date in the 121 years the facility has been operating.

2.4.4 The Wnter of 1779-80

It may seem presunptuous to give a tenperature value for this
winter, and especially to categorize it as colder than any of the others
di scussed, as there was not a single thernmoneter in the Geat Lakes
region at the tine. Nevertheless, the evidence seems overwhelmng. All
the weather diarists in New England (and there were many) agreed that
this was one of the two coldest winters of the eighteenth century. (The
other was 1739-40). Diarists in Detroit agreed it was the col dest they
had experienced at that location. (None of them had been there prior to
1760.) Only January and February 1780 tenperatures are available for
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Table 3. The 20 Coldest Winters on the Great Lakes, 1777-1977

. Nov. - Feb. Nov. - Jan.

Rank W nt er mean tenp. (°C) mean temp. ("C Char act er
1 1779-80 -9 -10 E
2 1874-75 -9 -6.5" L
3 1783- 84 -8 -6.5% L
4 1903- 04 -7.9 -6.2 L
5 197677 -7.7 -8.2 E
6 1872-73 -7.5% -7.5"

7 1831- 32 -7.5" -6.5% L
8 1855- 56 -7.5" -6 L
9 1919- 20 -7.4 -7.0 L

10 1880- 81 -7.3 -7.2

11 1917-18 -7.2 -6.8 L

12 1820-21 -7 -7

13 1856- 57 -7 -7

14 1822- 23 -7 -4.5" L

15 1892- 93 -6.8 -5.8 L

16 1962- 63 -6.5 -6.3 L

17 1791-92 -6.5" -6 L

18 1835- 36 -6.5" -5.5% L

19 1817-18 -6.5% -5 L

20 1796- 97 -6 -7 E

Each of the 20 coldest winters was characterized as early (E), internediate,
or late (L), according to the timng of its coldest period.

*Data prior to 1888 were not of sufficient quality to justify means with
0.10°C precision. They have been rounded off to the nearest 0.5°C.
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New Haven, and these are not particularly cold. This can be reconciled
with narrative reports only by assumng extrenely |ow tenperatures for
Novermber and December 1779.

A noninstrumental record kept at the British Naval Shipyard on the
St. dair River shows the same general trend. Extrene cold in Novenber
and Decenber continued through md-January, but February was quite nild.
Frost persisted through the afternoons the |ast week in Novenber. Ice
was flowing in the St. Cair River on 16 Decenber, and on the follow ng
day the river froze over. Only light snow was recorded during the very
col d weat her through Decenber and early January. MIld periods during
late January and February were acconpanied by heavier snow. A signifi-
cant thaw was noted 21 February. The first rain was reported 7 March.

Late March and April were cool. Small boats were first able to cross
Lake St. Clair on 16 April. The ice bridge above Port Huron, Mich.,
broke 20 April, and the river was jamed with ice until at least 11 May.

Further east the supply ship from Fort Erie could not get through to
Detroit until 16 May.

2.4.5 Character of Wnters

Each of the 20 coldest winters (Table 3) was characterized as late
(L), intermediate, or early (E), according to the timng of its col dest
period. In 13 of the 20, February was the coldest nonth; in 4 the cold
weat her was rather evenly distributed throughout the season; and in only
3 did the major part of the cold weather come before February.

We conclude that during the last 200 years only four winters are
likely to have produced nore nassive ice cover on the Geat Lakes than
did the winter of 1976-77, and in only one of those winters did the
heavy ice cover appear early enough to have had a nore inhibitory
effect on extended season navigation.

3. SUWARY OF | CE CONDI TI ONS
R A Assel, G A Leshkevich, C. R Snider, and D. Wi snet
3.1 Data Collection Platforns and Processes

Primary sources of ice-cover information used to document the 1976-
77 Great Lakes ice cover include: visual aerial ice reconnaissance,
side | ooking airborne radar (SLAR), and satellite inagery. A conparison
of SLAR and NOAA-4 and LANDSAT-1 satellite imagery is given by Leshkevich
(1976). lce charts are the end product resulting frominterpretation of
this data. lce charts depicting ice distribution and concentration, as
wel | as size and age of floes, were received at GLERL throughout the
winter fromthe Ice Navigation Center, Ceveland, and I|ce Forecasting
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Central, Qitawa, Ont., Canada. Interpretations of ice conditions made
from NOAA-5, Very High Resolution Radionmeter (VHRR) satellite, and
Ceostationary Operational Environnental Satellite (GOES) imagery on a
weekly basis were received from NESS in Washington, D.C.  SLAR inmgery
and ice charts based on it were received fromthe Ice Navigation Center,
Cl evel and. In addition to this primary data, weekly and daily surface
reports of ice conditions and thickness were received from observers for
GLERL and the U S. Coast Cuard.

3.1.1 Visual Aerial I|ce Reconnai ssance

Trained ice observers for the U S Coast CGuard and the Canadian
Department of the Environment record visually observed ice conditions on
the Great Lakes periodically during winter. GLERL receives copies of
most of the ice charts produced during a given winter season; during
wi nter 1976-77, 196 ice charts were received fromthe U S. Coast Quard
and 72 ice charts fromthe Canadi an Departnent of the Environment. In
addition, GLERL produced two ice charts as a result of visual reconnais-
sance flights made over southern Lake M chigan in February.

U S. Coast Cuard aircraft used for visual ice reconnaissance in-
clude the Grummand HU- 16 Al batross and smaller fixed wing craft and
rotary (helicopter) aircraft. Flights are made from Chicago, II1l.;
Detroit, Mich.; and Traverse City, Mich. A detailed description of the
U S. Coast Cuard 1976-77 visual aerial ice reconnaissance programis
given in the Ninth Coast CGuard District, Donestic |cebreaking Plan,
Annex Wto Commander Coast Guard District Nine Operation Plan No. 1-(FY)
(1976a). Canadian aircraft used to support visual aerial ice recon-
nai ssance include a Douglas DC-3 and a Lockheed El ectra L188C. For
information on the Canadian 1976-77 visual observation program see
Nobl e (1976).

3.1.2 Side Looking Airborne Radar

The National Aeronautics and Space Administration Lewi s Research
Center, in cooperation with the U S. Coast CGuard and NOAA, has devel oped
a SLAR system for ice surveillance on the Geat Lakes. The system
mount ed aboard a HC-130B aircraft operating out of Ceveland, operates
in the X-band at a frequency of 9.245 GHz (3.245 cm wave |ength).

Flight altitude for SLAR missions is 3.35 km (11,000 ft) with an average
ground speed of 280 knots. Flights are made regularly over all of the
Great Lakes with the exception of Lake Ontario. The advantage of SLAR
over visual reconnaissance and satellite imgery is its all-weather
capability and ability to "see" through clouds. A history of the

devel opnent of the current systemis given by Schertler et al. (1975).
The operational plan for U S Coast Guard missions for 1976-77 is given
in the joint United States Coast Guard-Canadian Coast Guard Cuide to
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G eat Lakes Ice Navigation (1976b). During winter 1976-77, 82 inter-
preted SLAR images (ice charts) covering 24 mssions were received by
GLERL. Owing to nechanical difficulties with the HC 130B aircraft, no
flights were made during February and nost of March.

3.1.3 Satellite |magery

NOAA-5 and GCOES-| satellite imagery were used in ice-cover docu-
mentation. The NOAA-5 satellite represents the third generation of
environmental satellites in the National Operational Environmenta
Satellite System The orbit is near polar and sun synchronous so the
satellite always crosses the equator at the sane local solar time, in
this case 0830 and 2030. This orbit is a typical polar orbit, providing
a twice-daily thermal infrared image and a one-time visible band image
of an area

This type of orbital coverage permits detection of changes at 12-
hour intervals for dynam c snow and ice events. C oudiness conmonly
reduced these observations, but in nost of the US it is possible to
secure at |east one cloudless view per week. The primary sensor for
hydrol ogi ¢ use aboard NOAA-5 is the VHRR dual channel scanner (visible,
0.6-0.7 um; infrared, 10.5-12.5 um).

NOAA' s GOES has denmonstrated the val ue of a 35,000-km geosynchro-
nous orbit, in which the satellite appears to hover "notionless" over a
point on the earth. The advantages of this type of orbit are as fol-
| ows:

1. The viewing station is constant.

2. Alnost 1/6 of the earth may be observed al nost synoptically.
3. Observations may be nore frequent, e.g., every 30 mnutes.
4. "Tel escopi ¢c" observations can be made of those areas where

high resolution is required for detailed observations.

5. Time-1apse imgery of ice novement, storms, floods, snow
cover, etc., can be prepared to study the genesis and dynamc
aspects of these inportant hydrol ogic events.

6. The satellite can collect and relay data in real time from
instruments located at rempte inaccessible sites upon comand
24 hours a day. Furthernore, these readouts can be progranmed
to coincide with schedul ed detailed imagery, if desired

7. Processed data products can be retransmitted from centra

processing and analysis centers via satellite to local fore-
cast/warning centers in near real tine.
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The VHRR inmmges of the Great Lakes presented here have been spec-
ially processed to inmprove their quality and to rectify and correct the
distortions due to earth curvature, earth rotation, and spacecraft roli-
attitude errors. This rectification and correction was acconplished by
using an al gorithm devel oped by Legeckis and Pritchard (1976) in which
the digital tape data are rerun and reformatted. The corrected tape is
then processed through a Digital Muirhead Device (DMD) to prepare new
imges. Standard NESS snow and ice enhancenment prograns were applied to
the tapes to bring out details of the snow and ice areas.

The GOES images were prepared from Visible Spin Scan Radi oneter
(VISSR) negatives stored at NOAA Environmental Data Service (EDS).
Tapes were not archived for GOES/VISSR i mages. The GOES images pre-
sented here have not been enhanced or rectified. North-south fore-
shortening is noticeable in imges taken in higher latitudes such as
those of the Great Lakes.

3.2 General Description

The ice cycle that occurs on the Great Lakes each w nter can be
divided into three phases (Rondy, 1971): a cooling phase, an ice

formation phase, and a breakup or fragmentation phase. In brief, the
cooling phase starts in fall as air tenperatures drop bel ow water
tenmperatures and the water begins to |ose heat. Ice formation starts

after fall overturn is conpleted and a stable water density gradient
enables rapid cooling to take place in the surface layer. During the
ice formation phase, both stable and dynamic ice is formed. Even though
the net energy bal ance of the lake is negative during this time, i.e.,
the water nmass is losing heat, rapid and extensive changes in ice extent
and thickness can occur due to wind and current induced ice novenent,
upwel ling of warmer waters, and even md-winter thaws on sone portions
of the Great Lakes. The breakup period begins when the energy bal ance
of the ice cover becones positive and nay be well defined and short if a
warmng trend starts and is persistent, or it ny drag on as cold and
warm periods alternate in frequency and intensity in spring. Inthis
report the end of the ice formation period is defined as the date the
runni ng sum of rop accunul ations at representative stations for each

| ake reaches its maximum val ue.

3.2.1 Fall Cooling Phase

As an indication of the intensity of the fall cooling phase the NWS
Forecast Office at Detroit has devel oped an index of antecedent heat
content of lake waters. This index is based upon the following three
types of water tenperature data available on the Geat Lakes:

1. Surface tenperature, neasured by satellite-borne infrared
sensors.

2. Near-surface tenperatures neasured at nmunicipal and ship water
i nt akes.
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3. Cccasi onal expendabl e bathythermograph soundi ngs from Lake
Superi or.

Each of these observational tools provides data useful in some
phase of the ice forecasting program However, indirect methods nust
still be used to approximate the heat content of the |lake as prediction
of heat content based on nodels is still in the devel opnental stage

Each |ake goes through an isothermal stage tw ce each year, usually
in April or early May, and again in early Decenber. At these times the
lake is isothermal at precisely 4°C. The heat content associated with
this temperature may be taken as the base heat content of the |ake.

Any excess or deficiency above or below this base heat content has
been absorbed from or lost to the atnmosphere since the last isothernal
stage. Average air tenperatures, integrated over periods of severa
mont hs, have been found to give useful indications of the water's heat
content.

Several different methods of integrating air tenperature have been
used. The most useful attenpted so far, incorporating a "decay factor”
to give greater weight to nore recent data, is calculated as follows:

AT + 8
m i

— -1
Sm 2 ’

wher e

Sm is the heat storage factor at the end of a nonth,

AT is the departure from normal of the average air tenperature
"™ for the month,
Sm_l is the heat storage factor at the end of the previous nonth.

The physical meaning of the heat storage factor cannot be precisely
defined. It approximtes the excess heat, sensible and latent, or a
unit water mass wWithin the epilimnion. Units are degrees farenheit.

At the end of August 1976, the heat storage factor was stil
positive over most of the upper |akes despite below normal air tenper-
atures everywhere except over Lake Superior. By the end of Septenber,
positive factors were present only over small portions of the upper
| akes, and increasingly negative heat storage was indicated everywhere
else. This was the first significant harbinger of an early freezeup.

By the end of Cctober, large negative heat storage factors were apparent
t hroughout the Lakes; they continued to increase through January. Table
4 summarizes the changes in the heat storage factor during the cooling
and freezing period of 1976-77.
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Table 4. Heat Storage Factor at Month's End
Gty Aug. Sept . Cet. NOV. Dec. Jan.
Dul uth, M nn. +1.15 +1.03 -3.59 -4.95 -7.43 -8.06
Geen Bay, Ws. +0.71 -0.25 -3.08 -5.39 -8.60 -10. 45
Chi cago, II1I. -0. 89 -1.15 -3.97 -5.79 -7.10 -10.52
Sault Ste. Marie,

Mich. +1.10 -0.30 -2.60 -4.05 -7.13 -7.51
Detroit, Mich. +0.22 -0. 64 -3.17 -4.89 -5.95 -8.88
Buffalo, NY. -0.55 -1.03 -3.12 -4.41 -5.12 -7.53
3.2.2 lce Formation and Breakup Phases

The general seasonal pattern of ice formation and decay is illus-

trated by a series of 21 weekly conposite ice charts (Fig. 1lla-u).

These charts were conpiled from available ice charts and suppl ementary
i ce-cover data as described in Section 3.1.
eight representative locations are included as an indication of wnter

severity. The FDD's were cal cul ated from average weekly tenperatures
given in the Weekly Weather and Crop Bulletin.

54 satellite images (Figs.
gi ven dates throughout

conposite ice charts,
synoptic ice conditions for

cycle.

Two nethods were used to estinmate the percent
ice covered. Fromice charts,
concentrations were made directly by planineter.
the percent of ice cover was estinmated by visual

At alnmpbst the same time in early Decenber the winter of 1976-77
produced ice in various shallow protected areas of the Geat Lakes.
Lake St. Clair was virtually frozen over by early January.
Lakes neared maximum areal ice coverage by the
Spring breakup started in the |ast

Lakes and in the first week
In general,

mai nder of the G eat

first week of Fe

February on the southern part
in March on the northern part of the Geat Lakes.

bruary.

of the Geat

In addition to the
12a-bbb) docunent
the 1976-77 ice

FDD accunmul ations (°C) at

of each | ake that was

nmeasurenents of areas of different

From satellite imagery,

observati on.

The re-

hal f of

open

wat er areas first appeared lakeward of the western and northern shores
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Figure IZa. Composite ice chart for 5 December 1876.
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LEGEND

CONCENTRATION (tenths) FREEZING
-3 4-6 79 10 DEGREE-DAY
' 3 e ACCUMULATION
( uesis W = Weekly Total
mepiom = [l N\ EBE T = Cumulative
A (15-30cm) = (|l N 44 Weekly
G Total
E THICK = N N = Normal
(30-70 cm) == WH N\ Cumuallative
> Weekly Total
SAULT STE. MARIE b——— N
VERY THICK == N ~ Maxi
¥NV }:152 L (>70cm) — II & M = Maximum

DASHED LINE INDICATES PROJECTED ICE BOUNDARY
CLEAR AREAS INDICATE OPEN WATER

ROCHESTER ?
- 51

T 51
N 1

Figure Ila. Composite ice chart for 5 December 1976 (continued).
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Figure 11b.

GREEN BAY
w 97
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N 47
MILWAUKEE
W 66
T 183
N

3

Composite ice chart for 12 December 1976.
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(30-70 cm) == ‘ m ’ ” N\\ ; Clcj)rrnn:ﬁative
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SAULT STE. MARIE N
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LW 223 { (>70 cm) “ | &\ M = Maximum

DASHED LINE INDICATES PROJECTED ICE BOUNDARY
CLEAR AREAS INDICATE OPEN WATER

ROCHESTER
W 19
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N 4

CLEVELAND
W 16
T 82
N 0

Figure 11b. Composite ice chart for 12 December 1976 {continued).

41



DULUTH
w391
T 412
N 216

GREEN BAY
W 47
T 323

N 94
MILWAUKEE
w 198
T 2023

N 9@

FPigure 1lc. Composite ice chart for 19 December 1976
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VERY THICK =— N o
23; (>70cm) — ||| || \\\ M = Maximum

DASHED LINE INDICATES PROJECTED ICE BOUNDARY
CLEAR AREAS INDICATE OPEN WATER

Figure IZc. Composite ice chart for 19 December 1976 (continued).
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DULUTH

W 105
T 517
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GREEN BAY
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T 401
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MILWAUKEE
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T 257
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Figure 11d4. Composite ice chart for 26 December 1976.
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) !ILA:I:: W = Weekly Total
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A (15-30cm) — |l W\ $F Weekly
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e i O B | v
(30-70 cm) = ||l W Cumulative
Weekly Total
SAULT STE. MARIE = \
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T ??g (70 cm) — \
N —

DASHED LINE INDICATES PROJECTED ICE BOUNDARY
CLEAR AREAS INDICATE OPEN WATER

ROCHESTER
hid 23
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N 40

y CLEVELAND
w 35
T 100
N 26

Figure 71d. Composite ice chart for 26 December 1976 (continued).
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Figure I1le.
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MILWAUKEE
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Composite ice chart for 2 January 1977.
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eo-roem = Il \\ ornel
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DASHED LINE INDICATES PROJECTED ICE BOUNDARY
; CLEAR AREAS INDICATE OPEN WATER
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Figure I1e. Composite ice chart for 2 January 1977 (continued).
47



=1 1= -1-1: A
e
ol NN

AT

DULUTH RN
W 140
T 797
N 488 :

TR
T8y
e
8
L]
GREEN BAY
W 121
T 646
N 294
h
I
'll
1
MILWAUKEE V)
'
v ;
N 183 Ir';l,-
b
1
i)
fj‘l"
/"
A
F4)
Al

d= I

Figure 11f. Compositei c e chart for 9 January 1977,
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CLEAR AREAS INDICATE OPEN WATER
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Figure 7If. Composite ice chart for 9 January 1977 (continued).
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pres e = I -
N 401
i DASHED LINE INDICATES PROJECTED ICE BOUNDARY

CLEAR AREAS INDICATE OPEN WATER
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Figure llg. Composite ice chart for 16 January 1977 (continued).
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Figure llh.
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T = Cumulative
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Total
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Cumulative
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DASHED LINE INDICATES PROJECTED ICE BOUNDARY
CLEAR AREAS INDICATE OPEN WATER

Composite ice chart for 23 January 1977 (continued).
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Figure Ili. Composite ice chart for 30 January 1977 (continued).
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Figure 114.
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Figure I11j. Composite ice chart for 6 February 1977 (continued).
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Figure 11k,

Composite ice chart for 13 February 1977 (continued).
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Composite ice chart for 20 February 1977.
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Figure 111. Composite ice chart for 20 February 1977 (continued).
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Figure 1 Im. Composite ice chart for 27 February 1977.
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Figure 110. Composite ice chart for 13 March 1977 (continued).
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Figure IIp. Composite ice chart for 20 March 1977 (continued).
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Figure 1I». Composite ice chart for 3 April 1977 (continued).
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Figure IZe. Composite ice chart for 10 April 1977.
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Figure 7Is. Composite ice chart for 10 4pril 1977 (continued).
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Composite ice chart for 17 April 1977.
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Figure 77£. Composite ice chart for 17 April 1977 (continued).
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Figure IZu. Composite ice chart for 24 April 1977.
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Figure llu. Composite ice chart for 24 April 1977 (continued).
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Figure Z2a. NOAA-5 VHRR-IR imagef Or 9 January 1977.
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Figure I2b. NOAA-5 VHRR-IR image for 13 January 1877.



Figure 12c. GOES VISSR(visible)image for 16 January 1977.

Figure 12d. GOES VISSR (visible) image for 18 January 1977.
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image for 25 January 1977.
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Figure 12e.

83



Figure 12f. NOAA-5 VHRR (visible) image f Or 1 February 1977.
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ble) image for 7 February 1977.
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Figure I2g.
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Figure 12k, NOM-5 VHRR (visible) image for 10 February 1977.
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Figure 7122. GOES VISSR (visible) image f OF 22 February 1977
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NOM-5 VHER (visible) image for I March 1977.
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Figure 12
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Figure 12k. GOES VISSR(visible) imagef Or 7 march 1977.
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Figure I12n. GOES VISSR (visible) image for 25 March 1877.

Figure 120. GOES VISSR (visible) image for 6 April 1977.
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Figure 12p. NOM-5 VHRR {visible) image for 9 April 1977.

93



Figure 72g3. NOAA-5 VHRR (visible) image for 14 April 1977.
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Figure I2r. NOAA-5 VHRR (visible) image for 22 April 1977.
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Figure 12s. NOAA-5 VHRR (visible) image for 25 April 1977.
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Figure 12t. NOAA-5 VHRR-IR (nighttime) image for 13 December 1977
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Figure 12u. NOAA-5 VHRR-IR (daytime) image for 17 January 1977.
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Figure 12v. GOES VISSR (vigible)image for 21 January 1977.

Figure 72w. Goes VISSR (visible) image for 27 January 1977.
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Figure 12x. GOES VISSE(visible) image for 16 February 1977.
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visible) image for 16 March 1977
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NOAA-5 VHRR

Figure 12y.
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Figure I2z. NOAA-5 VHRR (visible) image for 22 March 1977.
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Figure 12aa. NOM-5 VHRR-IR (nighttime) image for 8 December 1977.
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Figure 712bb. NOAA-5 VHRR-IR image for 7 January 1977.
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Figure IZce. GOES VISSR (visible) image for 9 February 1977.

Figure 12dd. coes VISSRE (visible) image for 10 February 1977.
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Figure I2ee. GOES VISSR (visible) image for 15 February 1977.

Figure 12ff. GOES VISSR (vigible) image for 28 February 1977.
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Figure 123g. GOES VISSR(visible) image for 17 March 1977.
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Figure 12kh. NOAA VHRR (visible) image for 24 March 1977.
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Figure 1277. GOES VISSR (visible) image for 29 March 1977.

Figure 12/4J. GOES VISSR (visible) image for 3 April 1977.
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Figure 12kk. GOES VISSR(visible) image for 8 4pril 1977,
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Figure 12Z1. NOM VHRR (visible) image for 11 March 1977.
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Figure IZmm. GOES VISSR (visible) image for 27 December 1977.

Figure I&Znn. GOES VISSR (visible) image for 9 January 1977.
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Figure 1200. GOES VISSR (visible) image for 7 February 1977.

Figure 12pp. GOES VISSR (visible) image for 21 February 1977.
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Figure I12gg. GOES VISSR (visible) image for 1 March 1977.

Figure 12rr. GOES VISSR (visible) image for 2 March 1977.
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Figure IZss. GOES VISSR (visible) image for 8 March 1977.

Figure 12¢t. GOES VISSR (vigikle) image f or 9 March 1977.
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Figure 12uu. GOES VISSR({visible)image for 19 March 1977.

Figure 12vw. GOES VISSRk(visible) image for 21 March 1977.
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Figure Z2ww. GOES VISSR (visible) image for 24 March 1977.

Figure I8xx. GOES VISSR(visible) image fOr 25 March 1977.
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Figure I2yy. GOES VISSR(visible) image for 27 March 1977.

Figure I2zz. GOES VISSRE (visible) image for 30 March 1977.
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Figure 12qaa. GOES VISSR (visible) image for 9 April 1977.

Figure 72bbbh. GOES VISSR (visible) image for ii April 1977.
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of the Great Lakes and gradual |y expanded east and south. The bul k of
the ice was gone by 24 April. Areas of ice on that date included the
sout heastern shore of Lake Superior, Geen Bay in Lake M chigan, the
North Channel and the Georgian Bay in Lake Huron, and the Buffalo
vicinity on eastern Lake Erie.

3.2.3 The Ice Cycle on Lake Superior

Ice was first reported formng along the shore of Witefish Bay on
8 November. By early Decenber, N pigon, Black, and Thunder Bays had
al so devel oped major ice covers (Fig. 11a). Significant ice devel oped
around the |ake shoreline by 2 January, from2 to 4 weeks earlier than
normal (Fig. lle). The ice formation steadily progressed so that by 9
January the western end of the |ake from Keweenaw Point to Duluth was
primarily ice covered (Fig. 11f}.

On 9 January fast ice forned along the entire northern shore of
Lake Superior, responding to the bitter cold weather (Fig. 12a).
Keweenaw Bay became covered by new ice and the entire western prong of
the |ake was ice covered from shore to shore. By 11 January westerly
wi nds had noved the ice away fromthe Bayfield and Ashland, Ws.,
shoreline, opening north-south leads in the ice; the deeper portions of
the |ake continued to remain open water. Northwesterly wnds on 11 and
12 January began to move the pack ice away from the northern shore in
the vicinity of N pigon Bay and out into the |ake south of Isle Royale.
However, directly south of Isle Royale, in the | ee of the island, there
was relatively little ice. The western third of the |ake appeared to be
conpletely ice covered. Thermal imagery on 13 January (Fig. 128)
showed a wide lead extending south fromthe Apostle Islands to the south
shore. Qther |eads (east-west) could be seen in the Duluth area. The
| arge mass of ice adjacent to the southern shore of the Keweenaw Penin-
sula had been noved of fshore, but new ice quickly fornmed. The ice to
the east of |sle Royale had broken into floes and was noving south and
east. Mre than half the |ake was covered by ice

Ice formed in the eastern lake basin during the second half of
January (Figs. Ilg-i). Around 16 January northerly winds caused a
pileup of ice along the northwestern shore of the Keweenaw Peninsul a.
By 18 January, vast areas of the northern shore of the |ake were bl own
free of ice (Fig. 12d). Only the area between |sle Royale and the
mai nland retained its ice. '"Warmer' water fromthe | ake bottom was
upwel ling along the shore and the ice pack noved to the center of the
| ake and toward the southern shore.

On 25 (Fig. 12¢) and 27 January the Apostle Islands were again the
scene of a large lead, as westerly winds broke up the ice, noved it out
of bays, and caused ridging. By 1 February 1977 the entire northern
shore, from M chipicoten Bay to Two Harbors, was ice free, except for
ice around Isle Royale (Fig. 12f). Despite the record |ow tenperatures,
Lake Superior was now only about 25 percent ice covered
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In February the |ow tenperatures and northwesterly w nds persisted,
causing rapid ice formation (Fig. 129). Lake Superior was near maxinum
ice cover for the 1976-77 winter in early February and again in late
February (Figs. 1lj-m). The percent of |ake surface covered by ice on
both 6 and 27 February is estimated to be 83 percent. The ice cover in
the nmid-1ake areas of the eastern and western basins was estimated to be
primarily thin to mediumice, i.e., up to 30 cmin thickness, with ice
near the shore areas as thick as 70 cm  These thickness values refer to
natural ice growh on open |ake areas and not to rafted or w ndbl own
ice, or to ice growh in harbors and sheltered portions of bays where
ice thickness can exceed 70 cm On 9 February the tenperature at Duluth
rose to 7°C, marking the first time it went above freezing since 18
Decenber. On the 10th (Fig. 12k) large |l eads continued to persist. The
ice far offshore was very fractured and less reflective and darker in
appear ance. By 13 February the winds had noved the ice 70 km off the
northern shore, but Witefish Bay was solid and ridged. On 22 February
a long lead was observed along the southern shore and a second |ead had
devel oped from Cape Gargantua, south toward \Witefish Point (Fig. 127).
The ice formation period continued up to the second week in March, with
changes in ice configuration as shown in Figures 1lj-o0. On 1 March the
northern shore was ice free and a circular area of open water about 50
km in dianeter was observed east of the Keweenaw Peninsula. A |ead east
of the Apostle Islands is seen in Figure 12k for 7 March. Also on 7
March the pack ice west of Keweenaw Point was well fractured and of |ow
refl ectance in the northern part, indicative of nmelting; the tenperature
reached 5°C at Duluth. Pack ice conpletely filled the eastern half of
the lake and long curving |leads were evident in the pack. On 8 March
sout hwesterly winds of 10 nph opened a lead on the southern shore (Fig.
122) and Duluth recorded its warnmest day (13°C). The next day, 9 March,
the lead along the southern shore, off Mrquette, Mich., widened con-
si derably. For the next few days easterly w nds again moved the pack
of fshore, as by this time it was a detached mass of ice.

The decay period lasted approxinmately 6 weeks, from mid-March to
the end of April. The pattern of ice-cover |oss proceeded fromnorth to
south. Large areas of open water occurred lakeward of the northern
shore and generally north of a line fromthe Apostle Islands to Marathon,
nt., by the end of the third week in March (Fig. 11p). On 21 March the
| ake was still more than half covered by ice, with the northern shore
and outer Keweenaw Bay clear (Fig. 12n). The next day the ice was seen
to be rotten, lacy, and nelting throughout, with large floes detectable.
At Duluth tenperatures reached 7°C. On 25 March further separation of
the large floes were seen in the western part of the lake (Fig. 12n).
The nean nonthly Duluth tenperature for March was 4.4°C above nornal .

The open-water areas in the western basin, west of Keweenaw Point,
occurred along both the northern and southern shores in late March (Fig.

11g) and new ice forned along the northern shore in early April (Fig.
11r). By 3 April Mchipicoten Bay was no |onger ice bound and by 6
April only a few large floes were noted north of Grand Marais, Mich.
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(Fig. 120). Only about 20 percent of the |ake retained ice (Fig. 12p)
by 9 April. Patches of ice still persisted off the Apostle Islands and
north of Grand Marais on 14 April (Fig. 12g). However, by the end of
the second week of April the bulk of the ice was gone from the western
basin (Fig. 1lls).

The general pattern of ice loss the first half of April was by
expansion '‘of the open water area along the north shore with the main
mass of ice left in the eastern basin located east of a line between
Marat hon, Ont., and Minising, Mich. (Fig. IlIt). This ice changed
configuration during the followi ng week and was reduced in extent. The
only significant ice left in the lake in late April was |ocated in bays
and harbors (Fig. 1luz). On 22 April the lake ice north of Isle Royale
was gone (Fig. 12r). Three days later the bulk of the ice was gone from
Wi tefish Bay (Fig. 12s) and 1 day |later, on the 26th, Thunder Bay and
the Apostle Islands were virtually ice free as well. In late April only
some vestiges of ice were still apparent in Duluth Harbor, Keweenaw Bay,
east of Marquette, and in Black and N pigon Bays.

3.2.4 The Ice Cycle on Lake M chigan

First reports of ice formation came from Green Bay during the
second week in Novenber. On 3 Decenber ice was detected east of the
Straits of Mackinac, in the Big Bay de Noc, in south Green Bay, and off
Chicago. By 5 December an extensive ice cover had forned in the south-
ern half and the northern extrenmties of Geen Bay (Fig. 11la). The
foll owi ng week, 12 Decenber, ice was forming along the entire Iength of
G een Bay, along the northern shore of Lake Mchigan, north of Geen
Bay, and in the Straits of Mckinac extending to Beaver Island. By the
13th nmost of Green Bay was ice covered (Fig. 12¢). The ice off Chicago
di sappeared, but reappeared in the area on 21 Decenber. |Ice had al so
formed along the southern perinmeter of the lake by |late Decenber, as
shown in Figure 11d. On 30 Decenber ice was seen forming off the entire
western shore of the lake in response to subzero tenperatures. Geen
Bay was iced in for the winter and ice was also formng on the eastern
shore.

The ice configuration remained relatively stable through early
January (Figs. lle-e}. The extent of the ice cover illustrated in
Figure 11d is simlar to that given by Rondy (1971) for normal winter
early season ice cover for the period 25 January to 5 February. During
January the ice cover increased in extent and concentration over the
entire lake so that by the end of the nonth the lake north of a line
fromLittle Bay de Noc to Grand Traverse Bay was al nost 100-percent ice
covered and ice concentrations of 40 to 90 percent extended lakeward
fromthe shore south of this line (Fig. 11£). The ice-cover configu-
ration at this time was greater than the maxi mum ice cover given by
Rondy (1971) for a normal winter and it was occurring a nmonth earlier.

By 7 January the Straits of Mckinac were solidly frozen out to
Beaver Island and ice was fornming in Gand Traverse Bay and all along
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the eastern shore. By 11 January ice had fornmed from shore out to 25 km
off Chicago (Fig. 12u). Westerly wi nds continued to cause upwelling,
chilling, and freezing along the western shore, constantly noving the
newy formed ice offshore. By 21 January the ice was observed in the
Mchigan Cty, Ind.-Benton Harbor, Mich., area (Fig. 12v). On 27
January a wi nd-gathered ice accumulation of 15 km nestled along the
eastern shore and nore new ice had rapidly formed along the western
shore (Fig. 12w). The cold and winds continued and on 7 February Lake
M chigan was frozen from east to west, virtually entirely ice covered.
The narrow | ead extending all along the western shore and a few snall
areas of open water proved to be the only non-ice areas (Fig. 11j and

11g).

During February there were large changes in ice cover as much of
the ice that forned in the nid-lake area and along the southwestern
shore was transported by wind and currents or nelted by upwelling of
warmer water (Fig. Ilk-mj. On 8 February, with a strong northerly wind
at Chicago, a long lead paralleling the shore devel oped from Chicago to
Benton Harbor. On 9 and 10 February the southwestern winds cleared the
western quarter of the lake (Fig. 12k). Chicago becane ice free. On
14-17 February northerly winds drove the ice away from portions of the
northern shore and broke up the large ice pack along the eastern shore
(Fig. 12x). On 23 February the ice was severely brecciated by north-
eastern winds and breakup had begun in earnest.

During the breakup period, ice-cover loss progressed from the
southern end of the lake (Figs. 1llo-r) to the open |ake area of the
northern portion, north of a line from Geen Bay to Grand Traverse Bay
(Figs. 1llp-s). The last ice cover to dissipate was in the Straits of
Macki nac out to Beaver Island and in Geen Bay (Figs. 1llr-u).

During the first few days of March, northerly currents began to
carry the | oose pack ice away from the western edge of the pack and
toward Chicago in spite of southerly winds (Fig. 127), but later,
westerly w nds pushed the nobile ice again to the east with a proninent
ridge line showing up at the ice pack's leading edge. Next the pack "as
forced northward along the eastern shore by southwesterly winds, and the
northwestern edge of the ice began to bulge toward the Door Peninsula.
But the warming of March was not to be denied. By 16 March only a third
of the | ake was covered by ice (Fig. 12y). By 19 March the pack was
badly brecciated and broken, and only the Straits of Mackinac had solid
1ce, shore to shore. The Geen Bay ice cover was beginning to thaw and
by 22 March Grand Traverse Bay and areas in the straits were also thaw
ing (Fig. 122). Open water was seen in Green Bay on 24 March and by 29

March the pack was largely sastrugi.

On 9 April Grand Traverse and Green Bay ice was breaking into floes
(Fig. 12p). A lead through the Straits of Mackinac could be seen. Two
days later, on 11 April, Geen Bay Harbor was ice free, but the bay
itself still contained nunmerous large floes, despite 16°C tenperatures.
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The long thin ice field off Washington Island lasted until about 25
April (Fig. 129). The last Lake M chigan ice was observed in Geen Bay
inlate April.

Ice was estimated to cover 90 percent and 84 percent of Lake M chi-
gan on 6 and 20 February, respectively. The extent of the ice cover
makes the 1976-77 ice cycle conparable to and perhaps nore severe than
the 1962-63 ice cycle. Rondy (1971) classified the 1962-63 w nter as
severe for Lake M chigan

3.2.5 The Ice Cycle on Lake Huron

The first observed ice cover on Lake Huron formed in Sagi naw Bay
during the first week in Decenber (Fig. 11a). By the end of the next
week, ice formation was taking place along the entire perineter of the
| ake, and the Straits of Mackinac to Bois Blanc Island were frozen over,

as was Saginaw Bay (Fig. 11B). In general, ice cover increased in
Decenmber and January (Figs. 1lle-i) and reached its maxi num areal cover-
age in February (Figs. 11j-7). The early season ice cover, i.e., that

i n Decenber and January, was nore extensive than normal (Rondy, 1971).

By 15 Decenber Sagi naw Bay was frozen fromnorth to south, and ice
was noted in the North Channel of Georgian Bay (Fig. 12t). By 30 Decem
ber Ceorgian Bay was half covered by ice and fast ice was on al nost
every shore of the lake. By 7 January the |ake was producing ice al
al ong the southwest shore from Cheboygan to Port Huron (Fig. 12bb). By
9 January the North Channel was frozen solid and the north half of
Ceorgi an Bay was ice bound. The southern basin was rapidly clogging
with ice (Fig. 12z2). On the 11th northwesterly winds blew the ice to
the eastern shore and away from Al pena (Fig. 12x). The westerlies
continued, and by 13 January the southern basin was conpletely ice
covered (Fig. 12b). By the 19th of January Ceorgian Bay was ice covered
except for the leads along the western edge (i.e., the eastern side of
Manitoulin Island). On 27 January the |ake was about 90 percent ice
covered. From 27 January to 22 February (27 days) Lake Huron renained
nearly 90-percent ice covered. On 9 February southwesterly w nds pushed
the ice away fromthe western shore, opening a large lead in outer
Sagi naw Bay (Fig. 12ee). The next day five leads, prinmarily oriented
nort heast - sout hwest, were formed in the southern basin in response to
sout heastern winds (Fig. 1244). The Port Huron area appeared to be open
from Port Sanilac, Mich., to Port Huron, while fast ice was evident
along the Canadian shore. Portions of the St. dair River appeared to
be ice free. By 15 February the western shore from the outer portion of
Saginaw Bay to Alpena was virtually ice free. The ice was then against
the Bruce Peninsula and arcuate ridges and fractures paralleled the
coastline (Fig. 12ee). The Ceorgian Bay ice had pulled away from the
north shore with [eads and cracks producing large floes. A large con-
centration of ice collected from Cheboygan, Mich., to North Point, but
the | ake nouth of Manitoylin Island was rather free of ice except for a
single floe, about 15 km", west of Great Duck I|sland. On 17 February
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the |lowest tenperatures of the nonth occurred and the |ake was nearly
VO percent ice covered (Fig. 12x). Subsequently, on 20 February the
north winds returned and forced the ice southward, causing a jagged |ead
to open from Manitoulin Island to a point about 25 km west of Sout hanp-
ton, Ont. By 22 February the w nds had changed from north to south to
northeast and only a small area north of Pointe Aux Barques was free of
ice (Fig. 127).

By 28 February several days of westerly winds had reduced the ice
cover along western shores of the |ake except for inner Sagi naw Bay
(Fig. 12ff). The first of March marked the clear beginning of the
breakup process (Fig. 12j). During the breakup period ice was first
| ost along the southwestern shore from Port Huron to Al pena, Mich., es
cluding Sagi naw Bay (Figs. 1llm-¢). Westerly winds and high tenperatures
freed nuch of the western shore except for the Mackinac Island area by 8
March (Fig. 12b). On 11 March a lead extended through the pack ice from
a point 25 km east of Geat Duck Island to a point on the Canadian shore
10 km south of Southampton in response to easterly wnds, but this was
closed by 14 March. By 17 March warm weather and northwesterly w nds
concentrated the ice against the Canadian shore, and in Georgian Bay the
western half of the Bay was ice free except for some large floes (Fig.
12gg) . On 19 March the brecciated ice pack was no |longer tied to the
shore. Even the ice in Saginaw Bay was adrift. Georgian Bay ice was
detached, but shelf ice still clung to the eastern shore of the bay.

The | ake area between Al pena, Bois Blanc Island, and the North Channel
becane ice free the third week in March (Fig. 1ip). Pack ice noved
south on 24 March, noving inshore sone 10 km south of Southanpton. Only
a thin band of floating ice barred entrance to Georgian Bay (Fig. 12kh).
Sagi naw Bay was alnmost clear of ice as was the entrance of Georgian Bay
on 25March. The main mass of ice in Lake Huron appeared to be conposed
of melting floes along the eastern shore on the 29th (Fig. 12¢%). The
breakup pattern the last few days of March and into early April, in
general, was characterized by open-water areas that appeared along the
northwestern and southwestern shores. These open-water areas nerged to
free the entire western shore and noved eastward (Figs. 1llg-r). On 3
April the U.S. portion of the |ake was ice free and the eastern shore
still contained the main mass of pack ice left in the lake (Fig. 124J)-

On 8 April the Straits of Mickinac appeared to be open, but not ice free
(Fig. 12kk). An ice floe about 50 kmin dianeter was concentrated

agai nst the Bruce Peninsula. A patch of open water appeared in the
North Channel at Meldrum Bay. By 25 April GCeorgian Bay and the North
Channel were ice free (Fig. 12s). The ice in Lake Huron was |ast ob-
served on 26 April. The next day the tenperature reached 26°C at

Al pena.

3.2.6 The lce Cycle on Lake St. dair

Lake St. Clair had an extensive ice cover by the end of the first
week in December (Fig. 1la and 12az). On 15 Decenber the ice was bl own
toward the Canadian (eastern) side by southwesterly w nds and open water
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extended all along the U S. side. This condition persisted through 18
Decenber. The |ake was conpletely frozen over by 2 January. The |ake
stayed like a frozen tundra for alnmost 60 days. On 10 February a smal
open area was detected at the head of the Detroit River (Fig. 12k). By
19 February the open area had enlarged. Daytine tenmperatures were well
above freezing. The open area slowy increased in size and on 1 March a
patch of open water was seen adjacent to the northern channel of the St
Cair River at the northern end of the lake (Fig. 12j). On 8 March the
reflectance of the lake ice was noticeably less, a sign of nelting (Fig.
122).  On 11 March Anchor Bay near New Baltinore, Mich., was ice free
By 16 March the ice pack had receded to the eastern shore and covered
about a third of the lake (Fig. 12y). By 19 March only a few isolated
fragnents of ice remained. The lake lost its ice cover on 20 March
(Fig. 11f).

3.2.7 The lce Cycle on Lake Erie

As on other Geat Lakes, the ice-cover formation period started
about a month earlier than normal on Lake Erie. By 5 Decenber the
western end of the |lake had a 70- to VO-percent ice cover (Fig. 1lla).

An infrared nighttime NOAA-5 image from 8 Decenber clearly reveal ed
extensive ice floes covering nore than half of Lake Erie's western

basin. The ice was thin and mobile (Fig. 12aa). On 15 Decenber a large
mass of ice was detected between Point Pelee and Point aux Pins in the
central basin. By 21 Decenber the ice in the western basin and the
western part of the central basin was forming at a rapid rate. By 26
Decenmber (Fig. 11d) the ice cover extended from Tol edo, Chio, on the
western end of the lake to Buffalo on the eastern end, with the ex-
ception of open water lakeward of an area fromBuffalo to Long Point.

The following week, 2 January, nuch of this open-water area also forned
ice and the western basin was totally ice covered (Fig. 1le). On 9
January the central basin was virtually ice covered as was the entire

| ake on 11 January (Figs. 12u and 12bb). Lake Erie remined nearly
frozen for 44 days. Fromtime to time the northwesterly wi nds woul d
move the ice off the northern shore and force the ice to conpact, but as
the ice noved offshore, upwelling warmer water would be brought to the
surface and frozen. Westerly winds constantly broke [oose the ice in
the Pelee Island area and noved it to the east. On the satellite inages
it is not possible to identify the western basin as a water body as it
had the thermal and visible characteristics of a land mass. The eastern
end of the |ake, the deepest area, was also inpossible to identify as
wat er .

The ice cover is estimated to have reached maxi num areal extent (in
excess of 99 percent) during the first week in February (Fig. 11;).
Areal coverage remained relatively unchanged through the next week,
begi nning on 13 February (Fig. Ilk), but the last half of the nonth
brought some minor decrease in ice concentration as the ice formation
period came to an end (Figs. 112-m).
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On 10 February several very small patches of open water appeared on
the Chio shoreline in the vicinity of Sandusky, Lorain, and C evel and.
On 16 February the ever-present north-south lead in the Pelee Island
area opened and new ice was produced. Breakup probably began about 24
February, and by 26 February it was well underway. The high tenperature
for Toledo for the nonth, 16°C, had been reached the previous day.

The first of March saw a typical early thaw pattern for Lake Erie
ice (Fig. 127). The western portion of the central basin began clearing
fromwest to east owing to westerly winds. A large open-water area
formed between Point Pelee and a point east of Ceveland the first week
in March. Mnroe and Tol edo Harbors showed their first open-water
areas, too. But the remainder of the |ake was from 70- to 100-percent
ice covered (Fig. 1Im). A lead 40-km | ong devel oped al ong the shore
east of Pointe aux Pins. Ceveland Harbor was opened on 2 March and
Sandusky was opened on 10 March. The eastward moving ice was clearing
faster along the southern shore. The ice in the western basin, as
usual, was nelting on a separate ice pack. By 16 March it was |ocated
just west of Point Pelee (Fig. 12y). Northwest w nds pushed the pack
away from the northern shore and open water, 10-20 km wi de, extended
from the Welland Canal to the Detroit River. The brecciated and frag-
mented nature of the main pack was now evident. By the third week of
March the open water had expanded to enconpass mpst of the shore area of
the western end of the lake. Thin ice or open water also extended al ong
the northern shore (Fig. 11p). The western basin was ice free on 24
March (Fig. 12hk). The last week in March the main mass of ice left in
the |ake was located along the southeastern shore between C eveland and
Buffalo (Fig. 1lg). By 29 March the pack, floating offshore except at
Buffalo, was rotten and lacy and had | ow reflectance (Fig. 12i7).

By 10 April (Fig. 1ls) Lake Erie was ice free with the exception of
the Buffalo area. |ce extended from Dunkirk, N.Y., to Buffalo along the
shore out to 5-10 kmand a "plug" at Buffalo formed for the second
straight year. The "plug" nelted about 29 April 1977, and ice was |ast
reported in Buffalo on 30 April. There were at |east 141 days when ice
was present in Lake Erie

3.2.8 The Ice Cycle on Lake Ontario

Ice formation in the open |ake began in early January (Fig. 1le),
al though ice was reported forming in bays and harbors in early Decenber.
lce first formed in the shallow northeastern section of the |ake
proceedi ng westward and along the northern and eastern shores (Figs.
11f-7). The first ice noted in satellite imagery on 27 Decenmber was in
the northeastern part of the lake near its outlet into the St. Lawence
River (Fig. 12mm). By 9 January ice was well fornmed in the Sacketts
Har bor - Amher st Island area and al ong the eastern shore (Fig. 12mm).

The |ake was estimated to have its greatest areal ice coverage in
early February, when 38 percent of its surface was ice covered. There
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were significant changes in ice configuration during February and early
March (Figs. Ilk-nm and total areal coverage was estinmated to be 20
percent the end of the first week in March.

On 7 February it appeared that the entire eastern third of the |ake
was ice covered and that ice was forming all along the northern shore
and at the western end, but some clouds were present, nmeking the inter-
pretation somewhat uncertain (Fig. 1200). The fifteenth of February had
i ce extending 10-20 km of fshore of Canada (Fig. 12ee). The eastern end
of the lake from about Fair Haven, N. Y., east had heavy ice concentra-
tions. On 21 February ice was concentrated from just east of Rochester,
N.Y., to the southeastern shore of the lake, with the edge of the ice
pack extending to the northeast (Fig. 12ff).

By 1 March a large pack of ice was concentrated east of a line from
Fair Haven to the Bay of Quinte, and the edge of the windblown pack was
oriented north-south (Fig. 12gg). A good clear image was obtained on 2
March and fast ice was noted from Cobourg, Ont., to the Bay of Quinte,
where it merged with the main pack (Fig. 12r»). On 8 March, as a result
of prior southwesterly winds, the ice pack's |lake edge was oriented
sout heast-northwest from Oswego, N Y., to Wllington, Ont. (Fig. 12ss).
Sodus Bay and |rondequoit Bay were still ice covered. On 9 March a
| arge open-water area developed in the vicinity of Anmherst Island at the
entrance to the St. Lawence River (Fig. 12tt). Notable decreases in
the main mass of ice, located in the northeastern section of the [ake,
occurred between 13 and 20 March (Figs. 110-p). The ice nelted in place
until 18 March; then, on 19 March it was observed that the ice pack was
disintegrating and migrating westward toward the center of the |ake
(Fig. l2uu). By 21 March the winds again were consolidating the pack in
the northeastern section (Fig. 12vv). From 24 through 27 March north-
westerly w nds pushed the now very mobile pack into the southeastern
corner of the lake, thus clearing the entrance to the St. Lawence
entrance of ice (Figs. l2ww-yy, 122Z). On 29 and 30 March the ice pack
seemed to expand as it noved back north, but this effect was undoubtedly
owing to a nobile pack spreading out with reduced concentration of ice
as a result of southerly winds (Fig. 1222).

On 3 April the pack was concentrated in the northeastern area
again, from Kingston, Ont., to a point midway along the eastern shore
(Fig. 1274). It dimnished greatly in size from8 April (Fig. 12kk) to
9 April (Fig. 12aza) and was again spread southward by the northwesterly
winds. The nelting ice was observed on 17 April (Fig. 12bbb) and was
compl etely gone by 24 April (Fig. 1llu).

3.3 Conparisons with Previous Wnters
By making conparisons of nornal ice-cover configuration and dates

given by Rondy (1971) for four periods in the winter, early winter, md-
wi nter, maximmice cover, and early decay, the 1976-77 winter can be
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put in perspective relative to normal conditions. Table 5 shows the
dates 1976-77 ice cover was similar to normal ice configuration in the
four winter periods. Fromthis table it can be seen that ice-cover
configuration sinilar to normal early winter, md-wnter, and naxi num
ice cover occurred on the average of 4 to 5 weeks earlier than nornal
during the 1976-77 winter. In addition, while the early decay period
was near normal on Lakes Superior, Mchigan, and Huron, it was approxi-
mately 2 weeks later than normal on Lakes Erie and Ontario.

A second conparison of the 1976-77 winter is nade in Table 6, which
shows 1976-77 percent maximum ice extent and those given by Rodgers
(1976a) and Leshkevich (1976, 1977) for the Great Lakes during the past
14 winters. From Table 6, it can be seen that 1976-77 naxinum ice
extent was only exceeded by four winters for Lake Superior, no winters
for Lake Mchigan, one winter for Lake Huron, and one winter for Lake
Ontario. No conparisons are made for Lakes Erie and St. Clair as they
freeze over nost winters. Table 6 also contains the nean and standard
deviation of nmaxinumice extent for the past 15 winters on the Geat
Lakes. Defining as normal the nmean plus or minus one standard devia-
tion, the 1976-77 winter can be classified as having above nornal
maxi mum i ce extent for Lakes Mchigan, Huron, and Ontario and normal ice
extent for Lakes Superior and Erie.

Summarizing, the 1976-77 ice cover occurred earlier than usual and
was nore extensive than usual for the early winter, md-winter, and
maxi mum i ce extent winter periods. Ice cover on the entire Geat Lakes
in 1976-77 was nore severe in many respects than any year during the
past one and one-half decades for which well-docunented records exist.
The ice decay period came near the nornmal date of occurrence on the
northern portion of the Great Lakes, but was later on Lakes Erie and
Ontario.

4.  CONCLUDI NG REMARKS
D. E Boyce, C R Snider, and D. Wi snet
4.1 Effects on Lakes Commerce

During the winter of 1976-77 waterborne commerce on the Geat Lakes
was severely hanmpered by the abnormally large anount of ice cover and
the long duration of the cover. Commerce continued throughout the
season, but the iron ore trade fromthe lakehead i nto sout hern Lake
M chigan and Lake Erie was suspended for alnost 2 nonths during md-
winter--the first such break in traffic in 3 years. Direct icebreaking
assists by the U S Coast CQuard were up nearly 55 percent over the
"previous season.
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Table 5. Comparison Of Dates When Ice Cover for 1976-77 Was Similar
in Configuration to Normal Ice Cover for Early Winter, Mid-Winter,
Maximuwm Ice Extent, and Early Decay Winter Periods.

Early Winter—— Mid-Winter—
Devi ati on Devi ati on
1976- 77 1976- 77
Locat i on Nor mal 1976- 77 (days) Nor mal 1976- 77 (days)
Lake Superior 20-30 Jan. 2 Jan. +18 25 Feb.-S Mar. 9 Jan. +47
Lake Mchigan 25 Jan.-5 Feb. 26 Dec. +30 20- 28 Feb. 9 Jan. +42
Lake Huron 25 Jan.-5 Feb. 12 Dec. +44 25 Feb.-5 Mar. 16 Jan. +40
Lake Erie 15-25 Jan. 5 Dec. +41 1-10 Feb. 9 Jan. +23
Lake Ontario 25 Jan.-5 Feb. 9 Jan. +16 15-25 Feb. 16 Jan. +30
Mean +30 Mean +36

——Maximum | ce Extent

Early Decay—————

Devi ati on Devi ati on

1976- 77 1976- 77
Location Nor nal 1976- 77 (days) Nor nal 1976- 77 (days)
Lake Superior 25 Mar.-5 Apr. 23 Jan. +61 |-10 Apr. 17 Apr. -7
Lake Mchigan 15-25 Mar. 16 Jan. +58 20-30 Mar. 3 Apr. +4
Lake Huron 20-30 MNar. 30 Jan. +49 25 Mar.-5 Apr. 27 Mar. 0
Lake Erie 20- 28 Feb. 6 Feb. +14 25 Feb.-5 Mar. 20 Mar. -15
Lake Ontario  10-20 Mar. 27 Feb. +10 15-25 Mar. 10 Apr. -16

Mean +38 Mean -7




Table 6. Comparison of Maximum Percent Ice Extent on the Great
Lakes: 1976-77 and Previous Winters

W nter Superi or, M chi gan, Hur on, Erie, Ontari o,
% % % % %

1962-63 95 go? +° 97 98 51
1963-64 31 + 13 + 32 + 91 12 +
1964- 65 90 40 + 60 + NAS 10+
1965- 66 60 + 15 + 29 + NA 5 +
1966- 67 88 46 + g0 + 90 12 't
1967- 68 90 30 + 50 + 98 10 +
1968- 69 40 + 15 + 50 + 80 10 +
1969-70 80 + 30 + 50 + 95 17 +
1970-71 48 + 27 + 45 + 92 10 +
1971-72 95 45 + 70 + 95 20 +
1972-73 5 + 20 + 60 + 95 20 +
1973-74 70 + 20 + 65 + 95 25 +
1974-75 30 + 25 + 45 + 80 16 +
1975-76 40 + 20 + 50 + 95 20 +
1976-77 83 90 89 100 38
Total +'s 9 14 13 NA 13
Mean ice

ext ent 65 34 58 93 19
St andard

devi ation 25 23 19 6 12

IAs gi ven by Rondy (1971).
b+ 15 1976-77 winter had more extensive ice cover.

“NA is not available.
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Wth the addition of another 1000-ft vessel to the iron ore trade
during the season, tonnage was up over 2 million tons from the previous
year. By the end of 1976, demands were nuch lower and the natural ore
season ended in Duluth on 24 Cctober. Some ships laid up shortly
afterward. O her ore ships transported grain cargoes during Novenber.

The generally frigid autum resulted in ice in some navigation
channels in late Novenber in northern |ake ports. By early Decenber the
ice was widespread in many shallow waters and the Coast Guard reported
that damage to navigation aids was the worst in 30 years. The NW6
predicted the worst ice year on the Geat Lakes in over 5 years in a
forecast issued in late Novenber. Only days later the ice began to take
its toll. A Norwegian ship, Kings Star, drifted helplessly in Lake Erie
on 1 Decenmber. Nunerous vessels were pushed out of dredged channels by
the ice and 20 ships had gone aground by the year's end. The wor st
i nci dent was the groundi ng of the CliffsVictory. She went hard aground
near Johnson Point in the lower St. Marys River on 9 Decenber, bl ocking
the two-way channel. While part of her cargo was off-loaded and tugs
pul l ed her free, 70 ships went to anchor waiting to transit the river.

At least one of those delayed was a foreign flag ship racing to pick up
in Duluth a cargo bound for Europe before the closing of the St. Lawence
Seaway system on 18 Decenber.

The U S. Coast Cuard cutter Bramble provided the first direct
i cebreaki ng assist of the season when she helped the E.M.Fordand the
Mer chant Vessel (MV) Neelet into Sagi naw Bay on 3 Decenber. The next
day the Canadi an Meaford was helped in the St. Marys River by the Nauga-
tuck. Several vessels were assisted in northern Geen Bay by the Arundel.
The pol ar icebreaker Westwind (Fig. 13) noved from her homeport of
M| waukee, Ws., to Duluth. She chalked up several assists by mid-
Decenber .

The closing of the St. Lawence Seaway was del ayed for several days
as exceptionally severe ice conditions hanpered efforts te get the |ast
few foreign vessels through the river. Water tenmperatures on 8 Decenber
were the |owest for that date since the seaway opened in 1959.  Shipping
was halted from 12 to 14 Decenber to pernit a stable ice cover to form
and thus reduce the likelihood of danmage to hydroelectric facilities.
The Liberian freighter Atticaand the Canadi an Seaway gueezn were the
| ast ships through the locks; this was on 19 Decenber. Simlar ice
probl ens pl agued the Welland Canal. On 3 January the Canadi an Black Bay
was the last ship to travel through the canal. The Tarantawx started a
voyage through the canal, but became stuck and stayed near lock 7 for
the winter.

There was little relief in the unrelenting cold in Decenber, and
the Coast Cuard had |ogged 238 icebreaking assists by New Year's Eve.
Preventative icebreaking was also being performed by vessels not de-
ployed to remve seasonal aids to navigation. Vessel traffic ended on
Lake Erie with the exception of the "coal shovel"” run between Tol edo and
Detroit.
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icebreaker West wi nd.

U.S. Coast Guard
(Photograph courtesy of the U.S. Coast Guard

Figure 13.

Detroit, Mich.)

Air Station,
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As an extremely cold January favored steady ice growth throughout
the Lakes, icebreaking continued at record levels. Over 150 vessels
were assisted in the first half of the nonth owing to sone of the worst
conditions of the season. The Canadi an Coast Cuard cutter Griffon
attempted to escort the MV Canadian Mariner acr oss Lake Erie, but was
turned back near Long Point. On 11 January the tanker Ambco Indiana
went aground in ice near Gand Traverse Bay in Lake Mchigan. There was
concern that the ice mght cause an oil pollution incident, but the
vessel was refloated the next day with mnimm pollution.

On 17 January the Wnter Navigation Board, conposed of government
agenci es assigned to demonstrate and study the feasibility of wnter
navigation on the Geat Lakes and St. Lawence Seaway, announced that
bad weather and ice conditions in Lake Superior and the St. Marys River
were forcing themto close the area to vessel traffic. The last Aneri-
can vessels cleared the locks on 23 January, ending 34 nonths of con-
tinuous operation at Sault Ste. Marie. lronically, the same severe
weat her that pronmoted the suspension of w nter navigation in western
Lake Superior necessitated shipping into Thunder Bay, Ont., to avert
potential fuel shortages. The Canadi an ships Doar Transport, Hudson
Transport, and Imperiqgl St. Clair transported fuels and supplies to
Thunder Bay and Sault Ste. Marie, Ont., on several trips in late January
and early February.

On 20 January, strong pressure on the moorings of the Little Rapids
Cut ice boomon the St. Marys River broke the structure. Some ice noved
from Soo Harbor into the cut, but the Sugar Island Ferry continued to
operate. Four commercial vessels were delayed 2 days while repairs were
made. Another 80 boats were assisted during the last half of January.

February was a landmark nonth on the Geat Lakes. For the first
time since 1963 all of the lakes with the exception of Lake Ontario were
nearly 100-percent ice covered. Fifteen ships continued to sail during
the first week of the nonth, but icebreaking assists were nearly con-
stant. One of the Coast Guard's two major |ake icebreakers, the Mackinaw,
was damaged on 3 February. Wiile working in the St. Marys River, her
port propeller shaft was bent and one blade was sheared off. Trips into
Lake Superior continued, but the Canadian tankers were able to move at
only 1.6 km per hour (1 mile per hour) at tinmes in the |-mthick ice.

The round trip from Sarnia, Ont., to Thunder Bay took about 2 weeks.

The weather alternated between cold and nild periods in February.
The mlder weather during the last week of the nonth was sufficient to
| oosen river ice in the lower lakes. It took the Km the Arundel, the
Bramble, and finally the Westwind to break the tough ice near Fairport
Harbor in Lake Erie. Meanwhile, on Lake Mchigan the sustained westerly
W nds had "windrowed" the ice so badly that carferry operations out of
Muskegon, Mich,, and Frankfort, Mich., were halted on 17 February. The
City of ¥d%and |1 ost one of her prop bl ades outside of Ludington, Mich.
Direct icebreaking assists numbered just under 100 for the nonth.
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The milder weather in early March eased ice conditions throughout
the Lakes. The trend was encouraging enough for iron ore haulers to
schedul e a resunption of traffic to western Lake Superior. On 15 March
U.S. Steel's Anderson Callaway, Clarke, and Munson |eft M| waukee for
Two Harbors, Mnn. On 17 March the Callaway was the first to transit
the American locks at the Soo. The date was the earliest on record for
the opening of the "spring" season. On Lake Erie the season opened 20
March with the arrival of 6000 tons of cenment on the 5. 7. Crapo. Most
shi ppi ng conpani es del ayed outfitting their ships until later in April.
Thirty ships were operating at the end of the nonth.

As April began, enphasis on icebreaking in the |ower |akes shifted
fromwestern Lake Erie and the St. Clair region to the eastern end of
Lake Erie. The Canadian cutter MeLeod Rogers arrived in Port Colborne,
Ont., for the opening of the Welland Canal on 4 April. The Ojtbwa was
enroute to Buffalo for ice operations on 6 April when she sustai ned
steering damage and became beset 11 niles west of the city. The St.
Law ence Seaway opened on schedule 4 April when the Norwegi an vessel
Thorshope entered the St. Lambert Lock. On the Detroit River the J w.
Wescott llbegan mail delivery for the season on 14 April.

Ice on the upper |akes continued to dimnish throughout the nonth.
Coast @uard icebreaking operations "Taconite" on Lake Superior and the
Straits of Mackinac and "GOl Can" on Lake M chigan were termnated on 25
April. The ice boomin the St. Marys River was renoved 3 days later.

As shipping activity increased, so did icebreaking and 63 direct assists
were recorded during the nonth.

At the beginning of My, ice could still be found in the northern
bays, in eastern Lakes Superior and Huron, and especially in the Bl ack
Rock Canal near Buffalo. The last icebreaking assist of the season was
made by the Xaw in the Buffalo area when she assisted the Turecamo. The
Ice Navigation Center in Cleveland ended its operations for the season
on 6 May and the "Open Buffal 0" operation ended on 12 May as the |ast
few pieces of drift ice finally nelted.

4.2 Air-Lake (Water) Interaction

There is a flux of heat, noisture, and nomentum between air and
water. It is of interest to note the effect of the heavy ice cover of
the winter of 1976-77 on these fluxes. Figures 5a-b and 4a-c¢ tolOa-b
all show relatively high air tenperatures over and along the |ee shores
of the Lakes. The tenperature gradient across a |lake in the downw nd
direction on each of these charts is a function of the conductive heat
transfer fromwater to air. The heat thus transferred is a conbination
of sensible and latent, including the latent heat of fusion for water.
In the absence of ice, this transfer takes place at the air-water inter-
face. \When an ice sheet is present, additional freezing usually takes
place at its lower surface. So either sensible heat fromthe water or
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| atent heat from new freezing nust be transferred to the air through the
i ce. The rate of conduction depends on the nature of the ice, its
thickness, and the tenperature difference between water and air. water
tenperature in the Geat Lakes is very near 0°C during all but the early
part of the winter. Thus, the water-air tenperature difference is
primarily a function of air tenperature.

Thermal conductivity of ice and snow varies with their gensity
Solid ice (lake ice or "blue" ice) has a depsity of 0.9 g/cm” and a
thermal conductivity of about 0,0054 cal/cm“/sec/®°C. New fallen snow
has a density of about 0.1 g/cn1%nd a thermal conductivity of 0.00007
cal/em™/sec/?C. Cosely packed snow, snow ice, slush, and "white" ice
have internediate values. The precipitation pattern discussed in Sec-
tion 2.1 led to a preponderance of blue ice during the winter of 1976-77
and a relatively small anpunt of snow cover and white ice. Thus, one
woul d expect that the thermal conductivity of the ice cover was greater
than nornmal.

Both the nature of the ice and the below normal air tenperatures
during the winter of 1976-77 would have increased heat flow into the
at nosphere; greater ice coverage and thickness would have decreased it.

Figures 4c, 8, and 9¢ show that the air tenperature anomalies
expressed as standard deviations were the same over |and as over water.
For this to be true, all the factors inhibiting or enhancing heat trans-
fer must total approximately zero. W conclude that the amount of heat
transferred from water to air varies linearly with the tenperature
difference between water and air, and is alnost independent of the
exi stence or thickness of ice cover.

Moisture is also transferred from |lake to atnosphere. The rate of
evaporation depends on the tenperature of both water and air, the rela-
tive humdity, and the rate of renoval of the noistened air from contact
with the evaporating surface

The low tenperature of water and air restricts the anount of water
that can be evaporated, but this is only true in a relative sense
Wiile the absolute hunmidity of cold air must necessarily be low, the
relative humdity can quickly approach 100 percent whenever a water
surface nmuch warmer than the air is encountered

Horizontal wind flow is rather ineffective in evaporating moisture
fromlarge bodies of water. Wen air novenent is |amnar, most of the
water is exposed only to air that has already become saturated. \Verti-
cal air currents, however, carry the noisture up away from the water
surface and allow the entire area of the lake to be an effective evap-
orating surface. Vertical air currents arise fromair nass instability.
An air mass becones more unstabl e whenever it is heated from bel ow.
Colder air is nmore strongly heated than warmer air over water of a
nearly constant tenperature. Thus, in a colder winter more nmpisture per
unit area of open water will be introduced into the atnosphere
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Counteracting this greater evaporation per unit area is the de-
crease in exposed area as the ice cover increases. There is no direct
way to determine whether the increase of evaporation due to greater
instability was greater than the decrease due to increasing ice cover.
Recourse can be nade to sunshine statistics. Mich of the moisture
evaporated from the Geat Lakes in winter forns into stratocumul us
clouds, whose persistence is a characteristic feature of the |ocal
climate. Data for Detroit are used to conpare the percent of possible
sunshine during the winter of 1976-1977 to normal percentages (Table 7)

Table 7. Percentage of Posstble Sunshine at Detroit, Mich.

Month and Year Normal Act ual
% %
Dec. 1976 28 49
Jan. 1977 38 49
Feb. 1977 46 46
Mar. 1977 49 59

O the 4 nonths of ice cover 3 had more sunshine than nornal;
February had the normal ambunt. W conclude that ice cover inhibited
evaporation more than cold air mass instability enhanced it. The
lighter-than-normal precipitation alluded to above is further support
for this conclusion. It should be noted, on the other hand, that a
general lack of cyclonic activity contributed somewhat to the greater
amount of sunshine.

I ce cover also prevents the conversion of wind energy into waves.
This should add an increment to wind velocity over the region. All
observers described the winter as quite w ndy, but the various influ-
ences which brought about this wind cannot be separated.

The extrenely heavy snow that fell in narrow bands on some of the

| ee shores requires explanation. It was obviously "lake snow': there
were no |large scale weather disturbances in the area. Communities only
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a few nmiles away received little or no precipitation during these
events. Classically lake snow has been attributed to instability
showers dropping noisture picked up fromthe upwind |ake. Sone atten-
tion has been given to convergence in the wind flow as an enhancing
factor. This convergence ny arise fromfunneling or rising terrain
features or from differences in frictional wind retardation over |and
and over water. Available noisture during the winter of 1976-77 "as
denonstrably less than normal. Some of the heaviest snows were on the
downwi nd ends of almpbst conpletely ice-covered |akes. Instability "as
probably greater than nornal, though it is hard to determ ne by how nuch
at a particular time and place. Convergence in the wind flow was con-
siderably greater than normal, and it "as concentrated in precisely the
areas that got heavy snow.  Convergence may play a larger role than "as
previously suspected in the production of heavy snow bursts on the |ee
shores of the Great Lakes.

4.3 Hydrol ogy

It is indeed fortunate that the satellite and SLAR aircraft cover-
age of the Great Lakes "as initiated prior to the Geat Wnter of 1976-
77. The use of renote-sensing data from these val uable research tools
has permtted a thorough and unprecedented series of ice observations to
be made on the Geat Lakes during the worst ice season certainly in nore
than 40 years and probably in the past 100 years.

Satellites have allowed us to see the effectiveness of the wind in
concentrating ice; the cooling of the upwelling water as the Lakes
beconme ice-producing "machines"; the effect of the stored heat on Lake
Ontario, which produced the least ice; the new transparent ice trans-
formed into older ice by novenent, currents, and snow cover; the zones
of weakness; and the patterns of breakup of certain parts of the ice.

The study of ice on the Great Lakes has been advanced from an art
to a science by the remote sensors routinely providing half-hourly
observations from geostationary satellites. The science of ice fore-
casting has been enornously advanced by these new observations. Al -
though this paper is largely descriptive and attenpts to do little more
than docunent the intensity of a menorable ice year, it will be a source
of basic data for generations to come. Studies of lake ice and climatic
fluctuations cannot afford to overlook this record.

Wth inproved quantitative data on areal extent of ice and inproved
thermal data on both ice and water, one may confidently predict a nunber
of studies on heat bal ance, heat exchange and storage capacity of the
Lakes, effects of wind stress on lake ice, relation of freezing degree-
days to ice formation, the relation of wind direction to local area
i cing conditions, etc.

The amount of ice in each of the five Great Lakes and Lake St.
Clair is a conplex function of tenperature, wnd, precipitation, shape
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of the |ake, total water mass in the |ake, and surface area of the |ake.
Each lake is unique in its response to the dynanic neteorol ogical and
hydrol ogi cal events and the thernodynam c properties of the water nmss.
Wiile the Lakes do react sinilarly at tines, e.g., the first freeze,
they react quite differently at other times. The effect of ice on the
climate, commerce, transportation, and energy consunption of the inhab-
itants in the Great Lakes Basin is significant, and inproved forecasting
of ice conditions, which should result from satellite and aircraft
remote .sensing, Wi l| facilitate and inprove transportation and conmerce
during ice seasons to cone.

One of the popular new tools in |ake hydrology is the use of com
puter nodels to study alnost all phases of hydrology from poll utant
di spersion to three-dinmensional thernodynamc response to thernmal |oad-
ing. In this present era of increased environmental awareness, it is
inportant that these nodels be as accurate as possible. Tinely satel-
lite observations allow hydrol ogists to verify their nodels. The com
bination of these two new approaches, modelling and satellite observa-
tions, can be a very powerful tool in man's continuing quest for an
i mproving environnent.
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