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LONG RANGE FORECASTI NG OF MAXIMUM | CE
EXTENT ON THE GREAT LAKES

Jeffery C. Rogers

A technique, based on prewinter thawing and wntertinme
freezing degree-days, has been devel oped for making |ong-
range forecasts of the percert maxi mumice extent on the
Great Lakes. The rumber of thewing degree-days is known by
early winter, but the crux of the technique is to predict
the nunmber of freezing degree-days that will accunulate by
March 3, the average date of maxinum ice extent on the Lakes
during the last 13 winters. This was acconplished by using
an average March 3 accumul ated freezing degree-day val ue
from both the large and small ice extent winters between
1962-63 and 1968-69, which alternate in a quasi-biennial
cycle.  The equations and freezing degree-day prediction
met hod were then used to hindcast maxi mumice extent on the
Lakes during the winters 1969-70 to 1974-75. The results
indicated that the regression equation forecasting technique
was nore accurate than clinmatology forecasts on Lakes
Superior, Mchigan, and Huron. On Lake Ontario, it was found
that clinmatology forecasts were equally accurate, and on
Lake Erie, the small interannual variation in maxinum ice ex-
tent nmade climatology forecasting the best technique. The
effect on the technique of the apparent climatic warmng
during the nost recent winters is also discussed. Another
technique, which sinply applied the average percent maxinum
ice extent during the alternating relatively cold and rel a-
tively warmw nters, was also better than clinmatol ogy, but was
not as accurate or versatile as the regression equation
met hod.

1. I NTRODUCTI ON

The winter of 1974-75 nmarked the first time a fleet of ships was
able to operate on the Geat Lakes despite the ice cover. That event was
facilitated by mld weather and an unusually snmall ice extent on those
portions of Lakes Superior, Huron, and Mchigan traversed by ships. Long-
range forecasts of ice extent on the Geat Lakes would be of considerable
value in determ ning whether or not shipping operations could continue
t hroughout upcoming winters. The purpose of this report is to present a
technique for predicting by early December wintertime maximm ice extent
on the Lakes, based on a quasi-biennial variation found in both maxi num
ice extent and average winter air tenmperatures at meteorol ogical stations
around the Lakes. Thirteen years of ice-cover and air tenperature data
collected around the Lakes were used to develop first a climatology of
maxi mum ice extent and then the forecasting technique.



Ri chards (1964) developed a series of multiple regression equations
for Georgian Bay and Lakes Superior, Huron, Erie, and Ontario show ng the
relationship between ice extent and air tenperature at representative
stations near each lake. H's equations applied to ice extent throughout
the winter, but not necessarily to the seascual maxi num  These eauations
have the general form

X,

Y =% +le+b22

0 1

where Y = percentage ice cover

X the accunul ated freezing degree-days (FDD's) during the wi nter

1

X the prewi nter nmaxi mum t hawi ng degree-days (TbB's) accunul at ed

fromApril 1 or May 1.

Accurmul ated FDD's are an indicator of the severity of a winter up to a
given point in time and TDD' s give an indication of the antecedent heating
available for storage in a lake (Richards, 1964). The nunber of FDD's for
a given day is determned by subtracting the nean daily air tenperature in
degrees Fahrenheit from32°F. |If the resultant value is negative, then
TDD s have accunulated. Under operating conditions, X, can be determ ned
by late Novenmber or early Decenber, since TDD s sel dom~accunulate in the
winter after that tine. The key to the success of the long-range maximm
ice extent forecasting technique (for Y) presented here lies in the ad-
vance deternmination of the value of X... The remainder of this report will
di scuss the Great Lakes maximumice extent clinatol ogy and the sol ution

to predicting Xl'

2. MAXIMUM | CE EXTENT CLI MATOLOGY

Table 1 shows the areal percentage maximum ice extent determined for
each |ake for the winters from 1962-63 to 1974-75, based on data collected
by WIshaw and Rondy (1965), Rondy (1966, 1967, 1968, 1969, 1971, and 1972),
and Assel [1972a, 1972b, 1974a, 1974b, and 1975 (personal conmmunication)].
Since Lake Superior has the greatest variation in maxi numice extent
(standard deviation = 24 percent ice extent), it was used to develop the
basis for the forecasting technique. Forecast equations for Lake Erie
were not developed since it has a small variation in nmaxinum ice extent
(standard deviation = 6 percent ice extent). A climatological forecast of
92 percent maxinum ice extent is sufficiently accurate for nobst wnters.

For each | ake, one National Wather Service station with tenperature
conditions nost highly correlated to maxinmum ice extent was determ ned.
It was found after a day by day analysis that the best indicator of the
percent nmaxi num ice extent was the number of FDD s accunulated by early
Mar ch. This is because, during the last 13 winters, the average date of
maxi mum i ce extent on each |lake was found to be March 3 on Lakes Superior,
Huron, and Ontario, and March 2 on Lake Mchigan. The average date of
mexi mum accumlated FDD's during the winter is not the nost highly correl ated



Table 1. Percent #aximem |ce Extent on
the Geat Lakes Since 1962-63

W nter . Lake Lake Lake Lake Lat e
Super|0r Michigan Huron Erie Ontario
1962-63 95 f3 97 98 51
1963-64 31 &0 32 91 12
1964-65 90 15 60 NA 10
1965-66 60 46 29 NA 15
1966-67 g8 80 %0 12
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 ‘5 92 10
1971-72 95 20 70 95 20
1972-73 55 20 60 95 20
1973-74 70 65 95 25
1974-75 30 25 45 B8O 16
li-year 67 30 56 92 18
mean
13-year 24 15 19 6 11
standard
deviatien
1962-63 to 71 32 57 91 17

1968-6% mean

NA = Net Available

value to the percent maxinum ice extent because it occurs after several
days with TDD s have intervened. On Lake Superior the average date of the
first major accumulation of TDD s for several days was March 9.  Maxi num
ice extent thus precedes that date since it has been established that only
a few TDD's are needed to decrease the |lake ice cover (R chards, 1964).

The date of occurrence of maximum ice extent during each winter is given in
table 2.

Following are the representative stations for each |lake, along with
their highest correlation between FDD's and maxi numice extent during the
last 13 winters:

Houghton, M chigan (Superior) r = 0.890
Escanaba, Mchigan (Mchigan) r = 0.868
Alpena, M chigan (Huron) r = 0.675
Rochester, New York (Ontario) r = 0.446.

The correlations are statistically significant for Lakes Superior and
M chi gan, but not for Lakes Huron or Ontario.



Table 2.  Approximate Dates of  Mazimem
Tze Extent on the Great Lakes

Winter Lake l.ake Lake Lake
Superior Michigan Huron Ontaric
1962-63 3/3 373 3/3 3/3
1963-64 2/27 2727 2727 2727
1964-65 NA NA NA NA
1965-66 2/28 2724 2/28 NA
1966-67 3/20 3/19 3/19 3/5
1967-68 2/29 2/27 3/17 3/10
1968-69 311 3/16 3/7 3/10
1969-70 /17 3/10 3/11 3/15
1970-71 3/2 225 3/2 3/1
1971-72 2/27 3/2 HA 2127
1972-73 2/25 2/27 2727 2/28
1973-74 2/17 2/17 2/17 2/15
1974-75 3/6 2/18 2/16 3/6
Mean 31/3 /2 3/3 /3
date
Srandard ] g 9 8
deviation
(days)

NA = Not Available

By use of the areal percentage maximm ice extent (Y) given in
table 1, as well as the accunul ated FDD's to March 3 (X,) and tine maxi num
prewinter TDD's for each lake (given in table 3) for the seasons 1962-63
through 1968-69, nultiple regression equations for maximum ice extent were
devel oped. By use of these equations, Y will be predicted for the 1969-70
through 1974-75 winters after the technique for forecasting X, is dis-
cussed bel ow. The accuracy of the predictions was then computed. These
equations are as follows for each |ake/station:

Lake Superior/Houghton Y = 58.5294 + 0.0821}(1 - 0.02632(2

Lake Michigan/Escanaba Y = -63. 2764 + 0.0532Xl + 0.0060X2

Lake Huron/Alpena Yy = -45,9019 + 0.083_7Xl + 0.006}(2

Lake Ontari o/ Rochester Y = -58.4906 + 0.0570xl + 0.0062}(2.
The significance of the X, termis negligible for Lakes M chigan, Huron,
and Ontario as indicated %y their positive values and the fact that the
ratio of b, 1o h. ranges from about 10 to over 100. Nonetheless an F-test

of these eguatiodis revealed that they were significant at the S-percent
level for ail but Lake Ontario.



Table 3. Adccumilated March 3 Freezing Degree-
Days and Maxi mum Prewinter Thawi ng Degree-
Days by Station and Season

HOUGHTON ESCANABA ALPENA ROCHESTER
Winter Fop's Thir's FDD's TDD's FDD's TDL's Fib's ThD's
1962-63 2009 G457 1756 5074 17086 5040 1087 6178
1963-44 1319 5081 949 5395 1025 3352 630 6301
1964-65 1837 4764 L4B4 5057 1226 5344 573 B424
1965-66 1453 439 4488 b10) 4755 482 6085
19hb-67 1689 4477 1201 5084 1200 4971 450 6227
1967-68 1647 4242 [358 4675 1238 4765 TE7 5984
1968-50 1282 4638 90z 5123 1047 5354 542 44l
1969-20 1742 4555 1391 5094 L3759 5023 899 6401
1970-71 1658 4778 1311 5491 1252 5459 785 6744
197t-72 1807 4746 1486 5163 1127 5278 499 6388
1972-73 laal 4347 1137 4664 1000 4685 359 6226
1973-74 1530 4955 §40 5293 1140 5297 481 6829
1974~-75 4767% 789 4945 257 6186
Mean 1584 4601 1215 5021 1155 5098 602 6340
Standard 242 259 274 287 230 265 231 241
Deviat ion
Mean 1384 4616 1007 4908 976 4976 366 6414
1972-714
to L974-75

e Some manthly values estimated from data from nearby metecrological
stations.

The val ues of X, needed for these equations to predict the 1969-70 to
1974-75 ice extents Can be found in table 3. Operationally they would have
been obtained by early Decenber before each winter. A nethod for pre-

dicting the March 3 value of Xl wi Il now be discussed.

3. APPLI CATION OF THE QUASI-BIENNIAL CYCLE TO MAXI MM | CE
EXTENT FORECASTI NG

Voei kov (1891) was the first to note a 2-year cycle in ice conditions
on European |akes. This phenomenon is largely due to the quasi-biennial
oscillation noted in many meteorol ogical paraneters (Angell and Korshover,
1968; Landsberg, 1962). Using Lake Superior as an exanple, because of its
large interannual variation in percentage maximm ice extent, one may
detect the 2-year cycle in that data (table 1) and in FDD's (table 3).

In terms of relative areal extent of percent nmaxinum ice cover around the
13-year nmean (67 percent) where "L" equals large and *'S" equals small ice
extent, the pattern or cycle since 1962-63 has been:

L-S-L-S-L-L-SL-SL-SL-S.



TEMPERATURE(°F}

"The alternating year pattern was only broken when two consecutive W nters
of large ice extent occurred in 1966-67 (88-percent cover) and 1967-68

{(9D-percer.t COVer).

Figure 1 shows the relationship between the percent maxi num ice ex-
tent values and 1Z-month runni ng mean tenperatures at Houghton, M chigan
These running nean tenperatures are the best nethod for graphical represen-
tation of the quasi-biennial cycle in air tenperatures. Figure 1 shows
that the "L" ice-cover seasons are associated with a downward novenent of
the running mean tenperatures, indicating that the actual nonthly tenpera-
tures during those seasons were |ower than those of the sanme nonths of
the previous year. The "s" ice-cover seasons are associated with an up-
ward trend of the running neans, indicating higher tenperatures than occur-
red the previous year in those months. Plotting 12-nonth running nmean
tenperatures enabl es one to betrer determne the type of winter to expect.
One problemw th using the running nean tenperatures is that the direction
of the trend (upward, downward) usually reverses in early wnter

42 -
41 * = WINTER SEASON
40k
39

38

E

37 1% %! i%] 1%| t%| I%| 1% I%1 19| %1 % 141

f

1962-63 63-64 64-65 65-6666-67 67-66 66-69 69-70 70-71 71-72 72-73 73-74 74-75

95% 31% 90% 60% 88% 90% 40% 80% 48% 95% 55% 70% 30%

Figure 1. Relationship between the percent maximm ice extent wvalues on
Lake Superior and the I2-month rumning mean air tenperatures at FHoughton,
Mchigan. The filled circles indicate the tenperatures at the beginning
and end of each wi nter

The nunerical values of the 12-month running nean tenperatures are
al so inportant. For example, the "s" winters of 1965-66 and 1972-73 had
somewhat high ice extents (60 percent and 55 percent, respectively)
while the 1963-64 winter had a very low ice extent (31 percent) because
the running nean tenperatures during 1965-66 and 1972-73 were under 39°F,




but during 1963-64 they were over 40°F. Simlarly, during the wnter of
1973-74, a conparatively small ice extent occurred (70 percent) conpared
to the other "L" winters because the running nmean tenperature was over
40°F in 1973-74 and under 40°F during the other "L" winters. Running nean
tenperature variations around 40°F can markedly alter the percent maximum
ice extent on Lake Superior. A 2°F anomaly for the entire winter on
either side of 40°F becomes a difference of 200 FbD's (assunming 100 days
per winter) and according to the Lake Superior/Houghton equation a varia-
tion of 15 to 20 percent areal maxi mumice extent around the nean nay
occur (X2 is constant).

The application of the 2-year cycle to maximum ice extent forecasting
on the Great Lakes begins with two assunptions:

1) The expected relative maxi numice extent ("L" or "s") will be
opposite that of the previous winter. This would have resulted in
a major prediction error only during the 1967-68 wi nter when "s"
conditions would have been forecast. As was discussed above,
running nmean tenperatures are the best way to determne which type
of winter will occur; however, during 1967-68 that technique would
have proved futile also (see fig. 1), since an upward swing in the
graph occurred. Because of that, sinply expecting an opposite
winter from that which existed the winter before is the best
approach until it can be determined in future winters that using
t he 12-month running nean tenperature graph will not repeatedly
result in making the sane error.

2) The relative ("L" or "s") ice extent predicted for the other
Geat Lakes will follow the pattern of Lake Superior. The best
met hod of deternmining the relative ice extents on the other |akes
is to follow their running nmean tenperature graphs (Appendix A),
but, for the sake of sinplicity in testing the technique by the
use of 1969-70 through 1974-75 forecasts, it was assuned that
their "L-S" pattern would follow that of Lake Superior. By
checking the values in table 1 or by conparing figure 1 with those
in Appendix A one notes that Lake Ontario does not clearly follow
the Lake Superior pattern, nor did Lake Huron between 1967-68 and
1969- 70.

The next step in the procedure is to assign nunerical values to X
for both the "L" and "S" seasons for each |ake and then substitute them
into the regression equations during the appropriate winter. Based on the
FDD data in table 3, average "L" and "s" values were determ ned by using
the 1962-63 through 1968-69 winters, and those values in turn were used
in the regression equations to conpute Y during 1969-70 to 1974-75 after
it was predeterm ned which type of winter would occur. These X, val ues
for each |ake are shown in table 4. Another method for obtaining a max-
imum ice extent forecast would be to sinply predict an average val ue of
the actual ice extents during the "L" and "S" winters of 1962-63 through

1968-69 and use it to make the test predictions between 1969-70 and



1974-75. The accuracy of this average ice extent nethodol ogy was al so
determined and compared to the accuracy of the regression equations. The
average naxi num ice extent values are also shown in table 4. The differ-
ences in both FDD's and average ice extents between "L" and "Ss" winters
were found to be statistically significant at the |o-percent |evel on al

| akes, except Lake Ontario, when using a 2-tailed t-test. This furthe:
shows the significant difference between alternate winters over the G eat
Lakes.

Table 4. March 3 Average Freezing Degree-day
Accumulation and Average Maximum Ice EXtent
Durtng "L" and Y"S" Wnters 1962-63 to 1968-69

Average 3/3 Average 3/3 Average Ice Average Ice

Lake FOD's in "L" FOD's In "s" Extent iN Extent in

winters Winters "L" Winters "s" winters

in Percent in Percent
Superior 1796 1351 91 44
Michigan 1450 930 45 14
Huron 1342 986 12 37
Ontario 722 553 21 12

The appropriate values of X, for each |ake fromtable 4 were sub-
stituted into the regression equations to determne if they were accurate
predictors of maximum ice extent during the test winters 1969-70 through
1974-75. The standard error of estimate was conputed, based on the fore-
cast and actual values of percent maximum ice cover, and then conpared to
the standard error of estimate for clinmatol ogy forecasts, i.e., forecasts
which sinply used the 1962-63 through 1968-69, 7-year average ice extent
value (bottom of table 1) to predict the future years and which have a
standard error of estimate equal to the standard deviation. In a sinilar
manner, the average ice extent values during 1962-63 through 1968-69 were
used to predict the 1969-70 through 1974-75 values, and their standard
error of estimate was also computed and conpared to climatology forecasts
and the regression equation forecasts. The expected relative ice extents
for the 1969-70 through 1974-75 winters were L-SL-S-L-S for each |ake

The results of the predictions, shown in table 5, indicate that both
the regression equation and the average ice-extent nethodol ogies consider-
ably inprove over climatology predictions, but that the regression equation
technique is the nore accurate of the two. The regression technique is



Table 5. Conparison of 1969-70 to 1974-75 Forecast Results

Climatology % improve- % improve- Seasans when Seascns when (B) Seasons when (C})
Lake forecasts SE ment with ment with (B) was more was more accur- was more accur-—
(in % max. equations average ice accurate than ate than (A) ate than (A)
ice extent, A) (B) values (C} (Cy (6 possible) (& possible} (6 possible)
superior 26.7 56.2 49.4 4 5 4
Michigan 19.0 23,0 19.3 4 2 2
Huruen 24.6 46.3 37.0 6 4 4
Ontario 15.0 64.0 68.0 1 2 2

also nore favorable from the standpoint that one may directly apply sub-
jective know edge of 12-month running nmean tenperature values as well and
that, at least with Lake Superior, the prewinter heating term (X2) is an
important factor. The regression equation technique woul d al SO improve
with advancements in long-range air tenperature forecasting techniques.
The last three colums in table 5 show that only on Lake Ontario were
there consistently poor results in the regression equation technique when
conpared to other nethods. Colums two and three of table 5 show a high

i mprovenent (64 percent and 68 percent, respectively) in the Lake Ontario
forecasts conpared to clinmatology. This discrepancy between high inprove-
ment when using SE values and |ow forecast accuracy is due to the fact
that the climtology SE for that |ake was 15 percent, a figure made unusu-
ally high by the anomal ous ice cover during the 1962-63 winter (51-percent
ice extent). Wth that season elinmnated from the original data, the
climatological SE becomes only 2 percent through the 1968-69 season, a
value which is difficult to inprove upon and which suggests that for Lake
Ontario, as for Lake Erie, climatology forecasts would be best.

Regression equations were devel oped for the |akes based on all 13
years of data

Lake Superior/Houghton Y = 10.6502 + 0.0881X1 - 0.0181X

2
-32.6521 + 0.0#69)(1 + O.OOllX2

Lake Michigan/Escanaba Y

Lake Huron/Alpena Y 30.4539 + 0.0563Xl - 0.0077X2

Lake Ontario/ Rochester Y = 23.5068 + 0.0215x1 - O.OOSOX2

Al though it was considered statistically unreliable to hindcast i ce extent
during the same 13 seasons from which data were collected to develop the
regression equations, it was found that the accuracy of the technique was



still considerably better than using clinmatology forecasts everywhere
except on Lake Ontario. There it was found that the standard error (SE)
of the regression equation technique was equal to that for climatol ogy
predictions (when the 1962-63 data is included).

Recent evidence indicates (Dickson et. al., 1975) that northern hem -
sphere winters have becone nilder than those of the 1960's. This may be
seen at the representative stations around the Great Lakes in table 3. The
March 3 FDD accurul ation (X') during the last three winters (1972-73 through
1974-75) have all been lower than the 13-year average and the average val ue
of XI for those three winters (bottom of table 3) is about 200 FDD s
| ower at each station. The lower X, 3-winter average value is significantly
| ower than the X value of the firs% 10 winters at the |o-percent level at
Hought on and RocAester and barely mi sses being significant at Escanaba
and Alpena when using a Z-tailed t-test. If the regression equation fore-
casting technique does not take into account this apparent tendency toward
mlder winters, the results could be consistent error of up to 20 percent
in areal maximum ice extent on Lake Superior and up to 10 percent on Lakes
M chigan and Huron. To reflect the physical and changing nature of the
climate, it is recommended that operational use of such a technique depend
on lower values of X, than those given in table 4 or those which mght be
derived by using all’"13 years of data. Values of X2 show little consistent
change from| ake to lake in the |last 3 years.

4, CONCLUSI ONS

Two techniques for predicting maxinum ice extent on the Geat Lakes
were devel oped and conpared to each other and to clinatology, based on data
from 1962-63 to 1974-75. It was found that both techniques could predict
maxi num ice extent better than clinmatol ogy on Lakes Superior, M chigan, and
Huron. On Lakes Ontario and Erie, climatology is the best technique for
predicting maximum ice extent, due to the low interannual variation in ice
extent and (on Lake Ontario) to the lack of a clearly defined Z-year cycle
in air tenperature upon which the forecasting technique depends. The nore
accurate and useful of the two techniques, involving regression equations,
FDD s, and TDD's, woul d be responsive to inprovenents in |long-range air
tenperature forecasting techniques and is flexible in that more appropriate
values for the FDD term may be inserted in accordance with changing cli-
matic conditions. Although the TDD term is largely insignificant in the
Lakes M chigan, Huron, and Ontario equations, it is very inportant in ice
extent forecasts for Lake Superior, where forecasts of its large interannual
ice extent variation would be nost useful.

Using the regression equation technique, the forecaster determnes the
number of prew nter TDD's accunul ated by early Decenber and at that tinme
nmust predict the nunber of ¥DD's which will accunul ate by the upcom ng
March 3. The success of the technique depends on the ability to predict
whet her the upcoming winter will be an "L" or an "s" type, which hel ps
deternmine the FDD val ue chosen for the regression equations. Average FDD
values from previous winters of the same type were used in the equations in

10



this report (table 4), but |ower values may be nore representative. One
may determine the type of winter by either predicting the type opposite
that of the previous winter or by using graphs of U nonth running nean
tenperatures to predict the trend of the graph and expected running nean
tenperatures during the upcoming winter relative to a long-term average
t enper at ure.

The techniques described herein are the best now available to predict
W nter seasonal tenperatures around the Geat Lakes and their maxi num ice-
extent. Considering the possibility that winters have temporarily becomne
mlder, one may extrapolate forward in time and suggest that it may be
possible to continue navigation on the Geat Lakes throughout upcom ng
winters with characteristics resenbling those of the 1974-75 winter. The
techni que described here will help determne which winters those mght be.
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APPENDI X. TWELVE- MONTH RUNNI NG MEAN Al R TEMPERATURES
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Figure A.1. Relationship between the percent maxi numice extent wvalues on
Lake Ontario and the I2-month running mean air tenperatures at Rochester,
New York. The filled eireles indicate the tenperatures at the beginning
and end of each winter.
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Figure A 2. Relationship between the percent mazimum ice extent val ues on
Lake Huron and the 12-month running mean air tenperatures at 4lpena,

Mchigan. The filled circles indicate the tenperatures at the beginning
and end Of each winter.
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Figure A 3. Relationship between the percent maximumice extent wvalues On
Lake M chigan and the 1%mwonth running mean air tenperatures at Escanaba,
Mchigan. The filled eireles indicate the tenperatures at the beginning
and end of each winter.
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