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PROBABILITY CHARTS FOR PREDICTIG ICE THICKNESS

G, P. Williams m.ElcC.,

Research Officer, Snow and lce Section,

Division of Building Research, National Research Council of Canada, Ottawa

N RECENT YEARS there has been

an increase in available informa-
tion on the thickness of ice covers at
various sites in North America. In
1953 Currie! made a study of ice
thickness and snowfall for the Prairie
Provinces and the Northwest Territo-
ries; in 1954 Ryder? compiled ice
thickness records in the Northern
Iemisphere for the American Geo-
graphical Society; and during the
winter of 1958-59 the Meteorological
Branch of the Department of Trans-
port established a continuing program
of weekly ice thickness measurements
on bodies of water adjacent to sel-
ected meteorological stations in Can-
adad,

There are a number of reasons for
this recent increase in ice thickness
observations. Empirical and theoreti-
cal studies have shown that the bear-
ing capacity of an ice cover is pro-
portional to the square of the ice
thicknesst. Before the Dbearing capa-
city of an ice sheet can be estimated,
therefore, the thickness must be meas-
ured or estimated. Ice thickness rec-
ords arc also required by engineers
for predicting possible ice pressure
against dams and for consideration in
designing water supply intakes where
the source of supply is a frozen lake,
river or harbour. A record of expected
ice thickness is useful also to hydrol-
ogists concerned with river run-off or
the prediction of the amount of ice
that will be melted during the spring
break-up of lakes and rivers.

The most satisfactory method of ob-
taining information on ice thickness is
by routine measurement of ice thick-
ness for a number of years at a num-
ber of sites. In Canada, with its thou-
sands of lakes, rivers and harbours
frozen for many months of the year,
however, it will always be difficult to
have an adequate number of thesc ice
observation stations. Often it will be
necessary to estimate ice thickness at
sites several hundred miles away from
the nearest ice observation statiou,

Under these circumstances it s
usual to estimate ice thickness nsing
formulac that rclate ice growth to
meteorological factors. Tn this paper
an alternative method of predicting
ice thickness and rate of growth is
proposcd. Probability charts prepared

from ice thickness observations now
available in North America are pre-
sented. These charts provide informa-
tion on the probable rate of increase
of ice thickness during the ice growth
period and the probable maximum
thickness that will be attained under
a wide variety of site conditions in
North America.

Formation of Natural Ice Covers
To appreciate the limitations of
probability charts or more elaborate
mcthods for predicting ice thickness
it is necessary to understand the
various ways an ice cover can form.
As several authors have described the
formation and development of natural
ice covers in detail®8, only a brief
outline will be given in this paper.
Under normal conditions there is a
temperature gradient in the ice cover.
Heat flow along this gradient leads
to an increase in the thickness of the
cover by the formation of ice at the
interface between the ice and water.
If the ice is thin and the air tem-
perature much below freczing, the
temperature gradient and associated
heat flow will be relatively large and

a rapid increase in ice thickness will
result. As the ice cover increases in
thickness  the temperature gradient
usually decreases and the ice grows at
a progressively slower rate. Fre-
quently, the average air temperattire
decreases at the same time and partly
offsets the effcct of increasing ice
thickness on the temperature gradient.

If there is an insulating layer of
snow on the ice cover it will reduce
the temperature gradient through the
ice and the rate of growth will de-
crease accordingly. If the snow cover
is deep enough, the temperature at
the ice-snow interface can be very
close to 32°F and ice growth will be
negligible. As the insulating value of
snow can be as much as ten times
that of ice, depending on its density,
snow cover on the ice has an import-
ant influence on the rate at which
an ice cover thickens,

Ice docs not always grow down-
ward from its lower surface. If the
snow cover is heavy enough the upper
surface of the ice can be depressed
beneath the hydrostatic water level
so that water is forced up through
holes and cracks and floods the sur-

Fig. 1--Regions used for ice thickness probability studies




face. The slush that forms and freezes
on the top is sometimes called white
jce because of its colour. Its growth
depends on the amonnt of snow that
falls on the ice cover and on the
meteornlogical conditions that prevail
after the surface has Leen (ooded
If the weather s cold enongh, the
freezing slash on the sarlace can pro-
duce a vapid increase in total ice
thickness, I wild weather prevails,
especially i the snow is nol wetled to
its full depth, a layer of slush can
remain - unfrozen.  Sandwiched  he-
tween the snow and the ice, or he-
tween two layers of ice, this slushy can
produce poor conditions {or vebicle
traffic. Such water or slush Tavers can
also be produced by melting and run-
ol duving: mild periods,

Frome aconsideration of the process
ol ice cover Llanation, it is clear that
the thickness of ice and the depth of
snow on the cover are ngor factors in
determining the rate alwhich ice will
thicken. The weather conditions that
orcur during the period of ice forma-
tion arc also important in determining
the rate of heat loss from the surface.
The main meteorological variables al-
fecting heat loss at the surface are the
air temperature, total net radiation,
wind velocity and relative hamidity.
Of these air temperature is the most
important for ice thickness predic.
tions normally reguired by engineers,

If theorctical or empirical form-
ulae me nsed o predict gee thick-
ness, quite detailed observations on
weather, ice and snew cover condi-
tions arc required. The accuracy of
the prediction will depend not only
on the validity of the lormutae used
but also on the aceuracy with which
weather conditions and snow and ice
cover properties required Tor the cal-
culation, can he predicted. Because
of the difficulties at many sites in
measuring and predictinmg the required
variables, the use of these formulac
is often  unsatisfactory.  Probability
charts based on past ice thickness ob-
servations offer a useful alternative
for predicting ice growth rates and
ice thickness, partionlaly for sites
where details of weather, snow and
e conditions are not available,

Analysis Procedure

Two sources of dee thickness vee-
ords were used in the wldvsis. These
wore Roeder's study of dee thickness
on Tukes and rivers in the Nothern
Hewisphore®, and o recent compibi-
tion ol ice thickness measirements
taken by the Meteorological Brunch
of the Department of Transportd. Tlie
compiled by Rvder weve
somewhat sporadie, usualty with ondy
two o oee vears of continmoas ob
Dletails sneli as

H'\‘Ul'(].‘~2

Ssetvaloen ol oo ale

depth aud density of snow or guality
of ice were often not recorded, Never-

theless, these records were useful as

they were from many different geo-
graphical Jocations in the Northern
[emisphere and probably covered a
wide yinge of comlitions. Most of the
ice thickness observations taken by the
Meteorologrical Branch were obtained
in the Aretic and sub-Aretie at weekly
intervals.

As the availuble reconds were lim-
ited and covered a Large geographical
area, no attempt was made to make
a detailed analysis of individual sta-
tions. Rather, the total arca was
broken down into six general regions
(Fig. 1), which are listed in Table |
with the number of dce observations
vsed i the anaduesis,

From these obaervations the aver-
apre vate of dee growth was calendated
for two-week periads Trom the time
ie {ivst started to Torm until maxi-
muam ice thickness was attained, On
the average, this ice growth period
varies from about six to scven months
in the Far North (October-April) to
about two to three months in the
sonth  (December-February). Growth
rales were grouped sccording to initial
ice thickness in the following manner:
(1) Initial ice thickness at the begin-

ning of twoweek period less than
10 i {or all regions (for a came-
parison ol ice-growth rates when
the ice s thin).

(2} nital dee thickness at bheginoing
ol twoweek period from O to 20,
20 to 10 and over 40 in. in Re-
vions 3, 1, 5 and 6. (As ice thick-
nesses e normally Tess than 20
. in Regions 1 oand 2, the ree-
ords available were not complete
cnongh 1o warrant - subdividing
these areas further)

The above  dassitication  of  dce-
rowth rates by vewion and dee thick-
ness was sclected after severnd trial

classifications. These pr nary shi-
dies indicated that the break-down is
aderuate for the purposes of  this
paper. A more detailed classilication
was not justilicd biccanse of linita-
tions on the acevraey and lenpth of
ice thickness records  available for
analvsis,

The growth rates were divided in-
to olass intervals covering the ob-
S('l‘\'('(] rangle ol ree ;:H'u\\’lll (R };\k(‘,‘i,
rivers and harbours, Fregueney dis-
tributions were then made o dee-
groswth rates for cach region and
ranve ol dnitial ice thickness. These
distributions wioee then plotted as
cumnlative Trequency carves on arith-
mictic probability papers Several of
these requenev curves were then
plotted o one dvam 1o make up
wlaat ds termed i this paper. a pro-
babdite cluat

Probability Charts Gbtained
From Analysis

Pigwe 22 shows the frequency cur-
ves plotted an probability paper for
all i obuerved  jec-growth  rates,
witheat aoned to snow depth, for
the <hiterent regions and 1snges of
initinl e thickness.

Iigmre 200 gives the  distvibution
curves Toy the sixovegions when jee
thickness at the beginning of the two-
week averaging periad was less than
10 in. Region 4, [resh waler Takes and
vivers from Jatitude 60 to TOYN, was
not inciuded beeause there avere in-
sulficient observations 1o warrant ana-
lvsis. The distribution carve for salt
water indicates  that seacice thickens
more aapidly than freshavater ee
probably heepase the hieat of fusion
of salbawvater fvc s less than that o
freshavater dee wnd the dec-growth
vate s Larger tor the some rate of
Licat Joss. The freshwater curves in-
dicate a slightly higher rate of growth
for more northerly regions, although
not as much as, might be expecterd; the
difference is not great beceause the
weather conditions that prevail dur-
ing Trecze-up are approximately the
same for all vegions. A map giving
average freeze-up dates and monthe
when average ain conperadure is 3271
was prepared by Barbidge and Laa-
der®. 1t shows that the averare date
of freeze-ap almest coincides wiih the
dade when the sverage air tempera-
ture is 32°1% Ty the Far North ol
Canada freeze up ocenrs daring Sep-
tember. wheveas in the south it s
carly i Pecamber,

Figure 2b gives distribution curves
for Revions 3 and 4 for different
ranges of ice thickness, There is com
paratively litthe displacanent i the
frequency curves for different thicl
ness ranges, and it is apparent thiat s
the winter scasen progr s e de-
crease in rate o heat loss due o i
creasing ice thickness and snow depth
is  largely  offset by omore severs
weathier conditions. Hence the ranpge
ol icerowth rates is onlv slightly
higher Tor ice thickness nnder 20 i
tian for fce thickness i the range 20
to -0 i or A0 mLand gedter. The
reason the probability curve for ice
thicknesses of 40 in. or aorer is ap-
parentle slightlv Ligher dan that for

“the 20- to A0dn. range may be din

o iosulficient obsenvations.

Fipure 26, showing the distribution
curves for salt vater in Regions 5
and 6, indicates that the rate of dce

wrowth decrcases with increasing ice

thickness. This decrease mnv be due
i peat to the depesdeace of e spw
cifi hoat ol sea dce un teraperatre,
3 ".';1-1
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Fig. 2—lce growth rates plotted as probability

plots showing the effect of snow
depth on ice-growth rates. Probability
curves have been prepared showing
ice-growth rates with  snow  cover
depths less than 2 in. and 6 in. or
more for all stations where snow
depth was recorded.

Figure 3a shows that the average
rate of ice growth with snow cover
less than 2 in, for ice thicknesses from
0 to 20 in., is from 2 to 2.5 times as
great as that when the depth of snow
exceeds 6 in. The limited rccords
available for analvsis indicated that
the rate of sca-ice growth was higher
than that of fresh-water ice for these
ranges of ice thickness and snow cover
depth. Again, this is probably the re-

0
2 5 10 20 40 60 80 90

E IS EXCEEDED

curves for different regions in North America

sult of the lower heat of fusion of
sca-ice.

Figure 3b shows that for an ice
thickness range of 20 to 40 iu. the
average rate of ice growtlr with snow
cover less than 2 in. is more than
twice the growth rate with a snow
cover 6 in. deep or greater,

In this analysis of the effect of
snow cover on ice-growth rates at
least three cases were noted where
the dce-growth rate was  extremely
high although snow cover was deep.
These were not used in preparing
Figs. 3a and 3bh. The growth rates
(in these cases) varied from 8 to 10
in. per week for snow cover over 10
in. deep and initid dee thickness un-

der 20 in. During these periods of
rapid growth the reported depth of
snow decreased from 10 to 6 in. or
less. It would appear that these ice-
growth rate anomalies were related to
while ice or “snow ice” formation.

It meteorological  conditions  are
highly favorable for ice growth, par-
ticularly when the ice cover is thin,
large rates of ice growth can probably
occeur during one or two-day periods.
It is unlikely that such extreme con-
ditions would continue for two weeks.
The probability curves shown on Figs.
2 and 3, therefore, give the average
upper and lower limits of ice-giowth
rates that can be expected for two-
week periods. It would be expected
that the deviations on cither side of
the 50% time line should correlate
with the deviation of the actual aver-
age weather for the period from the
climatological average. Unfortunately,
the number of ice thickness records
available was not sufficicut to check
this hypotlhesis.

Use of Probability Charts to
Predict lce-Growth Rates

Probability charts are based on eb-
servations taken from the time ice
first starts to form until maximnm ice
thickness is developed and are valid
for this period only, With these charts
the probable rate of ice growth and
ice thickness can be estimated at a
site at any time during this ice growth
period.

If, for example, the icc cover on a
fresh-water lake is 6 in. thick, and 16
in. is required for a given load, how
long will it take for the thickness to
increase from 6 to the required 16
in.? Irom TFig. 2b one can say that
50% of the time the ice cover will
grow at a rate of 5 in./14 days. Thus
on the average it will take four wetks
to increase 10 in. in thickness. If,
however, there is deep snow on the
ice and the weathier is relatively mild
the growth rate could be as low as 2
in./14 days (90% of time). Conver-
sely, if the air temperature is below
normal during this period and there
is no snow cover the growth rate
could be as high as 10 in./14 days or
greater (10% of time), and the re-
quired growth would occur in two
\\'('(‘]\'S.

It is evident that- the rate of "ice
arowth can vary widely, depending
on snow cover and weather. condi-
tions. With the aid of past weather
records and predicted weather condi-
tions, an obscrver can put limits on
the expected rate of ice growth and
ice thickness obtained from the pro-
bability: charts and make operational
decisions based on this information,
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Fig 3—Ice growth probability curves showing effect of snow cover on ice growth rates

The merits of removing the snow
cover or of accelerating ice growth by
flooding or snow compaction can be
more readily assessed with this knowl-
edge of the possible limits of natural
ice growth.

It should be kept in mind that the
main reason for variation in observed
icc-growth rates is the natural varia-
tion that occurs in snow depth and
weather conditions. This natural vari-
ation introduces uncertainty into esti-
mates of ice-growth rates, whether the
estimates are made by use of for-
mulac or by probability charts. Pre-
diction of ice-growth rates from pro-
bability charts based on actual obser-
vations arc probably at least as reli-
able and usually more convenient than
predictions based on formulac.

Maximum lce Thickness

An estimate of maximum ice thick-
ness is often required in such engi-
ncering problems as the design of
dams for maxinmm ice pressure or the
design of water intakes operating un-
der winter conditions, If ice thickness
nbservations are not availuble at a
site, an estitnate ol the thickness can

be obtained from the information on
the rate of ice growth compiled in
this study. Using average ice-growth
rates it is possible to relate ice thick-
ness to the length of the period of
ice growth. The average rates of
growth for avcrage weather condi-
tions, snow cover less than 2 in. and
snow cover greater than 6 in., have.
been used to plot the ice-growth lines
shown on Fig. 4

Obscrvations on maximum ice thick-
vess for cases where the date of
freeze-np was recorded were plotted
on Fig. 4 against the number of days

from frecze-up to the time of maxi
mum ice  thickness. The observed
values full within the limits obtained
from the probability eurves. It was
noted that for arcas in the Far North
plotted points tend to be nenr the
upper limit of no snow cover, An ex-
planation could be that at these north-
ern’ sites ice covers are blown clear of
snow; a cover greater than 6 in. sel-
dom persists for the cutire ice forma-
tion period. Similarly, in southern re-
gions plotted points tend to be nearer
the lower limit, indicating that sig-
nificant snow cover occurs mord fre-
quently on ice in these areas. It
should be noted that there is an upper
limit to maximum ice thickness at
every site, governed partly by the
length of the ice-growth period; this
varies from a few wecks in the south
to as much as 230 days in the Far
North. . .

As maximum ice thickness at a
partieular site will vary from season
to scason, observed maximum ice
thicknesses should be used whenever
available in preference to other in-
formation. In a recent circular the
Meteorological Branch compiled in-
formation on maximum ice thicknesses
on lakes aud rivers in Canada®, Bilello
has prepared preliminary climatologi-
cal maps of maximum ice thicknesses
for Arctic and sub-Arctic regions®.
For sites where maximum ice thick-
ness observatlions are not available the
limits shown on Fig. 4 can provide
uscful information that may be satis-
factory for many design problems.

Heat Conduction Through
lce Covers

It is possible to estimate the limits
of the expected heat loss by conduc-
tion through ice covers by convert-
ing icc-growth rates given in the pro-
bability charts to rale of heat loss.
This information might be uscful for
certain design probleims.

Table IT gives the probability of
occurrence  of a given heal loss
through freshwater ice, assuming the
heat of {usion for ice is 144 Btu/lb.

TABLE 1 :

Location and Number of Observations of Ice

Thickness Used in Analysis

Noa. of .
Obscrvations " Classification
Region 1 -— Mid-weslern states and 107 I'resh-water
Southern Manitoba liakes and rivers
Repion 2 New England States 106 I'resh-water
: Likes and rivers
Region 3 ~- Canada east of Rockies 261 Fresh-witer
and south of Iatitnde 60°N lankes nntl vivers
Region 4 - Latitude G0°N to 70°N 385 Fresh-water
Lnkes and rivers
legion b - Lativade GO°N to 709N 483 Salt-wiler
tegion 6 Ahoye Tntitnde 707N 677y barhon

'
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Fig. 4—The relationship between tho number of days from freezo-up to maximum ice
thicknoss

The calculation was not carried out
for sca-ice; this calculation is not dif-
ficult, but it does require a knowl-
edge of the dependence of the heat of
fusion of sea water on salinity and
of the dependence of the specific heat
of sea-ice on temperature and salinity.

For shorter periods heat conducted
through the cover can exceed the
rates listed in Table 11, but for periods
of two weceks or more the values given
should be quite representative of the
average heat loss that will ocear.

In the Far North where there is no
short-wave solar radiation during the
mid-winter months, the heat conduc-
ted through the cover equals the heat
losses due to long-wave radiation,
evaporation and convection. In south-
ern arcas the amount of short-wave
radiation absorbed by a snow or ice
surface should he added to the values
in Table II to give the combined heat

short-wave radiation absorbed by an
ice cover would be about 200 to 275
Btu/sq ft/24 hr, or about cqual to
the 50% value listed in Table II.

CONCLUSIONS

This analysis of ice-thickness obser-
vations on a rcgional basis indicates
that probability charts can be used to
obtain a recasonable estimate of the
probable rate of ice growth and ice
thickness at any site in Canda. The
average ice growth rates shown on
the probability charts can also be used
to relate maximum ice thickness to
the length of the period of ice growth,
The ice growth rates can also be con-
verted into average heat loss from the
ice cover to provide information on
the rate of heat loss from ice covers
in different regions.

Depth of suow cover on ice is
shown to have a marked cffect on the

loss due to evaporation, convection rate of ice growth, The average rate
and long-wave radiation. In Decem-  with a snow cover of 6 in. or more is
ber at latitude 45°N the average about one-third to onc-half that with
TABLE 11
Heut Loss Through Fresh-Water lee Covers
(for all regions, all snow cover conditions, and all
ranges of initial ice thic l\n(‘ss)
P robability Tee Growlh Ilru( Lms
of « ./ - -
()(‘rur/ ence 14 days ml /,sq rm/JG hr Iflu sq ft/ :.“ lu

Pcr(( nug(- r)l' lev
equal to or
greater than

10 8.7 126 465

20 7.0 101 376G

30 6.2 a0 332

40 5.3 77 25

H0 4.8 (G4 2006

60 4.2 Gl 225

70 3.6 02 12

S0 3.0 13 159

HIA| 2.0 24 107

a snow cover under 2'in.

Because the rate of ice growth de-
pends on highly variable snow and
weather conditions, the only sure way
of obtaining satisfactory information
on ice conditions at a particular site
is to make appropriate measurements
of ice thickness for a number of
years'®. As these records improve ice
thicknesses can then best be estimated
in the same way as air temperature is
now cstimated from climatological
records. When such records are ot
available at a site, ice probability
charts used with discretion can pre-
vide a uselul method of putting limits
on the vate of ice growth and maxi-
mum ice thickness to be expected.”
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