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EVALUATI ON OF TECHNI QUES FOR LONG RANGE FORECASTI NG
OF Al R TEMPERATURE AND | CE FORMATI ON

Jeffery C. Rogers

Four techniques for making | ong-range air tenperature forecasts
were eval uated by using wintertine (Novenber through February) data
from around Lakes Superior, Huron, and Mchigan. The purpose of the
eval uation was to find a technique for forecasting air tenperature
which could be applied to ice forecasting on the Lakes. The four
t echni ques anal yzed were:

(1) The use of cycles and oscillations

¢2) The extrapol ation and kinematic process used by the National
Met eorol ogi cal Center which results in forecasts in the
Average Monthly Weather Outlook

(3) Conditional probabilities
(4) A Markov chain equation.

The analysis of techniques (1) and (4) consisted of predicting
a nonthly mean tenperature and conparing the standard error of esti-
mate (SE) of the difference between predicted and actual tenperatures
to the SE for climatological predictions. The evaluation of tech-
ni ques (1), (2), and (3) also consisted of predicting nonthly tem
perature categories and then conparing themto one another. The
forecast categories were below normal, nornmal, and above normal tem
perat ures.

Based on the evaluations, it was found that only the quasi-
bi ennial oscillation [technique (1)] category forecasts and the
Average Monthly Weather Outlook [technique (2)] category forecasts
predicted with any skill. Individually, the accuracy of the tech-
niques is only slightly better than chance; however an inproved
tenperature forecasting systemfor application to ice forecasting
could be established by conbining them -

1. | NTRODUCTI ON

One of the major concerns regarding Geat Lakes and St. Law ence Seaway
navigation is the devel opment of |ong-range forecasts of the opening and
cl osing dates of harbors, bays, and rivers due to ice cover. The major ad-
vantage of such ice forecasts would be to maxim ze the nunber of shipping
days on the Lakes and Seaway. At the present time closing and opening dates
due to ice are determned several nonths in advance w thout taking into
account the neteorol ogi cal and hydrol ogi cal factors which influence those
dates. As a result, shippers are seldomable to take advantage of mld




winters and do not receive enough warning prior to cold and early wnters

The prediction of the date of ice formation may be acconplished in
three ways:

(1) By establishing a climtological forecast date. This is sinply
the average date of ice formation in past years and it is applied
to each upcomng w nter.

(2) By developing long-range water tenperature forecasts. These
forecasts conbine radiation and heat budget paraneters in pre-
dicting when the water tenperature wll reach 32°F.

(3) By developing long-range air tenperature forecasts.  Subfreezing
air is the primary factor which causes water to freeze. (ne
common measure of subfreezing air tenperature is the accumul ation
of freezing degree-days (defined as the difference between the
mean daily air tenperature and 32°F given that T is less than
32°F). Al though Richards (1964) and Snider (19785*Rave hel ped
establish the nunber of freezing degree-days (FDD's) needed to
formice cover on many parts of the Geat Lakes, a suitable method
for making long-range air tenperature, or FDD, forecasts has not
yet been perfected.

The purpose of this report is to present the results of an investiga-
tion undertaken to devel op and eval uate long-range air tenperature fore-
casting techniques. The report will concentrate on attenpts to predict air
tenperature for stations around Lakes Superior, Huron, and M chigan during
the winter months of January and February. The adequacy of each forecasting
t echni que eval uated here will be determ ned by conparing the standard error
of estimate (SE) of prediction results to the SE of climatol ogical tenpera-
ture values. Wile no direct application to ice forecasting will be nade,
the results contained herein will be applied to the ongoing effort to de-
velop ice forecasting techniques at the Geat Lakes Environnental Research
Laborat ory.

2. LONG RANGE FORECASTI NG TECHNI QUES

Barry and Perry (1973) identify six techniques used throughout the
world to make long-range forecasts of neteorological phenonena. They are
as follows: (1) cycles and oscillations, (2) extrapolation and kinematic
procedures, (3) synoptic persistence, (4) teleconnections, (5) analogues,
and (6) ocean-atnosphere interaction. The first three techniques will be
evaluated in detail in this report and all six are briefly discussed bel ow.

2.1 Cycles and Gscillations

The annual tenperature cycle is the most familiar neteorol ogical cycle
known. Since the late nineteenth century, however, neteorologists have




known of another cycle with a period of slightly nore than 2 years. This
cycle, subsequently named the quasi-biennial oscillation (@O, has been de-
tected in other neteorological paraneters, such as precipiation, surface
pressure, and alternate year variations in such phenonena as tree rings,
varves, and |ake levels. The BO may be seen graphically by plotting
12-month running neans of tenperature data for several years. This study
will attenpt to make |ong-range tenperature forecasts at two stations by
using the QBO and predicting its future trends.

2.2 Extrapolation and Kinematic Procedures

This is the technique currently used by the National Meteorol ogical
Center to produce Average Monthly Weather Outlook (AMW0}. Thi s t echni que
... [notes] the past and current rate of evolution of md-tropospheric
fl ow patterys, in particular the major features (ridges, troughs, and centers),
and [takes] these devel opments into account in deriving a forecast 3500 or
700 mb chart for time periods of up to a nonth." (Barry and Perry, 1973,

p. 385). From these forecast charts, the anonalies of tenperature may be
determ ned and divided into three categories of above, below, or nornal
tenperatures for any region for the upcomng nonth. Presently, ice fore-
casters use these categories to determine if FDD accumul ations (and hence ice
formation) will occur later, earlier, or on approximately the nornmal climato-
| ogical date, respectively. The accuracy of the extrapolation and kinematic
procedure, as published in the AMWO, is evaluated in section 4.

2.3 Synoptic Persistence

Monthly | ong-range forecasts based upon synoptic persistence involve
probabilities between adjacent or between non-adjacent nonths that the cur-
rent anomaly of temperature will persist into future nonth(s). The nethods
used here to devel op synoptic persistence techniques, Markov chain processes,
and conditional probabilities are discussed in section 5.

2.4 Teleconnections, Analogues, and Ccean- At nosphere Interaction

The existence of teleconnections inplies that a high correlation
constantly exists between tenperature conditions in one |ocation and those
of the area of study sonetine later. They require a worldw de data base
general ly, as does the analogue technique in which one forecasts the future
tenperature conditions based upon those which occurred during an anal ogous
situation in the past. The need for a large data base in regard to length
of records and locations prohibited the use of these techniques. Know edge
of the fundanental s of ocean-atnosphere interaction is never solely used as
a long-range forecasting tool, but rather is incorporated with other pro-
cedures, such as the extrapolation and kinematics techniques. It IS not
consi dered further in this study.




3. USING THE QBO I N LONG RANGE TEMPERATURE FORECASTS

The @BO in air tenperature at Duluth, Mnnesota, since December 1960
Is shown in figure 1, where the 12-moenth running nonthly mean tenperatures
are plotted. Spectral analysis of a sinmilar set of data for sault Ste. Mrie,
M chigan, since 1939 revealed a statistically significant periodicity in the
12-month running means of about 26.4 nonths, consistent with estimates of
2.2 to 2.3 years by other authors. The fact that such a cycle exists in
tenperature data and may be conveniently displayed by using graphs of 12-month
running neans inplies two things

(1) Actual nonthly nean tenperatures during any given nonth when the
running nean is graphically on an upward swing (as during nost
mont hs from Decenber 1972 through Decenber 1973 in fig. 1) are
hi gher than those of the same nmonth of the previous year.

(2) Act& nonthly mean tenperatures during any given nmonth when the
running mean is graphically on a dowward swing (starting January
1974 in fig. 1) are lower than those of the same nonth of the

previous year.

TEMPERATURE (°F)

¢ 1961 1 1962 1 1963 1 1964 1 1965 | 1966 | 1967 t 1968 1| 1969 | 1970 | 1971 1 1972 ! 1973 + 1974 1 1975 |-

Figure 1. Twelve-month running monthly mean temperatures at Duluth,
Minnesota.




The basic assunption in using the QBO for long-range forecasting is
that the present nmonthly mean tenperature may be accurately forecast by
knowi ng last year's nmonthly nean tenperature and the present direction (up-
ward or downward) of the 12-montk running mean plot. At Sault Ste. Mrie,
nurerical tenperature values were predicted for the nonth of January of
the years 1939 to 1975. An SE was obtained fromthe differences between
the predicted and actual tenperatures and conpared to the SE for climato-
logy - At Duluth nunerical tenperature values as well as three tenperature
cé%egories (above normal, below normal, and normal) were predicted for all
mont hs during the periods January 1962 through December 1964, January 1968
through Decenber 1971, and January 1973 through Decenber 1974, From
figure 1, these periods of time at Duluth correspond to periods with a well
defined, poorly defined, and well defined QBO cycle, respectively.

The procedure used to make the predictions was:

(1) Craph the nost recent movement of the 12-month running mean
tenperature and determne whether the curve will nove up or down
next month. Generally it was assumed that the upcom ng nonth
woul d follow the trend of the previous nonth.

(2) Determine how far the plotted 12-month running mean val ue will
nmove during the forecast nonth. This was done sinply by com
puting the average novenent in the curve during past years for
both the up and down cases for all nonths and then applying
that value to the present forecast month. These nonthly average
changes in the 12-month running mean ware nultiplied by 12 (to
turn theminto actual nonthly tenperature changes) and are shown
intable 1 for the Duluth evaluation; they ware assumed to be -4.9°F
(down) and +6.0°F (up) for Januaries at Sault Ste. Marie.

(3) Qbtain the actual nonthly tenperature for the forecast nmonth 1
year earlier and add the chosen value fromtable 1 in step (2).
This is the numerical tenperature forecast for the station. It
was also translated into forecast categories at Duluth. Appendix
A lists the conputations and tenperature forecasts.

The results of the predictions were as foll ows:

(1) Sault Ste. Marie January tenperature predictions since 1939 had an
SE of 4.2°F, and the climatol ogical forecasts of those nonths
(using 14.3°F as normal) had an SE of 3.9°F, a slight inprovenent.

(2) Duluth predictions for the three periods (described above) total -
ing 108 nonths has an SE of 4.4°F conpared to a climatological SE
of 3.3°F. However, when the QBO forecasts were translated into
cat egories of above normal or normal tenperatures, they were cor-
rect in 49 of the 108 nonths (45.4 percent), which conpares favor-
ably to no-skill (chance) category forecasts with 33.3 percent
accuracy.




Table 1. Average Change in the Mont hl y Temperature Between Alternate
Months During Periods of Upward and Downward Trends in the 1%Month
Running Mean Temperatures at Duluth, Minnesota*

Period of Change Average Change During a Average Change During an
Downward Trend (Col der) Upward Trend (\\rner)
Dec. to Jan. -4.1°F +13.3°F
Jan to Feb. -5.9°F +5.5°F
Feb. to March -5.6°F +8.2°F
March to April -2.0°F +3.6°F
April to May -2.5°F +2.9°F
May to June -2.4°F +3.1°F
June to July' -2.6°F +3.8°F
July tO Aug. -3.6°F +2.2°F
Aug. to Sept. -4.0°F +2.8°F
Sept. to Oct. -4.9°F +4.6°F
Cct. to Nov. -2.8°F +1.8°F
Nov. tO Dec. -5.0°F +4.2°F

* The forecast nonth is underlined.

There are several factors which may account for the inaccuracy of the
BO predictions:

(1) The period of the @BOis not always 26 nonths, having varied from
23 to 39 nonths at Sault Ste. Marie since 1939. This leads to an
inability to accurately determine the nonth when a reversal will
occur in the 12-nmonth running mean graph.

(2) Athough major reversals in the tendency of the 12-montk running
means usual |y occur between Novenber and March, conpounding the
probl em of winter tenperature forecasting, there are also short
periods (1 to 3 nonths) of random reversals which may occur at
any time. Figure 1 shows these, e.g., during May 1972, May 1973
and July 1974.

(3) The sinusoidal curve of the @BO when plotted, often breaks down.
In figure 1 this happened from 1966 through late 1971, meking it
very difficult to consistently predict the tendency of the
12-month running means.



4, THE EXTRAPCLATI ON AND KI NEMATI C PROCEDURES

The extrapol ation and kinematic processes are used for |ong-range
forecasts issued by the National Meteorological Center and are briefly des-
cribed in section 2.2. These tenperature forecasts are issued sem nonthly
in the AMAD and consist of one of three forecast categories for any area:
bel ow, above, or normal tenperatures for the next nonth. Maps showi ng the
actual tenperature category which prevailed over an area are issued in the
sanme publication about 1 1/2 nonths later. In this study the accuracy of
the AMAD forecasts was determined for Duluth, Sault Ste. Marie, and Detroit
from April 1966 to June 1975. The AMAD forecasts are frequently interpreted
and used to forecast expected ice conditions on the Geat Lakes during the
winter.

Until 1974 two additional categories were forecast in the AMWO, nuch
above normal and much bel ow nornal tenperatures. [f one of those categories
occurred in a forecast or verification over any of the three areas studied
here, they were sinply considered above nornmal or bel ow nornal tenperature.
If one of the three stations studied here lay on a boundary between two of
the forecast categories, the benefit of the doubt was given to the AMWO when
the accuracy of the forecast was determned with the verification maps.

M ssing data prevented the determnation of AMAD forecast accuracy at all
three stations during August through Novenber 1966, May and June 1967, July
and Septenber 1973, and Septenber 1974. In all, 102 nonths of maps were
anal yzed.

Table 2 summarizes the number of accurate forecasts for all 102 nonths
and exclusively for the winter nonths Novenber through February (35 cases)
at the three stations. The results indicate that the overall accuracy of
the forecasts is generally less than 40 percent, which is slightly better
than a no-skill forecast (33.3 percent accuracy). The inplications of these
results for ice forecasting becone apparent: any lce forecasting technique
attenpting to predict the formation, areal extent, or breakup of ice on the
basis of the AMwO forecasts is [imted by the low skill denonstrated in pre-
dicting air tenperatures.

Table 2. Accuracy of Average Mnthly Wather Qutl ook Long-Range Forecasts

STATI ON ————0VERALL FORECASTS —WINTER FORECASTS————

Forecasts Correct Per cent Forecast s Correct Per cent
Attenpted Forecasts Correct Attenpted Forecasts  Correct

Det roi t 102 40 39% 35 15 43%
Sault Ste.

Marie 102 36 35% 35 11 31%
Dul uth 102 38 3% 35 12 34%




5 USING SYNCPTIC PERSI STENCE N LONG RANGE FORECASTI NG

The use of synoptic persistence in long-range forecasting of air tem
perature was introduced in section 2.3. The techniques evaluated here to

devel op such forecasts were conditional probabilities and the Markov chain
process.

5.1 Conditional Probabilities in Long-Range Forecasting

Condi tional probability forecasting is based on the pattern of change
in atnmospheric conditions over two adjacent periods of time, such as months,
and on the patterns of atnospheric change during two non-adjacent periods.
The probabilities involved indicate the |ikelihood of the occurrence of cer-
tain atnospheric conditions after certain preceding events have taken place.

In this study an attenpt was made to predict January and February tem-
peratures based on initial tenperature conditions in November and Decenber,
respectively (2 nmonths prior). Mnthly tenperatures were collected for those
4 months at Sault Ste. Marie since 1947 and were categorized by type of
departure from normal (above normal, below normal, and normal). The cate-
gories were structured so that in the 28 years of data each nonth had 8
cases of above and 8 cases of bel ow normal tenperatures and 12 nornal cases.
Tabl e 3 shows the nunber of tines and percentage of times that a category
type of January followed Novenber category tenperatures. Table 4 shows the
sane thing for February tenperatures which follow Decenber tenperatures.

Table 3. Conditional Probability of a Given January Temperature Category
Based on November Temperature Categories During 1947-74

—JANUARY TEMPERATURE CATEGORIES—

Bel ow Nor nal Above Tot al
Nor nal Nor nal
v
2 Bel ow 1 4 3 8
o Nor nal 12% 50% 38%
Jg o
B Normal 6 4 2 12
=) 50% 33% 17%
- A
-é’:?j Above 1 4 3 8
v Normal 12% 50% 38%




Table 4. Conditional Probability of a Given February Temperature Category
Based on December Temperature Categories During 1947-74

—FEBRUARY TEMPERATURE CATEGORIES—

Below Normal Above Tot al
Normal Normal

[oF]

3 Below 1 4 3 8

ﬁ Nor nal 12% 50% 38%

a o

Eﬂi?n Nor mal 6 6 0 12
50% 50%

[ % ¥

€3 Above 1 2 5 8

g Nor nal 12% 25% 62%

Y]

[}

As they appear in tables 3 and 4, the percentages could be used to pre-
dict future January and February tenperature categories based on Novenber
and Decenber tenperatures. For exanple, if Novenber tenperatures at
Sault Ste. Marie are below normal, it ny be expected that there is a
50- percent chance that the upcom ng January tenperatures will be normal
(table 3) based on the last 28 years of data. Simlarly, there would be a
62- percent chance of above nornal tenperatures in February if the preceding
Decenber had above nornal tenperatures. Al though these probabilities sug-
gest one woul d obtain a prediction accuracy of only 50 to 62 percent in nost
situations on the basis of past data, this is considerably greater accuracy
than seen in the techniques of sections 3 and 4. However, the real test of
the accuracy of conditional probabilities lies in nmaking test predictions
of January and February tenperatures based on data froma period of time
separate from the forecast period. As a result, tables simlar to tables
3 and 4 were made based on data at Sault Ste. Marie from 1927 to 1955
(28 years) and were used to make 20 predictions of January and February tem
peratures between 1956 and 1975. The 1927-55 conditional probabilities
are shown in tables 5 and 6.

In the 1927 to 1955 data the tenperature categories during each nmonth
were established around the follow ng normal tenperature conditions:

(1) Novenber nornal tenperatures were between 30.6°F and 34.7°F.
(2) Decenber normal tenperatures were between 18.7°F and 23.7°F.
(3) January nornal tenperatures were between 12.0°F and 17.5°F.
(4) February normal tenperatures were between 13.9°F and 17.9°F.

9




Table 5.  Conditional Probability of a Given January Temperature Category
Based on November Temperature Categories During 1927-54

—JANUARY TEMPERATURE CATEWRIES-

Bel ow Nor nal Above Tot al
Nor mal Nor mal
EJ‘
S Bel ow 2 4 2 8
g Nor mal 25% 50% 25%
[P
&1 Normal 4 6 2 12
= o 33% 50% 17%
- .
é,gé Above 2 2 4 8
¢ Nornal 25% 25% 50%

Table 6. Conditional Probability of a Given February Tenper at ure Category
Based on December Temperature Categories During 1927-54

-FEBRUARY TEMPERATURE CATEWRIES-

Bel ow Nor mal Above Tot al
Nor mal Nor mal
o
2 Below 4 3 1 8
g » Normal 50% 38% 12%
&
& % Nor mal 2 7 3 12
= 17% 58% 25%
5 %
2 © Apove 2 2 4 8
¥ Nornal 25% 25% 50%
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The boundaries of the three categories were taken as the md-tenperature
val ue between the 8th and 9th and the 20th and 21st tenperatures when all 28
were ranked |owest to highest.

The exact procedure used to nake the 1956 to 1975 conditional proba-
bility predictions "as as follows:

(1) Determ ne the Novenmber and December tenperature category preced-
ing the forecast nonth based on the boundaries l|isted above.

(2) Use tables 5 and 6 to determne the January and February tenpera-
ture categories which have the highest probability of follow ng
t he Novenber and Decenber categories which were determned in (1).
For exanple, fromtable 5 one woul d al ways forecast a norna
January if a bel ow normal Novenber occurred and fromtable 6 one
woul d al ways forecast a nornal February if a normal Decenber
Qpcurred.

(3) Determine the accuracy of the January and February 1956 to 1975
forecasts based on the actual tenperatures which occurred during
those nonths and using the category boundaries |isted above.

Wth the above procedure it was found that the 1956-75 Sault Ste. Marie
January and February tenperatures based on conditional probabilities from
an independent period of tine (1927-55) were accurate only 6 and 7 of 20
tims, respectively (30 percent and 35 percent). The actual Sault Ste.
Marie forecasts are shown in Appendix B. Simlar forecasts of January and
February tenperatures based on 1927-55 data were made for Detroit and
Escanaba, Mchigan. At Detroit 8 of 19 (42 percent) correct forecasts were
made during both nmonths between 1956 and 1974 and at Escanaba 5 of 20 and
11 of 20 (25 percent and 55 percent) correct forecasts were made during
January and February, respectively. Although conditional probabilities are
no nore accurate or inaccurate than the other techniques eval uated, they
do exhibit greater extremes of success and failure at various stations and
during various nonths. The conditional probabilities allow tenperature
forecasts to be nade nearly 2 nmonths in advance conpared to the [-nonth
range of the other techniques.

One-nont h-i n-advance forecasts were also attenpted at the same stations
by the use of conditional probabilities. January and February forecasts
based on Decenber and January base data from 1927-1955 were accurate in
30 percent of both nonths at Sault Ste. Marie from 1956 to 1975, in 37 per-
cent of Januaries and 47 percent of Februaries (7 and 9 of 19 forecasts) at
Detroit, and in 20 percent of Januaries and 30 percent of Februaries at
Escanaba. These results represent a considerable drop in accuracy fromthe
2-nmont h-in-advance forecasts and overall display little or no skill

5.2 The Markov Chain Process in Long-Range Forecasting

The Markov chain process is nost frequently used to generate synthetic
data on the assunption that the outcome of a given trial depends only on

11




the outcone of the directly preceding trial. In neteorology the use of the
Markov chain process has been limted to studies of the probability of per-
sistence of wet and dry spells. Evaluation of probablities in determ ning
air tenperatures was discussed in section 5.1 and now the concentration
will be on using a Markov chain equation to obtain monthly tenperatures,
rather than tenperature categories. The follow ng equation is used in
hydrol ogi cal studies with Mirkov chains:

rs

_ 1/2
_ = £+1 a
Xt_i_1 = xH_l + St [xt - flt. + 1:15‘:_'_l []ri (1)

wher e Xt_'_l is the upcomng monthly value to be forecast

X1 is the long-term normal value for the same nonth
v

it is the long-term normal value for the antecedent nonth

r is the correlation coefficient between the past val ues of X,
and XH_l

Seyp 1S the standard deviation of nmonth X1 val ues

t. is a standard nornal deviate or random number froma nornal

distribution with a mean of 0 and a standard deviation of 1.

From equation (1) the upcomng nonthly tenperature is dependent on the
| ong-termnormal for that nonth and two additional terns, one of which is
the tenperature departure of the preceding nmonth (multiplied by a correla-
tion coefficient) and the other of which is a random variation term The
success of this equation in forecasting nmonthly tenperatures depends on the
correlation coefficient. A high correlation coefficient will nmake the
tenperature departure from the preceding month a significant factor in the
equation (that term represents persistence) and will decrease the inpor-
tance of the random variation term

In the evaluation of this equation as a long-range tenperature fore-
casting device, January tenperatures were conputed for Duluth from 1960
to 1974 and for Sault Ste. Marie from 1970 to 1975. The January forecasts
were nmade by the use of correlations and departures of tenperature fromthe
preceding Novenber. The ternms in equation (1) now becone:

Xy I8 the January forecast tenperature

§t+l is the long-termnormal January tenperature, which is 6.1°F at
Duluth and 14.1°F at Sault Ste. Mirie

it is the long-term normal Novenber tenperature, which is 28.4°F

for Duluth and 32.8°F for Sault Ste. Mirie

12




r is 0.06 for Duluth and 0.13 for Sault Ste. Marie

st+l is 5.2°F for Duluth and 4.7°F for Sault Ste. Marie
st is 3.8°F for Duluth and 3.2°F for Sault Ste. Murie
t, vari es.

1

The equation for Duluth may be witten as:

Xy =61°F + 208 0:2 x .28 4) +ti (5.2) .96 % (@)

The values_nf_t_,, X , and Xt L are presented in Appendix C along wth
the conpl ete compuation 6f the Da?uth and Sault Ste. Marie January tenpera-
tures for the periods described. By taking the differences between the
January predicted and actual tenperatures, one may obtain the SE and com
pare that to the SE for climatological predictions. The results of that
conputation reveal an SE of 6.8°F for Duluth and 7.5°F for Sault Ste. Mrie,
whi ch conpare unfavorably to climtological SE's of 5.2°F and 4.7°F, res-
pectively. The low correlation coefficients were primarily responsible for
these poor results.

Subsequent anal ysis of the tenperature data revealed that correlations
bet ween December and January tenperatures were only r = 0.28 at Duluth and
r=0.59 at Sault Ste. Marie. These values are still too |ow for the per-
sistence termto be nore influential than the random term  Evaluation of
equation (1) for various values of r indicates that a value of r=0.70 is
needed before persistence e¢oyes equal |y as inportant as random variation
since r =0.70 = (1 - 0.70 ?) Correl ations between tenperatures of any
2 months of the year are never as high as r=0.70 at Sault Ste. Marie or
Duluth. It was also found that removing the randomvariation termfrom
equation (1) and reconputing the January forecast tenperatures only result-
ed in an SE which was equal to the climatol ogical SE and not a significant
| mpr ovenent .

6. CONCLUSI ONS AND RECOMVENDATI ONS

Four techniques for making |ong-range nonthly air tenperature fore-
casts have been anal yzed using wintertime (November through February) data
from around Lakes Superior, Huron, and M chigan. The evaluation was in-
tended to serve as an aid in ice forecasting on the Geat Lakes. Once an
accurate air tenperature forecasting technique is determned, its applica-
tion to ice forecasting would be relatively easy since the number of freez-
i ng degree-days needed to cause ice formation in many harbors, bays, rivers,
and over certain parts of the Lakes have already been established (R chards,
1964; Snider, 1974). The four techniques evaluated foraccuracy and appli-
cability as long-range tenperature forecasting tools were:

(1) The use of the Q@O
13




(2) The published forecasts of the AMAD
(3) Conditional probability
(4) The Markov chain equation.

Techniques (1) and (4) were used to derive nonthly tenperature val ues and
techni ques (1), (2), and (3) were (also) used to nake tenperature category
forecasts.

Throughout the evaluation of these techniques, the purpose was to
delineate nethods by which the standard |ong-range forecasting techniques
(Barry and Perry, 1973) could be applied. It was also necessary to es-
tablish an inpartial evaluation of the accuracy of the Amwo forecasts so
that they could be conpared to the other techniques. Several years of data
fromat |east one station was generally used to eval uate the accuracy of
the techniques. Although data fromnore stations woul d have hel ped nake
concl usi ons mere statistically significant, some reasonable tentative
concl usions, conparisons, and recomrendations my be made.

It was shown in sections 3 and 5.2 that using the QBO and the Markov
chain equation did not inprove upon climatology forecasts of nonthly tem
peratures. Simlar poor results were obtained when attenpting tenperature
category forecasts by using conditional probabilities (section 5.1). Two-
mont h-i n-advance conditional probability forecasts fluctuated in accuracy
frombetter than, to worse than no-skill forecasts, with overall inprove-
ment on chance at the three stations analyzed. There was no skill exhibit-
ed in nmost of the |-nonth-in-advance forecasts, however, and that casts
doubt upon the usefulness of the technique. Analysis of data fromnore
stations would help resolve this question.

The AMAD forecasts were found to be consistently slightly nore accu-
rate than chance at the three stations analyzed. The QBO tenperature
category forecasts also inproved over no-skill forecasts at the one station
which was analyzed. Further evidence of the useful ness of a QBO based
forecasting technique was given by Rogers (1975), who devel oped a nethod
for making long-range forecasts of maximum ice extent on the Geat Lakes.
As a result it is recomended that the AMwo forecasts, which presently are
used by many ice and weather forecasters, be used in conjunction with anal-
ysis of 12-month running mean tenperatures at the stations of interest to
the forecaster. These 12-month running means, as evaluated in section 3,

i ndi cate whether or not a trend exists for current nmonthly tenperatures

to be higher or lower than those of the same month of the previous year.
This in turn, with the actual tenperatures fromthe past year, wll enable
one to obtain an additional forecast of the upconming nonthly tenperature
category. The 12-memth running means were accurate during 45 percent of
the nmonths at Duluth and woul d in many cases be capabl e of deternining

whi ch tenperature category is unlikely to occur during the upcom ng nonth.
Conbi ni ng know edge derived fromthe running means with the 4AMW0 can give
a forecaster a nore solid basis upon which his predictions can be nade, and
over a period of time, this could lead to a forecasting accuracy which
woul d surpass that of the techniques when considered individually.
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APPENDI X A, H NDCASTS OF TEMPERATURES FOR SAULT STE. MARIE,
M CH GAN, AND DULUTH, M NNESOTA, BY USE OF THE BO

H ndcasts for Sault Ste. Marie were nade for January 1939 through 1975.
The colums shown bel ow indicate the steps used in the QBO forecasting tech-
nique to obtain the hindcast date. The nost inportant factor, the expected
change in tenperature from last years temperature, based on the upward or
downward trend of the @O is as follows: for an upward trend the change
averaged 6.0°F, for a downward trend, 4.9°F. Based on the position of the
curve i n Decenber and the final result (if it was extremely anomal ous), some

of those tenperature changes were revised and are indicated by an asterisk (*).

Table A 2 is a sanple of the category (above normal, below nornal, or
normal tenperatures) hindcasts for Duluth from January 1962 through Decenber
1964. The format is the sanme as for Sault Ste. Mrie, above; however, now
category hindcast accuracy' is the inportant factor. Table A1 is used for
the expected curve change val ues in nost cases.

Table A.1. Hindeasts of Temperatures by Use of the QBO

(a) (B) () (D) (E)
Mean Expect ed Predicted  Actual Absol ute
Tenperature Change in Mean Mean Error, °F
Last Year, °F Tenperature Tenperature Tenperature
Based on °F °F
B0, °F
Jan. 1939 11.9 3.6% 15.5 16.1 0.6
Jan. 1940 16. 1 -4.9 11.2 12.2 1.0
Jan. 1941 12.2 6.0 18.2 14. 4 3.8
Jan. 1942 14. 4 -4.9 9.5 14.5 5.0
Jan. 1943 14.5 -4.9 9.6 11.3 1.7
Jan. 1944 11.3 6.0 17.3 23.7 6.4
Jan. 1945 23.7 -7.2% 16. 5 7.2 9.3
Jan. 1946 7.2 6.0 13.2 15.9 2.7
Jan. 1947 15.9 -3.6% 12.3 17.3 5.0
Jan. 1948 17.3 -4.9 12. 4 9.6 2.8
Jan. 1949 9.6 6.0 15.6 18.6 3.0
Jan. 1950 18.6 -4.9 13.7 15. 4 1.7
Jan. 1951 15. 4 1.2" 16.6 14. 4 2.2
Jan. 1952 14. 4 3.6% 18.0 17. 4 0.6
Jan. 1953 17.4 -4.9 12.5 18.8 6.3
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(A) (B) () (D)

Jan. 1954 18. 8 -4.9 13.9 11.2 2.7
Jan. 1955 11.2 3.6%* 14. 8 16. 8 2.0
Jan. 1956 16.8 -4.9 11.9 16. 3 4.4
Jan. 1957 16. 3 2.4% 18.7 8.4 0.3
Jan. 1958 8.4 6.0 14. 4 17.1 2.7
Jan. 1959 17.1 -4.9 12.2 11.2 1.0
Jan. 1960 11.2 6.0 17.2 18.2 1.0
Jan. 1961 18.2 -4.9 13.3 10.7 2.6
Jan. 1962 10. 7 3. 6" 14. 3 10.5 3.8
Jan. 1963 10.5 3.6% 14.1 8.4 5.7
Jan. 1964 8.4 6.0 14. 4 20.6 6.2
Jan. 1965 20.6 -4.9 15.7 12.0 3.7
Jan. 1966 * 12.0 3.6" 15. 6 10. 4 5.2
Jan. 1967 10. 4 2.4% 12.8 17.3 4.5
Jan. 1968 17.3 ~3.6% 13.7 11.5 2.2
Jan. 1969 11.5 6.0 17.5 15.5 2.0
Jan. 1970 15.5 -4.9 10. 6 9.6 1.0
Jan. 1971 9.6 6.0 15.6 9.6 6.0
Jan. 1972 9.6 6.0 15.6 13.7 1.9
Jan. 1973 13.7 3.6% 17.3 19.1 1.8
Jan. 1974 19.1 -4.9 14.2 14.5 0.3
Jan. 1975 14.5 3.6% 18.1 18.4 0.3
Mean 14. 3

SE 4, 3.91

* Temperature changes were revised.
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Table A.2. Hindeast Categories for Duluth, Minnesota

(a) (B) (€) (D) (E) (F)
Mean Expected Predicted  Normal Hindcast Act ua
Temperature Curve Mean Tenperature Cat egory Cat egory
Last Year, °F Change Tenperat ure Range,°F
°F
Jan. 62 7.9 -4.0 3.9 5.7-11.3 Bel ow Bel ow
Feb. 62 19.7 -6.0 13.7 9.9-14.3 Norm Bel ow
Mar. 62  29.3 -5.8 23.5 20.7-26.3 Norm Norm
Apr. 62  35.4 -2.0 33.4 36.7-39.3 Bel ow Below
May. 62  49.7 -2.5 47.2 47.7-50.5 Bel ow Norm
June 62  61.3 -2.2 59.1 57.4-60. 2 Norm Bel ow
July 62 65.1 -2.5 62. 6 63. 2-66. 6 Bel ow Bel ow
Aug. 62 67.6 -3.6 64. 1 61.3-64.9 Norm Norm
Sep. 62 54.6 -4.0 50.6 52.2-56.2 Bel ow Bel ow
Cct. 62 45.0 -4.9 40.1 43.6-47.0 Bel ow Norm
Nov. 62 29.1 -2.8 26. 3 26. 4-30. 4 Bel ow Above
Dec. 62 12.9 2.3 15.2 12.0-16.8 Norm Norm
Jan. 63 3.4 13.5 16.9 5.7-11.3 Above Above
Feb. 63 7.5 5.5 13.0 9.9-14.3 Norm Bel ow
Mar. 63  24.3 8.2 32.5 20.7-26.3 Above Above
Apr. 63  34.2 3.6 37.8 36.7-39.3 Norm Above
May 63  50.1 2.9 53.0 47.7-50.5 Above Norm
June 63  56.8 3.1 59.9 57.4-60. 2 Norm Above
July 63  60.7 3.8 64.5 63. 2-66. 6 Norm Above
Aug. 63 61.8 2.2 64.0 61.3-64.9 Norm Norm
Sept.63  51.9 2.8 54.7 52.2-56.2 Norm Above
Qct. 63 45.1 4.6 49.7 43.6-47.0 Above Above
Nov. 63  33.8 1.8 35.6 26. 4-30. 4 Above Above
Dec. 63 14.6 4.2 18.8 12.0-16.8 Above Bel ow
Jan. 64 0.9 13.3 14. 2 5.7-11.3 Above Above
Feb. 64 7.1 5.5 12.7 9.9-14.3 Norm Above
Mar. 64  27.5 -5.6 21.9 20.7-26.3 Norm Bel ow
Apr. 64  40.9 -2.0 38.9 36.7-39. 3 Norm Norm
May 64  49.6 -2.5 47.1 47.7-50.5 Bel ow Above
June 64  61.3 -2.4 58.9 57.4-60. 2 Norm Norm
July 64 66.8 -2.6 64. 2 63. 2-66. 6 Norm Norm
Aug. 64 62.9 -3.6 59.3 61.3-64.9 Bel ow Bel ow
Sept.64  57.8 -4.0 53.8 52.2-56. 2 Norm Norm
Cct. 64  56.0 -4.9 51.1 43.6-47.0 Above Norm
Nov. 64  35.7 -2.8 32.9 26.4-30.4 Above Norm
Dec. 64 9.6 -5.0 4.6 12.0-16.8 Bel ow Bel ow

P IR o
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APPENDI X B.  CONDI TI ONAL PROBABI LI TY H NDCASTS OF JANUARY AND FEBRUARY
TEMPERATURE CATEGCORI ES AT SAULT STE. MARIE, M CH GAN

Table B. 1 gives the conditional probability hindcasts for January
1955 to 1975 based on antecedent Novenber tenperature categories and the
most frequent follow ng January categories found in table 5 of section 5.1.

Tabl e B.2. gives conditional probability hindcasts for February 1955
to 1975 based on antecedent Decenber tenperature categories and the most
frequent follow ng February categories found in table 6 of section 5.1.

Table B.l. Hindeasts of January Temperature Categories
at sault Ste. Marie, Michigan

W nt er Mean Novenber 'Tabl e Act ual Act ual
Novenber Cat egory Hindcast January Mean  January
Tenperature, Cat egory Tenperature, Category
°F °F
1955- 56 29.73 Bel ow Nor nal 16. 32 Nor nal
1956- 57 33.00 Nor nal Nor nal 8. 45 Bel ow
1957- 58 34. 80 Above Above 17.10 Nor mal
1958- 59 34.53 Nor nal Nor mal 11.16 Bel ow
1959- 60 26. 07 Bel ow Nor nal 18. 23 Above
1960- 61 36. 27 Above Above 10. 68 Bel ow
1961- 62 34. 30 Nor nal Nor nal 10. 48 Bel ow
1962- 63 34.10 Normal Normal 8.35 Bel ow
1963- 64 38.77 Above Above 20. 55 Above
1964- 65 34.97 Above Above 11. 97 Bel ow
1965- 66 32.17 Nor mal Nor nal 10. 42 Bel ow
1966- 67 30.43 Bel ow Nor nal 17. 32 Nor nal
1967- 68 29.00 Bel ow Nor mal 11.52 Bel ow
1968- 69 31. 60 Nor nal Nor nal 15. 48 Nor nal
1969- 70 32.87 Normal Nor nal 9.61 Bel ow
1970-71 32.87 Nor mal Nor nal 9.55 Bel ow
1971-72 31.53 Nor nal Nor nal 13.71 Nor nal
1972-73 32.43 Nor nal Nor nal 19. 10 Above
1973-74 33.10 Nor nal Normal 14. 48 Nor nal
1974-75 32.82 Nor nal Nor nal 18. 35 Above
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Table B.2. Hindecasts Of February Temperature Categories
at Sault Ste. Marie, Michigan

Wnter Mean December Tabl e Act ual Act ual
Decenber Cat egory Hindcast February Mean January
Tenperature, Cat egory Tenper at ure, Cat egory
°F °F
1955- 56 17.09 Bel ow Bel ow 18. 31 Above
1956- 57 19. 84 Nor nal Nor nal 16. 82 Nor mal
1957-58 23.61 Nor mal Normal 11.54 Bel ow
1958- 59 11.19 Bel ow Bel ow 9.82 Bel ow
1959- 60 24. 90 Above Above 17.17 Nor mal
1960- 61 16. 58 Bel ow Bel ow 19. 18 Above
1961=62  20.77 Nor mal Nor nal 8.39 Bel ow
1962- 63 18.55 Bel ow Bel ow 6. 54 Bel ow
1963- 64 16. 23 Bel ow Bel ow 16. 71 Norm 1
1964- 65 17. 45 Bel ow Bel ow 12.71 Bel ow
1965- 66 26.71 Above Above 19.04 Above
1966- 67 19. 00 Nor nal Nor mal 7.64 Bel ow
1967- 68 22.23 Nor mal Nor nal 10. 61 Bel ow
1968- 69 18. 26 Bel ow Bel ow 18. 29 Above
1969-70 19. 48 Nor mal Normal 10. 07 Bel ow
1970-71 17.35 Bel ow Bel ow 13.00 Bel ow
1971-72 22.13 Nor mal Nor mal 11. 48 Bel ow
1972-73 18. 68 Bel ow Bel ow 14. 54 Nor mal
1973-74 19. 19 Nor mal Nor nal 9.64 Bel ow
1974-75 24. 74 Above Above 19. 18 Above
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APPENDI X C.

HINDCAST AND ACTUAL JANUARY TEMPERATURES FCR SAULT STE. MARIE,
M CH GAN, AND DULUTH, M NNESOTA, BY USE OF THE MARKOV CHAI N PROCESS

Thi s appendi x contains a sanple of the Markov chain process for the
January tenperature hindcast for Duluth (table C 1) and Sault Ste. Marie
(table C 2) based on Novenber tenperatures and correlation coefficients
between Novenber and January. The following terns and constants are needed
to solve equation (1) (see section 5.2):

Xt+l

X

t

+1 =
v

%

unknown January tenperature to be conputed

6.1°F for Duluth and 14.1 for Sault Ste. Marie (colum A)

antecedent Novenber tenperature (colum C bel ow)

28.4°F for Duluth and 32.8°F for Sault Ste. Marie
0.06 for Duluth and 0.13 for Sault Ste. Murie
5.2°F for Duluth and 4.7°F for Sault Ste. Murie
3,8°F for Duluth and 3.2°F for Sault Ste. Marie. From
s, +1

St
equation (1) equals 0.0828 for Duluth and 0.191 for

Sault Ste. Marie and is given in colum B of the
t abl es bel ow

of

t hese constants r, st+l, and St the termr

random nunber (given in colum E bel ow).

Colum D is the conputation of colum B tinmes colum C

. 1/2
Colum Fis s (1-:9%2%

Columm G is the conputation of colum E tines colum F.

Colum His the conputation of colum A plus colum D plus
Colum G and is equivalent to the hindcast tenperature
Xt+l above.

Colum | is the actual January tenperature.

Colum J is the hindcast error or the difference between
Colums H and | (absolute value).
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the January Temperature Hindeast

for Duluth, Minnesota, From 1960 Through 1974

Markor Chain Process f or

Table C. 1.
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= 6.79°F.

The SE of colum J

By adding only colums A and D, one would obtain January hindcasts

Those val ues woul d have an SE = 5.2°F,

w thout the random conponent.

equivalent to climatol ogy.
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the January Temperature Hindeast

Sault Ste. Marie, Michigan, From 1907 Through 1975

Markov Chain Process f or

for

Table C.2.
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Jan. 4y (B (C) (D) (E) (F) (6) (H) (1) (3

1949 141 0.19 4.6 0.88 -0.33 4.66 -1.54 13.4 18.6 5.2
1950 141 019 -2.8 -0.54 -0.76 4.66 -3.54 10.0 15.4 5.4
1951 141 019 -2.8 -0.54 -2.16 4.66 -10.1 3.5 144 10.9
1952 141 019 -6.1 -1.16 -0.8 4.66 -3.96 9.0 17.4 8.4
1953 141 0.19 2.1 0.40 0.39 4.66 -1.82 16.3 18.8 2.5
1954 141 0.19 5.5 1.05 -0.17 4.66 -0.79 14.4 11.2 3.2
1955 141 0.19 3.5 0.67 -0.97 4.66 -4.52 10.2 16.8 6.6
1956 141 0.19 -3.1 -0.59 0.52 4.66 2.42 15.9 16.3 0.4
1957 141 0.19 0.2 0.04 0.05 4.66 0.23 14.4 8.4 6.0
1958 141 0.19 2.0 0.38 -0.54 4.66 -2.52 12.0 17.1 5.1
1959 141 0.19 1.7 0.32 -1.91 4.66 -8.90 5.5 11.2 5.7
1960 14.1 0.19 -6.7 -1.28 -1.28 4.66 -5.97 6.9 18.2 11.3
1961 14.1 0.19 3.5 0.67 0.12 4.66 0.56 14.0 10.7 3.3
1962 14.1 'D.19 1.5 0.29 2.11 4.66 9.84 24.2 10.4 13.8
1963 141 0.19 1.3 0.25 -1.74 4.66 -8.11 6.2 8.4 2.2
1964 141 0.19 6.0 1.15 -1.97 4.66 -9.18 6.1 20.6 14.5
1965 141 0.19 2.2 0.42 -0.36 4.66 -1.68 12.8 12.0 0.8
1966 14.1 0.19 -0.6 -0.12 -0.66 4.66 3.08 10.9 10.4 0.5
1967 141 0.19 -2.4 -0.46 -1.66 4.66 -7.74 5.9 17.3 11.4
1968 141 0.19 -3.8 -0.73 0.27 4.66 1.26 14.6 11.5 3.1
1969 14.1 0.19 -1.2 -0.23 1.20 4.66 5.59 19.5 15.5 4.0
1970 14.1 0.19 0.1 0.02 -0.75 4.66 -3.50 10.6 9.6 1.0
1971 141 0.19 0.1 0.02 0.72 4.66 3.36 17.5 9.6 7.
1972 141 0.19 -1.3 -0.25 0.82 4.66 3.82 17.7 13.7 4.0
1973 141 0.19 0.4 -0.08 -1.05 4.66 -4.90 9.1 19.1 10.0
1974 141 0.19 0.3 -0.06 -0.50 4.66 -2.33 11.7 14.5 2.8
1975 141 0.19 0.0 0. 00 1.33 466 6.20 20.3 18.4 1.9

The SE of colum J = 7.50°F.
By adding only colums A and D, one would obtain January hindcasts

.without the random conponent. Those values would have an SE = 4.7°F,
equivalent to climatology hindcasts.
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