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The Growth and Significance of White Ice at Knob Lake, Quebec

ABSTRACT

The growth of frozen slush or white ice is studied on the surface of
the winter ice cover of inland lakes in Central Labrador-Ungava in the
East Canadian subarctic; based upon one year's fieldwork and records
collected since 1954, Regressior and correlation are used to study climatic
controls 2nd mapping for areal viriation. Heavy snow fall, low minima and
calm winds favour growth, Unidirectional winds initiate persistent growth
locales aided by the lesser strength of the crystallographically distinct
white ice, The early season is most critical, No evidence is found of
marked ice expansion or buckling, but cracking is widespread and most
common under high diurnal temperature ranges. Excessive growth causes
black ice melting, but normally black ice and its controls are dominant.
White ice is greatest in downwind snowdrifts, where it creates a peak ice
thickness, just as black ice upwind, It is important in snow balance,

Central sites and r .,te measurement improve quality of records.
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NOTE ON DIMENSIONAL UNITS

Normally measurements have-been made in feet and Fahrenheit,
except in the laboratory study of cryéhpllog:aphy. In each case in
the text the unit of measurement is placed first and followed in brackets
by the appropriate conversion to metres and Centigrade or vice versa,
except where obvious and repetitive, Mass and weight are normally quoted
in grams, the distinction between grams mass and grams weight being
commonly understood from context, The term density%f, is only used in some
theoretical formulae, Elsewhere, as in snow survey data, the term unit
weight, X; is the correct measure for what is often loosely called "density",

beingjoﬁ, the value measured in the field,

"Degree days' and "accumulated degree days" are in terms of
the Fahrenheit scale, this being the form in which they are recorded in
the weather station archives, One day of mean 30°F comprises two freezing
degree days and two such days, four freezing degree days, Throughout, a
base of 32°F is taken to distinguish between freezing degree days below
and warming or heating degree days above; This thesis is primarily con-
cerned with accumulated freezing degree days, which are also referred to

as accumulated degree days where the meaning is clear.
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1, INTRODUCTION

Statement of the problem

Many formulae of both an empirical and a theoretical nature have been
developed to explain the growth of a winter ice sheet on inland lakes.
Dorsey (1940, p. 409), for example, quotes the empirical formula for x

as ice thickness:

Lpe
where T is the time of exposure in seconds, t the average temperature of the
air in °C below freezing, K the thermal conductivity of ice = 0,0057 cal cm-z
sec’l.’. "CIEQ.-I, L the latent heat of fusion = 80 cal g-l, andpis the density
of ice®0.9 g cm-3.
A similar equation derived for sea ice was applied with "moderate
agreement" to Knob Lake records by Andrews and McCloughan(1961), where:
) TC = 0.69E + 0.85E%
in which TC is accumulated degree days below freezing and E is ice thickness,
In 1938 Zubov produced the same form of equation (Zubov, 1963, pp.
204-214), which has been widely applied by the Canadian Sea Ice Forecasting .
Central in Halifax, Nova Scotia (Leahey, 1966):
12 + 50I = 820
where I is ice thickness and £ is accumulated negative degree days (OC).
These equations ignore the effect of snow cover. More.rigorous,

theoretical equations which include snow cover were developed by Assur

(1956, p.18) and by Leahey (op.city modifying Stefan's Law. The



theoretical formula developed by Kolesnikov 1s also well known, but
Kolesnikov employs so many variables in his equation it is unﬁiﬂidy to use
and it is often impractical to extract or obtain the required data, especi-
glly on daily cloud height and cover. ‘

None of these equations take into account the growth of new ice on the
upper surface of the ice sheet due to flooding and freezing, that is, the
white ice process, either theoretically or empirically. Williams (1967,
in press) remarked on this limitation with special reference to Assur's
formulae.

As stated by Adams and Findlay (1966, p. 108), the white ice component
has varied between 13% and 57% of the total ice thickness at peak ice in
11 years of measurement on Knob Lake, Quebec. It is thus an important
component here and surveys on lakes in the vicinity confirm its importance
in the area., Yet the factors which control its growth have nowhere been
rigorously measured, Outside Knob Lake, the only published work of any
detail concerned with the problem is from the Institute of Marine Research
in Finland (Palosuo, 1965). Palosuo does not attempt detailed climatol-

ogical correlation or a study of areal differences.



*Nature of the study.

This study concentrates on the white ice of the Knob
Lake area. The area lies in the Labrador Trough, a zone of more or
less metamorphosed geosynclinal sed!ments which occupies the central
portion of the Labrador-Ungava Peninsula of Eastern Canada, Knob Lake
itself is characteristic of the 1afger laves of the Trough (approximately
2 km northwest-southeast and l.5 km east-west, with the long axis oriented
parallel to the trend of the Trough). The iron}nining town of Schefferville
occupies its northern shore. 7Tt forms the northern outlet of a small
basin (21l.6 kmz) in the headwaters of the Kaniapiskau-Koksoak system,
which drains to Ungava Bay. The castern divide of this bas£n forms the

Labrador-Quebec provincial boundary.

The dissertation attempts to evaluate the role of "slush
ice" or '"white ice" in the‘development of the winter cover on Knob Lake
and a number of nearby lakes., The McGill Sub-Arctic Research Laboratory
at Schefferviile has carried out a program of ice covér measurement over
the past twelve years that has focussed progressively more closely upon
the growth of white ice. This is reflected in papers published by
members of the laboratory staff, beginning with the work of J.T. Andrews
(1962; 1963) on the variability in growth, strength and "quality" of
ice cover, and followed by J.B. Shaw's (1965) paper on growth and decay,
and by Adams and Shaw's (1966) description of a device to measure thickmess
without drilling and artificial slushing, Details of the work at Knob
Lake are also presented in the Annual Reports published by the laboiatory

and the Department of Geography, McGill University. These include:



+ KeJe Jones (1958); J.T. Andrews and C.H. McCloughan (1961); D.J.
Fletcher (1962); B. Westlake (1964); W.G, Mattox (1964); J.B. Shaw
(1963; 1964); M.L. Bryan (1964); W, Barr (1964); W.P, Adams and
J.B. Shaw (1964); D.R. Archer (1966); D.R. Archer and B.F. Findlay
(1966); M.A. Bilello, et.al,, (1966); and J.T. Gray (1966). Generally,
these articles refer to one year only, although Andrews and McCloughan
(1961) made a graphic analysis of data accumulated between 1954 and
1960,

The available data includes both measurements of lake
cover and climatological data collected by the laboratory in this ca-
pacity as a Class "A" Weather Station (vei.)e The investigation was
organised in two phases. First, during the eight month ice season of
1965-6 the writer carried out an intensified study of ice cover development
on Knob Lake and adjoining lakes. Secondly, this and previous data was
standardised, coded and transferred to punchcards for storage and

computer analysis (Appendix A).

Current research on ice in Canada 1s organised under the
Canadian National Committee of the International Hydrological Decade
(Young, 1967, in press). Under this the Knob Lake basin is registered

as a special study watershed,

Development of the program at Knob_ Lake,

The ice observation program at Knob Lake began on a weekly
basis in mid-winter 1954-5 under the leadership of Professor R.Ns Drummond,

field director of the laboratory, following an agreement with the De-



partment of Tramsport. The first observation in December 1954 recorded

ice thickness and snow cover at a hole opened by axe. In the early years,
axes and chisels were the normal instruments for opening up the measurement
holes, and often one hole was re-uged tnrough successive weeks. At this
time similar measurements were made at more irregular intervals on various
lakes used as airstrips along the developing Mid-Canada Defence Line.
Unfortunately, these records are of little value, since even less is known

of the circumstances and location of measurement than for Knob Lake.

The program did not really get under way until the winter
bf 1955-6, when a more rigid weekly system of measurement was folibwed
and measurements were made for the first complete season, Much subsequent
develiopment reflects increasing sophistication in the requirements of the
Department of Transport program. From the outset, information had been
transmitted by teletype to Montreal after observations. Slowly the format
has become more specific and succinct, and in 1965 a number code was
established. Concurrently, instrumentation was improved and standardised.
In 1958~9 the Meteorological Branch of the Department finally adopted a
continuous weekly observation system for the whole of the country and
introduced a tool kit of ice auger, ice chisel and a specially designed

measuring tape (Department of Transport, MANICE, 1964, pp. 35-9).

However, from the beginning the Knob Lake program has in-
cluded an ever increasing amount of measurements over and above that re=-
quired by the Department of Transport. The first addition was the recording
of ice "quality", the distinction between the "clear" or "black" ice sheet

and the growth of '"slush" or "white' ice cver it., This required a larger



‘hole for inspection than provided by the standard auger, and although
this was used for a while when first introduced, it was soon dropped
in favour of a Sandvik 3 inch (7.6 cm) hand operated spoon drill, A

mechanical drill was found to be toc heavy and suffered from icing.

Table 1,1 lists the available data. From this it can be
seen that the first main expansion occurred in 1957-8, when three sites
were established for measurement on Knob Lake and designated east,
centre and west. For this and the two succeeding years snow and water
temperatures were also taken at the three sites. In 1959 measurement
were again extended to three sites on Maryjo Lake, a smaller lake
conveniently located near the road leading east from Schefferville to
Dolly Ridge about 2 km from the township. In 1961 drifted and clear
sites were artificially maintained on Knob Lake in an attempt to isolate
some of the characteristics of white ice growth (Shaw, 1965). Unfortu-
nately, this was limited by the methods of measurement (Chapter 10).

In 1962 lake-side screen temperatures, water temperature profiles and

water level measurements were begun.

In 1964 Dr. W.P, Adams initiated a lakewide end-of-season
ice survey on Knob Lake and in succeeding years this has been extended

to all the major lakes upstream.

Field methods in 1965-6,

During the field season measurements were made of ice
thickness and type, snow cover, water level, crystallography, "folding'"

of the ice sheet, ice and water temperatures, winds and air temperatures.
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Ice and snow covers werevmeagﬁxéd in;thggfoliowing wéys:-(l) the three
sites on Knob’Lake'gn& the thfeé sites on Mgryjo.Laké (Fig.l.1) were
measured weekly, as in prévi;ﬁﬁ years, ﬁsing 3 inch Sandvik spoon drills
except at Knob Lﬁke West (see 3); (2) a 400 k 400 £t (120 # 120 m) grid
of wooden stakes was established across Knob Lake and measurements of
snow cover and white ice increment Qere taken every two weeks at these
stakes through the season; (3) five specially constructed Adams and
Shaw (1966) "non-slushiﬁg"‘dévices were instelled in the ice sheet early
in the season oq'Knob Lake, one being at the west site as in 1964-5;

(4) a survey of the lakes of the Knob Lake basin (upstream ffom Scheffer-
ville) was carried out in March, drilling at 200 ft (60 m) intervals on
chosen traverses for white ice and at 400 ft (120 m) intervals for total
ice; (5) an artificial drift site was crcated around a paling fence as
done by Shaw (1965), but now using a non-slushing device. The clear
site was not established because of the difficulty of maintaining it

reported by Shaw (1963).

Crystallography was studied from a block of ice removed
from Knob Lake in March 1966, Attempts were made to measure vertical
movement in the ice sheet by levelling, by standard tide gauge and by
the polyethylene tube method outlined by Adams and Shaw (op .cit.). The
ice and lake water temperature program was continued as routine from the

previous year at two week intervals.

Some definitions,

There is at present no standard terminology used in lake



Table 1.1

AVAIIABIE DATA ON ICE AT KNOS IAXE -

) 7 -1 . snow depth, white ice, Otter data for sites West, Csatre and East - L L
Ny iz L black ice, total ice.- - -, {(knob Laks only to 1959-60) D Mlz
 tear _ ) Hydrostatic White ice| Snow Soow 1. iuux- . 8Snow Snow - lake . i dm’ of
ob Loke sitejMaxyjo Lake site wvater Slushjgrowth upldepth at o] sSurfsce:* base body T}
) w . level s stake | a stake density|temparature tesperaturs —— mdttuu o
1954=3 by <7 -
1955-6 mgicn -
1956-7 pLcn -
1957-8. |k, x1c, xim-| - x
1958-9 |KIN, KIC, KIE - x
1959-60 {xwi, Krc, K2 | wm, MIC, MIE - X .
1960-1 {KIN, KIC, KIE | MW, MIC, MIE
1961-2 [KIN, KLC, KIE | MW, MIC, MIE x x
insz-‘a. KN, KIC, KIE | MM, MIC, MJE x x
1963-4 kv, xac, xB | ww, uoc, me | :
“R96s-5 |xmi, KLc, KIE'| uw, MWIC, MIE x x  x )
f96s-6 jxw, xuc, xiz,| uwm, MIC, MIE x xr  x X
' . KLF, XID,

‘i indicates Ench Lake; "MI® indicates Macyjo Leks
KIN, KLF, KLD and KIN are the "device sites” on Figd.l.’

‘check l!te, 1963-4" respectively on Adams’ and Shaw (1964, fig. 1)

+ . Only cont:lmous record in 19656,

Rauda and Hllcol.- which are not on !:l.lc.

'1-'

w, C and l indtuu vut. mm lnd lut utu (m_
KLT and XIM axe lonud 8t "thr-ocoupu prouh" lnd

"% Mittox (1964) mentions sporadic measurements fur thu year on Sq\\- Lake, Joha hh Ac:w’ mu;uu, Mngu
S Hor are, tbe oruml l-k. vator u-poumu ou ul.. R

A




ice literature, It is not the multiplicity of térms used to describe
the same phenomenon that is the real problem; time and fortume will,
no doubt, whittle these down. But the problem is the use of the same

term to describe different phenomena,

The following are the definitions attached to the important.
terms used in this dissertation with reference to their use by other
writers, although these writers may not have originated the t:rms,

Ice year: used here for the period from first freezing
degree day to break-up.

Frozen period: used for the period from freeze-up to
break~-up. Since break-up is usually quick the fact that a considerable
portion of the lake may be open at the time of ice-breaking (v.i,) is
of little importance,

First ice: the first appearance of ice at the margins of
a lake or pond, commonly ephemeral; eguivalent to "border ice" on
rivers, used by Michel and Triquet (1966).

Freeze-over: establishment of the first complete or near
complete cover of ice on a lake or ponde This may be completely melted
or broken up into floes before the final winter cover is established,
Occasionally freeze-over may coincide with freeze-up (v.i.), in which
case no subsequent opening occurs, In previous publications of McGill
Sub~-Arctic Research Laboratory it has been defined as "first complete
cover" (e.g. Bilello, Adans and Shaw, 1966), but because of the
probability of a small, open water polynya (v.i,) remaining for some
time after a definite cover is established, as noticed in 1964 and
1965 on Knob Lake, this should be modified to Vfirst generally complete

cover", Bilello (1964) used this term to embrace '"freeze-up" and
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defined it as ice from shore to shore, or, on larger lakes, ice visible
to the horizon. He noted that it is sometimes confusingly used to des-
cribe the growth of ice thick enough to support a man. This is equivalent
to the "temporary freeze-up" of some authors., Many writers have not
differentiated this event at all, with consequent confusion.

Freeze-up: the final establishment of a permanent winter
ice cover. Also termed "permsnent freeze-up'". Some have used this term
to denote the whole period from cooling of the water surface to the es-
tablishment of winter ice. "Cooling period" might be a .better tera for
the whole period of ice establishment. Bilello (1964) avoided the term
because it is often incorrectly applied to the first time the air tempera-
ture falls below 0° C and he criticises Burbidge and Lauder (1957) on
this score. Labedeva (1961) refers to "simultaneous" and 'discontinuous"
freez;-up, which are equivalent to coincident freeze-over and freeze-up
and non-coincident freeze-over and freeze-up respectively as used here.
It is clearer to retain two discrete concepts defined as simple events.

Initiation period: the pre-freeze-up period, in which the
water is cooled and ice forms, It has an indeterminated beginning,
which may be taken roughly as the first freezing daegree day, i.e. it
commences at "freeze-up'" according to the erroneous definition mentioned
by Bilello (1964). Scott and Ragotzkie (1961) and Archer (1966) have
used cooling period in a similar sense. Williams (ope.cit,) has termed
the same period "fall cooling period or freeze-up period". The writer
considers that freeze-up should be restricted to describe the terminal
event only and that the period is thus essentially pre-freeze-up,

comprising subperiods of "cooling" and "ice-formation'.



Growth period: the period of increasing ice thickness.
Williams (ope.cit.) has used "ice-growth period or mid-winter period".
Shaw (1964) and Archer (1966) have used a less specific term '"post-
freeze-up" for Knub Lake., Scott and Ragotzkie (1961) have used "ice~-
build-up". Bryson and Bunge (1956) have used "growth period" for the
early part of the winter after freeze-up when ice growth is a function
of cold air temperatures and low insolation, and have used "equilibrium
period" for the following period when slow warming and increased in-
solation are increasing in importance. On Knob Lake growth, especially
in white ice, is frequent during this "equilibrium" and since it also
seems rather doubtful that this transitional period represents an
equilibrium, the growth period is here divided simply into early and

late, as defined in Table 1.2 below.

Wastage period: the final period when higher air tempera-
tures and much increased insolation result in net loss of ice cover and
snow cover (Bryson and Bunge, 1956). Williams (op.cit.) has used '"ice-
melting or spring break-up period" for this. Scott and Ragotzkie (op.cit.),
Shaw (op.cite.) and Archer (op.cit.) have termed it simply “break-up period".
Archer commences the period at the first decline in snow cover, because
he considers this important to the final date of the disappearance of
the ice, but it is a poor vse of the term and a rather tenuous link,
"Wastage period" does not require the logical link. It may be divided
into "melting’ and ''breaking' subperiods, the former characterised by
patchy snow and white ice, some bare black ice and the formation of shore

cracks as the ice rises owing to the removal of the snow overburden. This
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Table 1.2

DIVISIONS OF THE ICE YEAR

Major period Subperiod Boundary events
Initiation cooling first degree day
first ice
ice-formation
freeze-up
Growth early
virtual limit of ice
growth
late
snow melt begins
Wastage melting
continuous shore leads
breaking

break-up




-13-

‘results in shore leads (v.i.) which become continuous during breaking,
when candling is widespread and ice floes are shifted by the wind.
Melting continues during the breaking subperiod, but is no longer the
dominant process.

Break-up: final disappearance of ice (MANICE, 1964); a
simple event.

White ice: '"uppermost layer of lake ice or sea ice formed
during the winter out of thawed or moist snow or slusk on the surface of
the ice" (Palosuo, 1965). It is gencrally translucent and bubbly but
weakly transparent. An early use of the term was made by Gardiner (1861+).
Other authors term it "snow-ice" (e.g. Swinzow, 1966), "slush-ice" and
"frozen slush". Molchanov (1925+) proposed a classification of ice types
into (a) transparent crystalline ice, (b) opaque glimmer ice and (c) iced
snow, of which the second is equivalent to white ice. Bryson and Bunge
(op.cit.) followed Marshall in calling white ice "granular ice formed
from snow". Ager (1962) attempted to classify '"snow ice'" first by colour.
He found that darkness or brightness had no clear relation to density
and finally adopted a classification based on bubble frequency: abundant,
frequent, local, occasional and rare, as in plant communities, and esti-~
mating the size of bubble by eye. He found the frequency of bubbles
greater than 1 mm diameter significant to density and that most '"snow ice"
showed densities around 0,890 g cm-3, whether formed by the flooding of
bare ice or of snow-covered ice. Strictly, the problem of white ice
involves this case of surface flooding when no snow is present. In this
case none of the proposed terms is suitable., However, on Knob Lake this

type remains undocumented because of the usual snow cover. Also, such



a formation would require some force to substitute for snow overburden

in depressing the ice sheet below water level.

Black ice: the part of the lake ice cover which forms from
the direct freezing of the lake body as the freezing front migrates
vertically downwards. It is dark when viewed in situ on the lake, but
when removed from the water it is transparent and cblourless. At the
end of the frozen period it becomes bluish-white and loses much of its
transparency because of selective melting along crystal boundaries and
elevation of the sheet during breaking., Palosuo (op.cit.) calls this
"normal lake ice'., It is alsc called the "original ice sheet" or "blue
ice"s Unfortunately, Swinzow (op.cite) uses "blue ice" to refer to ice
during wastage when worm bubbles are well-developed under solar radiation.
This is a special case of his '"ordinary lake ice". Bryson and Bunge
(op.cite.), following Marshall, use the terms "flagstone' for black ice
formed in quiet water and "columnar" for ice formed in agitated water,
but they have no general term, Ager (op.cit.) attributes a density of
0,918 g cm-3 to "blue ice". Shumskii (1964) ascribes a maximum density
of 0.9168 g cm"3 to pure ice, which is rarely achieved in fresh-water

ice because of impurities.

Hydrostatic water level: taken here as water level in re-
lation to the upper surface of the ice sheet., It is a measure of slushing
potential and has been used by Shaw (1962) and Williams (1963) as a measure
of balance, although strictly buoyancy need not be the sole control
(Chapter 4). Early records at Knob Lake were made with reference to the

black-ice/white-ice interface, i.e. the original lake surface, but for
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white ice potential it needs to be measured from the ice surface, Un~-
fortunately, data for the spring survey of the Knob Lake basin could not
be normalised in this form and it is likely that the measurement would
have to be taken from the base of the ice sheet for serious analysis by

parametric statistics.

Candling: formed during wastage in black ice, involving
radiation melting at the vertical crystal interfaces creating candle-like
forms, Knight (1962) said that it occurs in fine-grained c-axis horizontal
ice. However, it seems probable that orientation to the bare surface is
more important than whether the ice sheet 1s c-axis vertical or horizontal.
The writer has seen secondary development of vertical candles over spring
cracks or holes in the ice with perfectly developed hexagonal symmetry
about the vertical, long axis. Flagstone ice may not show the truly

columnar candling commonly described.

Crystal mosaic pavement: a term proposed here to describe
a phenomenon and a stage in which extensive areas of black ice are bare
of snow and white ice and show mosaic patterns of flagstone or colummnar

candled ice at the surface (Chapter 7),

lead: a strip of open water across or at the edge of an
ice sheet. According to MANICE (1964, p.35), it is '"'a navigable passage

through pack~ice", but this definition is not sufficiently embracing.

Polynya: a more or less rounded area of open water re-
maining in a lake ice cover after freeze-over or freeze-up., Dorsey (1940)
has suggested that polynye are a normal occurrence and are the end-phase

of the lakeward growth of ice from the shores, He suggests that they



.nay remain open for some time, owing to mechanical turbulence in the
water caused by surface winds which maintains an inflow of warmer
water up to a critical point when air cooling overtakes heat advection

in the water,
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CHAPTER 2

GENERAL CHARACTERISTICS OF THE ICE YEARS

The available data on lake cover and climate during the
ice years from 1955 to 1966 is summarized in Tables 2,1 and 2,2. The
accuracy of the records used in Table 2,1 is questionable in more cases
than are actually marked by a query. Those marked by a query are dates
which appear rather unlikely from the evidence of freezing degree days,
Bilello, Adams and Shaw (1966) considered the 1955 record one whole
month out, It is just conceivable, but unlikely, that it is near cor-
rects First ice, for example, occurs after three consecutive nights
with air minima below freezing point, although no "degree days" are re-
corded, The 1958 records show a similar case., Since Table 2.2 is to
the nearest week only, according to the form in which the data was ex-
tracted for transfer to punchcards, it can only give a crude indication
of relationshipse More detailed analysis of this aspect could be made,

but this is thought sufficient for present purposes.

These tables were used as a partial basis for the tszbles
derived for rank correlation analyses. However, in themselves they show
a few interesting features, The highly variable nature of first ice is
clear, Excluding the two doubtful years (1955 and 1958), freeze=-over
normally occurs two weeks after the real onset of cold air temperatures,
i.,e. when daily means are consistently below freezing, and deviation is

slight, Conversely, break-up shows little variation from a mcan of four



DATES OF SIGNIFICANT EVENTS IN FREEZE-UP AND BREAK-UP ON KNOB LAKE

Table 2.1
Freeze-up Break-up

YEAR First Freeze- Freeze- YEAR "Unsafe" First Clear

ice over up movement
1965 6-10 T7-10 29-10 1966 27-5 21-5 16-6
1964 5-10 20-10 31-10 1965 -5 28-5 17-6
1963 8-10 - 2=-11 1964 1st wk. Apr. mid-May 13-6
1962 27-10 27-10 31-10 1963 - - 18-6
1961 21-10 23-10 T-11 1962 early May 1-6 13-6
1960 15-10 26-10 3-11 1961 1-6 26-5 11-6
1359 24-10 - 29-10 1960 15-5 20-5 4-6
1958 4-10(7?) 7-10 (2) 1959 - 14-5 28-5
1957 23-10 25-10 3-11 1958 20-5 24-5 12-6
1956 25-10 29-10 11-11 1957 20-5 11-6 20-6
1955 20-9(?) - 3-10(2) 1956 20-5 5-6 15-6
1954 - - - 1955 7-5 20-5 1-6

aOT o



Table 2,2 SUMMARY OF GLIMATOLOGICAL BOUNDARY FACT

Flattening First acc. First Last acc, Firs

inslope of freezing significant heating heat
Year . heating degree |I |degree I |ircrease I | degree I jdegr
day. curve : day ‘{in acc. day day

freezing dd. )

1965/6 24-9 22-10. 21

1 1-10 1 8-10 2
1964/5 | 2-10 0 2-10 2 16-10 1 2310 19
1963/4 13-9 1 20-9 2 4-10 5 8-11 24
© 1962/3 . 289 1 5-10 - 4 2-11 4  30-11 21
1961/2 6-10 1 13-10 1 20-10 3 10-11 25
1960/1 7710 1 14-10 1 21-10 2 4-11 20
1959/60 9-10 -1 2-10 . 2 16-10 2 30-11 16
1958/9 3-10 1 10-10 1 17-10 3 7-11 25
"1957/8 27-9 0 27-9 4 25-10 1 1-11 19
1956/7 14-9 0 14-9 4  12-10 4 9-11 19
1955/6 . 16-9 1 23-9 5 28-10 2 11-11 23
Range of
dates (wks) 3 4 4 3

Dates mark the end of the week in which the event occurred, in accorda
been stored, This makes it easier to assign a date to the more subje

I. = interval in weeks.
* 8 weeks excluding 1959/60

~61-
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Table 2,2  SUMMARY OF GLIMATOLOGICAL BOUNDARY FACTORS IN THE ICE YEARS = -
Flattening - . First acc. First Last accs First acc. First : Last acc. ‘Max, Total
~~ .| inslope of freezing significant heating | heating | significant freezing | accumulated| weeks . |
Year heating degree |I |degree I }increase I | degree I |degree I | increase I ldegree | freezing- involved .|
" day. curve 1day " {in ace. | day day in ace. -~ |day | deg. - day S
- freezing dd, : heating dd, | : , o
1965/6 24-9 1110 1 810 2 210, 21 253 8  20-5 O 20-5 - 4635 - 33
1964/5 2-10 0 2-10 . 2 16-10 1 23100 19 5.3 10 -5 ¢ 2 28-5 5958 3%
£ 1963/4 S 13-9 1. 20-9 2 4-10 5 0 8-11 24 244 1. 1-5 -3 25 . 5%l .. 3
" 1962/3 28-9 1. 5-10° 4 2-11 4 30-11 21 264 3. 17-5 2 31-5 1 5438 3s
1961/2 6-10 1 13-10 1 20-10 31011 25 45 2 185 .2 16 Y 5210 . 3%
11960/1 7-10 1. 14-10 1 21-10 2 4-11 20 31-3 6  5-5 - & 2-6 " 5311 - 34
£1959/60 " 9-10 -1 2-10. 2 16-10 2 30-11 16 19-2 13 .20-5 = -1 13-5 5057 . . 33
- 1958/9 3-10 1 10-10 1 17-10 3. 711 25 1.5 1 85 . 4 5.6 574 357
11957/8 27-9 0 27-9 4 25-10 1 3-11 19 143 9 16-5 3 6=6 . 3049 36
11956/7 14-9 L0 149 4 1210 4 9-11 19 223 10 . 3155 1 .7-6 -. 5861 . - .38
1955/6 - 169 1 23-9 5 28-10 2 11-11 23 20-4 - 6 1-6. 2 15-6 - 4688 - - 39 .
Range of . . - . - SR B R :,L'f . RSN 3,=f35:
dates (wks) 3 4 4 3 12% 4 4

Dates mark the end of the week in which the event occurred, in accordance.with the form in which the data has

been stored,
I =

"~ % 8 weeks exciuding 1959/60

This makes it easier to assign a date to the more subjective boundaries,

interval in weeks,
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to five weeks following the real onset of warm air temperatures and

three weeks after the last degree day. More detailed records indicate
that freeze-over normally occurs after c.50 freezing degree days have
accumulated, whilat freeze-up occurs after c.150, This compares with
figures quoted by Williams (op.cit.) for a small lake at Ottawa of

70-100 accumulated degree days for a substantial ice cover,

To obtain a preliminary measure of the factors affecting
the gross development of the winter ice-sheet, selected characteristics
were viewed on a yearly basis for the ten years of tolerably good ice
records, 1956 to 1966, This was approached by means of rank correlation,
using the bracketing technique, from Tables2,l and 2.3, Run of wind,
snowfall and sunshine hours, were summed and divided by the length of
the frozen period to obtain a measure of average conditions for the
winter, Length of the frozen period, i.e. first freeze-over to break-
up, was taken rather than "ice year" since the first freezing air temper-
atures and first ice are very variable events not necessarily important

to the general nature of frozen season,

Rank correlation tests were performed on successive rows
of the matrix, using the test statistic rank difference X?, or'Xi .
This indicated no relationship between length of frozen period and maximum
accumulation of total ice, giving probability P =0.,80 that similarities
are due to chance. Conversely, length of frozen period against sunshine
hours and accumulated freezing degree days showed probable signific;nce
levels of approaching 10% and approaching 30%,respectively. No cor-

relation of significance was found with snowfall, snow cover or wind,



Table 2.3 GENERAL CHARACTERISTICS OF ANNUAIL, FROZEN PERIODS
Parameter 1956/7 | 1957/8 | 1958/9 | 1959/60| 1960/1| 1961/2 | 1962/3 | 1963/4 1964/5' 1965/6 |
*
early| 10230 20383 24501 15663 17316 | 20254 17998 20828 17362 . | 18934
Run of  15te” | 37690 11058 45034 36023 41542 | 45485 53555 43765 38890 35024
wind total| 47910 61441 69535 51636 58858 | 65739 71553 64593 56251 53958
(miles) pean 20l 268 313 231 258 283 306 261 235 214
early| 2.78 .82 3.41 5.60 3.31 | 5.57 2.76 2.65 5.35 5.85
oo (X | o.044 | o0.072 | 0.0d0 | 0.089 0.050| 0.081 | 0.043 | 0.085 | 0.075 | 0.069)
(w.e.) 1late 6.03 6.31 9.08 6.97 3.95 4,68 6.20 6.59 5.74 6.01
Mins total| 8.81 11.13 12.49 12.57 7.26 | 10.25 8.96 9.24 11.09 11.86
mean 0.038 0.048 0.056 0.056 0.032| 0.0W4 0.038 0.037 0.046 0.047
Sun- early| 163.5 93.8 156.0 135.6 112.7 92.3 125.7 63.2 121.0 174.3
shine late 805.2 678.1 654.6 838.6 796.7| 915.2 758.9 821.6 876.3 686.7
mean b1 3.4 3.6 4.3 4.0 4.6 3.8 3.6 4.1 3.4
—
Freezing early| 1977 1587 2074 | 1886 1526 948 77 1728 1856 1922
degree  late 3884 2362 3640 3171 3785 4262 3961 3813 4102 2713
days total 5861 3949 5T14 5057 5311 5210 54338 5541 5958 4635
Length early 63 67 85 63 66 69 65 59 71 85
of late 171 163 138 161 162 161 169 189 169 167
season total 234 230 223 224 228 233 234 248 240 252

Early and late signlifyy before and after

* To nearest Friday only.

January 1l1lst, respectively.
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‘This suggests, as a preliminary hypothesis, that calmer, clearer and
colder seasons favour longer frozen periods. Comparison to early
freeze-over énd to late break-up indicated greater significance for
late break-up (not significant and significant at the 107 level,

respectively) in the length of the frozen period.

When ranks of length of frozen period were compared with
ranks of white ice and black ice, neither showed any significant in-
fluence, White ice showed a level of c.407% which may be spurious, but
equally, might be improved by longer records, Break-up date is the
more important limit for length of period and neither black ice nor
white ice show any marked relationship to break-up date. On non-
statistical grounds, it seems probable that white ice might tend to
delay break-up (Chapter 8), although Table 2.4 shows a number of
glaring contradictions that suggest that its influence 1if it exists
is relatively weak. Conversely, degree days show a relationship with
late break-up at near 30% significance. Since this cannot be acting
through the mechanism of increased snow cover or ice thickness, it
must reflect spring temperatures, Table 2.2 shows that May is the
critical month for the ending of winter temperatures and the beginning
of heating degree days. Closer ingpection of this table and the raw
data confirms a close relationship between cold springs, especially
Mays, and late break-up, This was clearly seen in spring 1966. Adding

white ice into the degree day/break-up correlation makes no improvement.

Table 2,3 also crudely breaks the frozen periods down into

two halves. The hypothesis to be tested was that events during the fall



Table 2.4  YEARLY RANK MATRIX FOR THE CHARACTERISTICS OF THE FROZEN PERIOD

1956/7 1957/8 1958/9 1959/60 1960/1 1961/2 1962/3 1963/4 1964/5 1965/6

Run of wind

(miles per day) 10 4 1 8 6 3 2 5 T 9
Snowfall

(inches per day) T 3 2 1 10 6 7 9 5 L
Sunshine hours |
per day 3 8 9 2 5 1 6 10 3 7
Accumulated freezing

degree days 2 10 3 8 6 7 5 4 1 9
Early freeze-over 8 5 8 6 4 7 9 3 1
Iate break-up 1 7 10 9 8 5 2 5 2 4
Max. snow KLC 2 8 1 7 8 8 5 3 5 3
Max. white ice KIC 10 6 9 2 8 y 6 3 1 5
Max. black ice KIC 1 5 2 9 3 8 4 6 6 10
Max. total ice KLC 5 8 3 6 1 10 4 6 1 9

Length of frozen
period 4 7 10 9 8 6 4 2 3 1



-24-

.and early winter are more critical for ice growth, especially white

ice growth, than events later. This hypothesis is suggested byvthe
experience of former workers; for example, Archer (1966) found the
main white ice phases occurred in November and early January 1964/5.
Only the relations that seemed likely to be more significant were
studied out of the very large number of combinations possible. First,
maximum white ice was set against absolute pre-January snowfall for

the frozen period. A level better than 307 was indicated. Secondly,
maximum white ice was set against relative pre-January snowfall, that
is, the amount divided by the number of days in the period to give a
measure of the rate of snowfall. This produced a value for '!i near
the 107 level with nine degrees of freedom. This is a surprisingly
high level of significance from the crudity of the classification., No
correlation was found between later snowfall & maximum white ice. It
suggests that rate of loading in early season may significantly affect
the amount of white ice developed during that winter, more than the
absolute amount of fall, To elucidate the problem further, relative
and absolute pre=-January snewfalls were compared to white ice thickness
around January lst, Tor this absolute snowfall approached the 10% level
and '"rate of fall" the 5% level. This is a considerable improvement,
which would be natural to expect., It is interesting that no correlation

whatsoever was found between accumulated degree days and white ice ranking,

Taken together the correlations indicate that snowfall and
in particular the 'rate of snowfall" are important in establishing the

January thickness of white ice. Subsequent growth does not obliterate
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.this. It may be sﬁrmised that this also means that the pattern of
white ice growth is essentially established each year in the early
part of the season and that latér development tends to the same areas,
The data used here show this to hold for Knob Lake Centre site. The

analysis of lakewide patterns (Chapter 5) studies this more closely.

Conclusions,

The lengths of the frozen periods are primarily controlled,
‘topographic environment constant, by spring weather and date of break-
upe White ice growth is strongly influenced by events in the early
part of the season, which control the potential though nét necessarily
the actual initiation, i.e. cracking. The implication is that distri-
bution and growth of white ice may be described by one of the group
of statistical distributions known as "more clustered than random",
quasi-random or contagious. This is studied more closely in the biweekly

records of white ice development on Knob Lake made in 1965-6.
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CHAPTER 3

FACTORS IN THE DEVELOFMENT OF THE ICE SHEET THROUGH WINIER

It has been suggested (Shaw, 1963) that there is sufficient
persistence in the seasonal curve of ice growth from year to year for
ice thickness to be predicted from previous records solely in terms
of date, Table 3.1 was drawn up as a preliminary test for this sug-
gestion, In order to standardise the time interval, the table consists
of total ice values measured or, in a few cases, interpolated at the
end of four week periods counted forwards and backwards from the first
measurement in January of each year. Hence, however, the month names
are only approximate. Since the sample is small, the range is used
as a measure of variance. The figures do, indeed, show a general per-
sistence, but this is superficial. The range of error fluctuates
between 29% of the mean in April and 897 in November (excluding October),
and although the range of error decreases as a percentage through the
growth period, the absolute range tends to increase, with the smallest
in December-January and the greatest in March. October-November and

May show high variability since they are boundary months,

In effect, date alone is a rather poor criterion in cumulative
terms, and this is born out in this chapter, where step-wise multiple
regression selected accumulated degree days as the overwhelming explana-
tion for total ice growth., 1Indeed, Shaw's own graphs (Appendix E, Fig,

E.1), contrary to his contention, show a generally lesser scatter for



Table 3.1 TOTAL ICE THICKNESSES IN INCHES AT THE END OF FOUR WEEK PERIODS

CENTRED ON THE FIRST MEASUREMENT IN JANUARY
YEAR JAN FEB MAR APR MAY oct NOV DEC
1957 30.0  39.5  40.0  42.5  U45.0 0.0 12.5 21.5
1958 32.0 36.0 ho.o 4i1.0 27.0 7.0 18.0 29.0
1959 32.0 41.0 U44.5 49.0  33.0 0.0 10.0 22.5
1960 32.0 38.0 43.0 45.0 38.0 0.0 15.0  26.0
1961 34.0 42.0 48.0 50.0 34%.0 0.0 8.5  20.0
1962 26.5 33.0 34.5 39.0 34.0 0.0 15.0 24.5
1963 30.5  40.0 44.5 47.0  35.0 0.0 9.5 21.5
1964 32.5 31.5 42.5  45.0  34.0 0.0 14.0  22.5
1965 38.0 U4.0 49.0 52.0 52.5 12.0 21.0  23.0
1966 29.0 33.5 35.0 41.6  30.0
Maximum 38.0 44.0 49.0 52.0 52.5 12.0  21.0 29,0
Mean 31.5 38.0 42.0 U45.0 36.5 2.0 14.0  23.0
Minimum 26.5 31.5 31.0 39.0  27.0 0.0 8.5 20.0
Range 11.5 12.5 14.5 13.0  25.5 12.0  12.5 9.0
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degree days than for date, without allowing for his curious approximation

to a standard error for his confidence limits.
Time is however, important to rate of growth.

When these growth figures are treated as percentage of the
preceding month (Table 3,2), a similarity can be seen with a normal growth
curve up to April., It is clear that a set of arithmetically curvilinear
relationships exists during the growth period between the cumulative
elements in nature, in which each successive growth is conditioned by
preceding growthe During wastage of the ice a new set of relationships
is establisheds This chapter deals only with the set of relationships in
the growth period, vsing multiple linear regression and introducing time
as an independent variable into the equations to give some indication of
time dependence. This method of introducing time is not rigorously ac-
curate, Indeed, classical statistical theory requires that the data con-
sist of independent, random samples. The values used here are neither
randomly selected nor independent by virtue of autocorrelation through

time, Strictly, the data require a full time-series analysis,

The data were "normalised” to satisfy, at least in symmetry,
the characteristic properties of a normal, Gaussian distribution in order
to apply covariance and regression analysis. In no case did regression
residuals show any patterning indicative of an unexplained curvilinear
relationship.

The climatological data was summed from Friday to Friday, so
that it referred to the same time periods as the lake cover records,

before it was transferred to punchcards. The two sets of data, the lake
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1957
1958
1959
1960
1961
1962
1963
1964
1965
1966

Mean

Table 3.2
JAN FEB

- 130.0
149.0 112.5
110.2 128.2
142.2 108.9
130.9 123.6
132.5 124.6
124.6 131.2
151.4 96.8
169.0 115.9
126.1 115.5

137.

118.7

RATIOS OF ICE THICKNESSES TO PRECEDING 'MONTH'

MAR

101.2
111.1
108.6
113.2
114.3
104.5
111.2
135.0
111.2

92.5

110.3

APR MAY
105.0 106.0
102.5 65.8
110.1 67.3
104.8 84.4
104.2 68.0
113.0  87.0
105.8 T4.3
106.0 75.6
106.1  101.0
132.3 73.2
109.0  80.3

oCT

0.0
0.0
0.0
0.0
0.0
0.0
0.0

NOV

DEC

258.8

172.0
161.1
225.0
173.2
235.5
160.1
226.0
160.9
109.7

180.5

-52-
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.cover and the climate, were studie. 'rom two aspects: accumulated
values over a defined period of time and rates of change., In the first
approach, the climatological data was summed, where applicable, to

give cumulative weekly records for the frozen periods of each year.
Accumulated freezing degree days were used in the original punchcard
values, although normally c.150 degree days have occurred before freeze-
up (cf. Chapter 2, p.20). In the second, weekly rates of change were

obtained for lake cover and accumulated degree days.

Normalisation was performed for the whole of the frozen
period (for transformation details see Appendix C), but regression
analysis was limited to the growth period for the ice cover, since the
controlling factors chanée at the end of the growth period, The end
of the growth period was defined not by maximum ice, but by the last
measurement before the first notable decline in the ice sheet. These
dates show much less scatter than the dates of maximum ice, which are
very sussceptible to slight differences in the measuring point around
the marker stake. In all years the chosen date fell in May, usually

some time before the last freezing degree day.

In the following equations the symbols used are:

Tice = total ice thickness (inches)
Wice = white ice thickness (inches)
Bice = black ice thickness (inches)
K = accumulated freezing degree days

Sfall snowfall in water equivalent (inches)

9] = run of wind (miles)
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Sh =  sunshine hours
Sc = depth of snow cover (inches)
Sl = depth of slush (inches)
T = time period in weeks from Friday to Friday
from July lst
Em
z = sum from first appearance t, to the time con-
to sidered t applied to accumulated freezing
degree days, so that values are in the form
commonly recorded
tlﬂ
< = gum from the beginning of the frozen period t:1
B to a time t
m
%% = general form for total accumulation per week,

which is the rate of accumulation, where x is
any variable

Analysis by multiple linear regression.

In order to make a comparison between the development of
the lake cover and the meteorological environment, the records on file
at the laboratory and the data collected during the study year were
standardised and transferred to IBM punchcards. The data was tested
for normality and transformed where necessary to obtain a best approxi-
mation to the normal distribut;on using the computer program described
in Appendix B as NORMSTAND, Standard scores were punched out from this
correlation and regression performed on the standard scores matrix
using the proéfam described in Appendix B as REVATR. The standard
scores regression provides ''beta'" coefficients that can be directly
compared for importance, independent of the original units of measurement.

These coefficients are available in Appendix C for all equations given

below, The regression algorithm followed in REVATR gives a step-wise
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multiple regression, in which variables are held statistically constant
while the variable that offers the greatest improvement in the statis-
tical explanation of the dependent variable, i.e, greatest reduction

in the variance of Y

computed? is introduced into the equation at each

successive step,

The data used was limited to one site on Knob Lake that was
considered to be a good approximation to the mean lake situation. The
site chosen was ''Knob Lake Centre'" (see map, Fige.l.l). The time span
of study was limited to winters 1957-8 to 1965-6, since earlier lake
cover measurements were sporadic, and were not taken specifically at Knob
Lake Centre site., Gaps in the data used were filled by interpolatiom.
Some periods have extensive runs of gaps in the data, mainly in the black
ice and white ice records, the worst being in the study year during
April and May, when the unusually prevalent slushing made it impossible
to distinguish the ice quality., However, it is felt that intelligent
interpolation had sufficient control points to be reasonably representative.

The validity of using the Knob Lake Centre record is discussed in Chapter 10,

Cumulative growth.

The accumulated approach was taken first., Variables were
selected for the final equations only if the value of Snedecor's F sta-
tistic for the variable exceeded the tabled value for the 1% fiducial
level, i.e, 1f there is less than 17 chance that the relationship found
is not significant, In the first regression the variables included were

total ice thickness as the dependent variable and accumulated freezing



‘degree days, total run of wind, total sunshine hours, total snowfall
water equivalent, depth of snow, depth of slush and time period (in
weeks from July lst) as the independent variables. From this it was
found that accumulated degree days gave an almost complete "explanation"

of ice growth, The simple regression equation was:

t'ﬂ
2 = - 55,12+ 0,39 & K (eqe 3.1)
- Tdce t

with a standard error of the estimate of 0.330 and r2 = 0,897, i.e.
89.7% explanation of the variance. Since regression was performed using
standard scores, the standard error both here and in all following
equations is in standard deviations of the normalised data., Where the
dependent variable is not transformed a value in inches is included in

brackets following, but for total ice such a conversion is meaningless.

This is a useful predictive equation., Mellor (1964, p.9)
describes a similar relationship found by Assur, who pointed out that
the coefficient varies according to local environmental factors. It is
similar to the sea ice formula applied to Knob Lake with "moderate
agreement' by Andrews and McCloughan (1961) quoted in equation 1.2, The
equation appears to be a good fit even at the beginning of the season.
Thus, the intercept and coefficient in equation 3.1 suggest that ap-
proximately 200 degree days are necessary before ice forms. As mentioned

in Chapter 2, the mean for freeze~up appears to be 150 degree days.

The multiple equation gives a little more information. The
beta coefficients indicate relative importance, larger values indicating

greater importance. In this the subscript z indicates values measured



-on the standardised normal curve:

2 tm tm tm
Tice(z) = 1,28 EK(Z) - 0,37 ?t.:lw(z) o.13'€sh(2) - o.1or(z) .
mn
- 0.09sl(z)+0.09'fl S£a11(z) (eqs 3.2)

Snow cover was rejected as of no real significance, This fuller equation
has a standard error of Y = 0,303 and r2 = 0,914, In effect, little is
added numerically by the other variables. The negative sign for wind

and positive sign for snow fall indicate that the significance of these
two variables for encouraging white ice growth outweighs their respective
thermal effects on normal ice growth, which are reverse: wind aids cooling
and snow hampers cooling, Low winds and high snowfall favour total ice
growth by increasing slushing potential. Sunshine hours, as an indicator
of the general amount of cloud, also favour ice growth. Sunshine hours
hold a more significant place in the black ice equation and this is
probably partly due to loss of heat by long wave radiation from the lake
cover to the atmosphere under less cloudy skies, But it may also be
caused by the common link between a dense cover of low stratus and a warm
easterly flow off the Atlantic from a quasi-stationary rotating low pres-
sure area to the southeast, For slush, whilst the sign is intuitively
correct, indicating that it is a pre-growth feature for white ice, the
value must be viewed with caution since (1) it was very poorly observed
until 1964 and depths were not carefully recorded until 1965-6, (2) the
data was not satisfactorily normalised. As for all succeeding equationms,
the absolute residuals from this line showed no clear patterns and appeared

random, a good indication of satisfactory explanationm,



In terms of the original data, the equation for total ice

is:
) Em tm tm
Tiee = 70.23 + 0,47 EK-000ZW+ 11,31 % Sy, + 8.06T
ce *o t\ h
tm
- 6,355, + 19.53 isfau (eqe 343)

A similar arslysis was made for black ice growth using the
same variables with white ice added. White ice was not added in the
total ice regression to avoid degemeracy, white ice being a component
of total ice. Again, an equation could be obtained with high predictive

power using only a few of the variables:

tm tm
By, = 9464 + 0.51Z K x 1072 - 0,600, _ + 0.65Z W x 1073 (eqe 3.4)
ce t ice N

Snowfall and snow cover were rejected. The equation has the properties
S.E.y = 0,405 (3.7 in) and r2 = 0,837, In this case, the important negative
effect of white ice growth upon black ice growth is clear, although the
beta coefficients (given in Appendix C) show that accumulated degree days

are nearly three times as important as white ice.

The full black ice equation is:

tm tﬂ'\ 2 tlVI
By, = 292 + 0.54L K x 1072 - 0,500, + 0.12L W x 1072 - 0,04 s
ce t, ice ¥y g h
- 0.0181 + 0.09'1' (eq- 3.5)

with S.E.y = 0,385 (3.6 in) and r2 = 0,856, Nothing of note is added.
The signs for sunshine hours and time are curious, but each is near the

lower fiducial limit (Appendix C).

The same form of analysis for white ice, using the variables
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‘selected for the total ice regression, showed snowfall rivalling ac-
cumulated freezing degree days as the major control as indicated by
the beta coefficients, 1.18 and 1,29 respectively. In fact, the regres-
sion program introduced snowfall into the equation first as the most
significant variable in terms of covariance, having an F level of 206,27
compared to 126,17 for degree dayss Wind is the third major factor and
acts against snowfall; clearly, this is a question of deposition versus
deflation, although instantaneous net balance, i.e. snow cover, is of

little significance in the overall pattern.

The full equation is:

Wy =~ 624+ 0,70 Kx 1072 +3.66Z 5., - 0.67LWx 107> (eqe 3.6)
ce . % fall b

with S.E.y = 0,496 (3.1 in) and r2 = 0,746. Slush was not found to be
important to cumulative values, although it assumes a major role in rates
of change, From the later analyses, especially in Chapters 4 and 5, it
would seem likely that the significance of degree days is partially due

to linking with high diurnal temperature ranges which may initiate cracking,

as well as to freezing surface slush.

Rates of change,

Weekly rates of change in the lake cover parameters showed
badly skewed distributions, These could not be normalised, partly because
of the presence of negative values which made it impossible to use root
transformations. A value of 30 was arbitrarily added to all readings,

which then permitted normalisation (details of resulting distributions in



-Appendix C).- Although this analysis is only concerned with the growth
period, negative values may occur for various reasons, They may be due

to observer error.or to error in measurement caused by choosing .a slightly
different site in the arbitrary six foot drilling area taken around the
marker stake, i.e. by the irregularities in the ice sheet. However,

such errors are just as likely to affect increases as decreases (and it
should be noted that the device used at Knob Lake Centre site, described
on page 140, (in Chapter 10), is just as susceptible to these errors unless
rigorously oriented)., Similarly, it is conceivable that natural circum-
stances maycause a decrease, This is particularly so in snow cover.

It is also true of black ice that is forced to penetrate warmer water

by the overburden weight of snow and white ice, It is less likely of
white ice, although the writer and a number of observers at Knob Lake
(e<gs Archer and Shaw, pers.comm,) have noted what seems to be slight

sur face melting of the white ice during the first stages of a flooding

phase, when water at slightly above freezing point is spread on the surface.

All regreassions performed in terms of rates of growth proved
of very low "explanatory" power. The initial regression was made between
snowfall water equivalent per week, accumulated freezing degree days
per week, mast-level run of the wind in miles per week, and time in the
same form as used in the cumulative approach,s Time was included since
it i3 clear that there is a continual change in relationships through
time. Again, a full time-series analysis was not attempted and time was
included as an independent variable as an approximation only to the more

complex relationship in actuality.,



) The overriding importance of time to rates of increase
is shown by the set of empirical equations obtained, which generally
give greatest significance to date., The exact relative importance may

be seen from the beta coefficients given in Appendix C.

White ice was taken as the first dependent variable. None
of the variables introduced proved very significant and wind and degree
days were discarded as insignificant. The resulting equation was, in

order of importance:

d W, .. 3 d s, 2 3
(_d'IT— + 30)° = 27,910,79 - 13,48 ('&T—— + 30)" + 4978.007/ dsfall
d Sc ) dT
= 118.17 T - 3,60 ¢( T + 30) (eqe 3.7)

This has a standard error of Y = 0,881 and an r2 of only 0,124,

The simple correlation coefficients (Appendix C) confirm the poor cor-
relations. The magnitudes of the intercept and coefficients could have
been reduced by a more appropriate addition of 10 rather than 30 to the
lake cover parameters during normalisation, but this would not materially

alter the correlation, since it is based on covariance.

Statistically, this is a very weak relationship, and the de-
ficiency must be accounted for. It may Be due to a single factor or a
group of factors not considered, a lag effect in the parameters considered,
or to poor records. The first possibility suggests a spatially acting
process such as localised cracking and folding, This was studied more
closely on the basis of a series of maps of distributions in the winter
of 1965-6 (Chapter 5), and of water level records (Chapter 4). The second

possibility was explored by "advancing" the climatological records, so that,



*for example, white ice growth was correlated with the snowfall and
snow cover of two weeks before, i.,e. the week before that to which
they refer (vei.)s It is unfortunate that, in fact, the third pos-
sibility may be important., The quality of measurements is most sensitive

here: summing over slightly longer periods might improve this deficiency.

Qualitatively, however, the equation is interesting. Time
and rate of snowfall are of roughly equal significance and account for
807 of the explanation achieved. The relationship to slush and snow
cover appears to be essentially a secondary one in which an increase in
white ice involves the creation of slush and a reduction in snow, i.e.
these appear to be only semi-independent variables for most of the time,
But, as shown in Chapter 4, rate of snowfall is not the basic cause.

The basic cause must be cracking. Again, it is interesting that the
number of degree days each week is rejected as a cause, It is not
severity of temperatures so much as high diurnal ranges that initiate
cracks. A useful addition to the analysis may thus be the range of daily
temperatures.

A similar procedure was applied to total ice and black ice
for comparison. Both showed poor explanatory power in terms of the
independent variables considered. Thus, regression was run considering
time period and rates of change or accumulation in snowfall, run of wind,
degree days and snow cover, White ice was added as a variable in the
black ice regression, but was excluded from the total ice regression as
before,

Black ice showed the following relationship:
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B dw
ice -2 ice 3 -5
.1og10 ( ar + 30) 1.59 - 0,16T x 10 = - 0,19 (——EE—-+ 30)" x 10
(eqo 3.8)

Degree days, run of wind, snowfall and snow cover were found to be in-
significant., These parameters are either attenuated by or act through
the medium of white ice growth. The equation showed a standard error
of Y = 0,88 and an r2 = 0,19, Although this is a poor correlation, the
equation again demonstrates the important negative effect which white

ice growth has on the development of normal black ice.

The time factor again proved strongest for total ice:

daT ds

ice 2 _ - - . C 2 aw

Here only snowfall and degree days were rejécted. This offers r2 = 0,18
and S.E. of Y = 0,78, The beta coefficient for time was 0.39 compared
with 0,08 for the next most significant variable, namely snow cover.

The correlation with wind is interesting. It probably arises more from
the deflating effect than from windchill, although the F level is only
2.17. As a combination of white ice and black ice growth, the raté of
total ice growth should be predictable in terms of the factors which
favour the growth of these two components, These do not need to be
weighted according to the proportions of each type of ice in the ice sheet,
because of the reciprocal relationship in equation 3.8, although the

theoretical equation would be very much more cumbersome than the empirical.

Lag relationships.

The process of white ice growth requires time to act and its
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.course is determined by a group of factors acting over a certain period

of time, The analyses described above have considered factors acting

in the week prior to each measurement of white ice. This was extended

to see whether correlation could be improved by considering the history

of the preceding week. The technique 1is a very crude attempt to grapple
with the complex problem of autocorrelation, which has been done more
elegantly in time-series and in space-series analysis. The two approaches,
rate of accumulation per week and total accumulation from the beginning

of the season, were again used. In both cases the level of explanation
for white ice growth was reduced, indicating clearly that, whilst history

is important, lag relationships are limited amongst the parameters used,

This was begun by comparing white ice to period and to the
values for accumulated snowfall, wind, degree days, snow cover and slush,
For cumulative growth the multiple correlation coefficient, r, was reduced
from 0.864 to 0,808, Snowfall, wind and degree days were again selected
as the major significant variables, with previous snow cover added as of
marginal importance. Slush and date were of minimal significance. As
in the previous cases, time is partially implicit in the cumulative values
themselves, The subscript p indicates values of the previous week, The
equation is very similar to equation 3.6, except that degree days are
displaced, which suggests that probably the influence of snowfall is
larger than that of degree dayg,which is more important to final freezing,
i.e., in the week before measurement. But this is only a change in relative
importance superimposed on generally poorer correlations. Snowfall the

week before is not any more important than snowfall in the week in hand,



tm tm 2 e )
Wio = 0.78 + 4.49% Sgall,p - 0.61'{_:wp x 1077 + 0.48E. K, x 10
1 1
+ 5.47sc,p (eq. 3.10)

Equation 3,10 has a standard error of W e = 0,59 and r2 = 0,65

ic
Significantly, all correlation coefficients against white ice were
reduced including that for snow cover. At the time of the white ice
measurement snow has r = 0,42, compared with r = 0.41 for one week
previous. This implies that there is no commonly determinable lag from
one week to the next between snow accumulation and white ice growth
such as was suggested as an hypothesis by Andrews and McCloughan (1961).
Although in Chapter 4 the two major slushing phases on Knob Lake in
1965-6 are correlated with the culmination of periods of above average
snow accumulation, this affects only two or three weeks of white ice
growth each year and the relationship is not a smooth curve but stepped.
Thus in the general case through time snow cover is of minor statistical
significance,

The rates of growth analysis provides additional information.

The empirical equation is:

3 _ ) 3 2
@y, + 3007 = 29,127 - 130,617 + 3625.60 “/BS_ .,  + 6.48 (45, + 30)
2 T
- 4068 (45 + 30) (eqe 3.11)

with S.E.y = 0,91 and r2 = 0,08,

The most interesting part of this equation is the change in sign for
slush, An increase in slush in the previous week generally causes in-

creased white ice, but an increase in snow remains in general statistically
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.unfavourable. Again, only a very small part of the phenomenon is ex-
plained.

The analysis was extendea to two weeks before the event, in
search of an optimum period. This gave the following progression of
results for siﬁple correlation coefficient, r, beta regression coeffi~-

cient, , and F level:

Slush against white ice at-a-time:

r =~ 0,228 f =-0,218 F level = 10,768
Slush one week before white ice:

r= 0,126 g = 0,108 F level = 3,136
Slush two weeks before white ice:

r= 0,051 R = 0.070 F level = 0,896

The results suggest an optimum lag around one week,

Conclusions.

The analyses show the distinctive controlling parameter for
white ice growth is snowfall, In black ice, accumulated white ice and
in the ice sheet as a whole accumulated freezing degree days dominate.
The rates of growth analyses may be strongly affected by the quality of
the data, but it also seems that some important variables should be added
to the regression. White ice showed the poorest explanation in the three
equations in all analyses. One variable that should be introduced here
is the cause of cracking and flooding, which is studied further in
Chapter 4, although only qualitatively since measurements are not available,

Slushing phases usually last about one week or less. No extended runs



.of residuals of a given sign were found, which would indicate poorer

explanation by the empirical equations for certain years or months,
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CHAPTER 4

MOVEMENT IN THE ICE SHEET

The cause of cracking,

It has been suggested that snow loading may cause cracking.
However, it can be shown that the pressure exerted is far too small: a
cover of density 0.4 g cm-3 and depth 30 in (75 cm) will exert amn over-
burden pressure, p gd, where P is density, g gravity acceleration and d
depth, on the ice of just 29,460 dynes cm"2 or 0,029 bars ( ™ kg cm-z)

that is well below its flexural strength.

Dunham (1924+) ascribed cracks in the middle of a leke to
the tensile strength being insufficient to draw the ice from the shore
during contraction with falling temperatures, With temperature rise
and expansion, cracking is less likely to occur since the compressive
strength of ice is 5-6 times greater than the tensile strength., As stress
builds up during expansion it 1is relieved first by creep deformation and
then by shore push or buckling in suitable circumstances before failure
occurs.

No measurements have been made of ice stresses at Knob Lake,
although a relatively simple strain gauge of the type described by
Olkkonen and Palosuo (1958) might be used. In the absence of field data,
the magnitude of the pressures developed may be estimated from the formula
used by Royen (1955) for the case of rising temperature, given that the

ice is contained so that no change in length can occur:

P = Eat (eq. 4, 1)



A

where p is the pressure developed by ice expansion, E is Young's
modulus of elasticity ~500 kg mm-z, a is the thermal cocfficient

of linear expansion in bulk ~ 51 x 10-6, and t is the rise in temper-
ature in degrees C. Royen noted that this simplification ignores
viscosity and plasticity, which would reduce the pressure, and variations
of E with temperature, direction of compression and stress changes. If
t.is taken as 5°C, then the pressure developed is estimated as 12,75

kg cm-z. Comparison with compressive strength values quoted by Royen
in his paper, 12-70 kg cm-z, suggests that the pressures developed by
a 5°C rise may be sufficient to cause failure during expansion. But
insulation by snow limits the frequency of such fluctuations., From

the simple harmonic formula for dampening of the heat wave

xJTn
A =A e a
X o

(eqe 4.2)
where A is the amplitude of the wave, x the depth considered, o the
surface, a the thermal diffusivity and n the wave frequency, it can be
shown that a range of approximately 15% (27°F) in the diurnal wave at
the surface of snow 15 cm (6 in) deep would be required to cause a
fluctuation of this magnitude at the ice surface in snow of unit weight ‘
= 0.4 g cm-3, taking k = 0.00SSX 2. This is not an unusual daily range
for winter at Knob lake, at least, at screen level, However, the mean
snow depth across Knob Lake through winter 1965-6 was 25.6 cm (10,07 in)
according to the fortnightly area survey data. The mean required fluc=-
tuation would then be 31°¢ (55°F), which is a very exceptional range.,

This suggests that generally the situation at Knob Lake is unfavourable

to expansion cracking,



Royen does not discuss the case of a fall in temperature,
However, it is probable that within the limitations of his formula, of
which a major limitation is that no account is taken of work hardening
due to the variety of crystal orientations, it might also be considered
for this case. In this instance, a fall of 1-2°C would be sufficient
to exceed the tensile strength quoted by Royen of 2 kg cm-2 for granular
ices An amplitude of 10°C in air temperature above the surface of snow
15 cm deep would cause an amplitude of 3,3°C at the ice surface. A 10°%C
(18°F) range is quite common at Knob Lake. A 25 cm cover would require
a 12.5°C fluctuation at the surface, which is not unusual, It is there=~
fore more likely that failure is induced by a fall in temperature than

by a rise in temperature.

Many observers have noted extensive cracking occurring across
the lake on a clear, sunny morning following a cold night and have tended,
erroneously, to ascribe the cause to expansion on heating. A notable
cage occurred on the morning of January 7th, 1966, when cracking was
heard all over Knob Lake and one crack occurred directly through the
drill hole during drilling at Knob Lake East site. The following day
cracks extending right through the snow cover were estimated to cover
the lake at a density of 0.5 per 400 ft, grid square (c.120 m), This
was following a night with a low of -46°F rising to -14°F during the day.
However, the'cause was more likely to be the arrival of the early morning
low in the upper ice, which in the circumstances would have a lag of
4-5 hours, than heating from the rather weak winter sun. Somewhat fanci-

fully, Bryson and Bunge (1956) quote Barnes as stating that cracking is
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£irst heard at one half the crushing si:rength and apply this to the
"roaring" during early morning warming. This they contrast with evening
"twanging" on contraction. But in the case of Knob Lake with its ex-
tensive snow cover the morning cracking could probably best be described
as "twanging", a more musical sound than 'roaring',

Because of the relatively low thermal conductivity of fresh-

3 cal OC-1 cm-1 sec“1 at 0°C, fluctuations

water ice of k = 5,35 x 10
in air temperature are transmitted slowly from the surface of the ice

sheet downwards. Moreover, the base of the ice sheet must always remain
near to 0°C, the ice/water boundary condition, Differential warming and
cooling causes a more complex system of stresses to develop than was
considered using Royen's equation. The resulting stresses may Le analogous
to folding, Frankenstein (1959) has studied the flexural properties of

a lake ice sheet from in-place cantilever beam and small beam tests with

centre loading, His measurements are important for a consideration of

the importance of white ice and will be quoted.’

He found that clear (black) ice showed higher flexural strength
when the bottom was in tension. In contrast, white ice showed higher
strength when the surface was in tension and layered specimens showed a
tendency to higher strength in bottom tension, although there was little
difference in mean values, The small beam tests showed generally slightly
higher values, but the same characteristics. Generalised values from

Frankenstein's work are:
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Clear ice White ice Combination
surface tension 4,0 565 = 745 2,0 - 6.5 kg cxn-2
bottom tension 5.0 = 6.0 5.0 2.0 - 7.0 kg cm 2

Hence, white ice may have a significant effect upon the flexural strength

of the ice sheet. With little or no white ice flexural strength is greater

in cases of down-buckling, depression under a snow cover or when falling
temperature causes contraction at the upper ice surface, Overall flexural
strength is reduced later in the season by the growth of white ice, thus
tending to offset the reduced probability of failure with increasing ice
thickness. It may also be an important factor supplementing snow drift
patterns in causing the persistence of certain white ice locales following

initial growth,

Air temperature fluctuations during three winters.

A measure of the causes and likelihood of cracking is needed.
In the absence of field measurements, an attempt was made to test the
rule-of-thumb determination from the above formulae of a lower critical
limit for daily ranges that would be likely to cause cracking over much
of the lake., All days showing a range equal to or greater than 12.5%
(ﬁ=22°F) at below freezing point were noted. These were found to occur

on the following percentage of days per month in 1965-6:

October 0%, November 77, December 42%, January 197, February

43%, March 58%, April 20%, May 37, June 0%,

This indicates December and March as the preferred months for
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cracking, February follows, but in this case the percentage is slightly
exaggerated by a month of only 28 days. December and March were, indeed,
the months in which the two major slushing phases occurred on Knob Lake,

as shown in the maps of Chapter 5.

A scan was also made of the records for winters 1963-4 and
1964-5 for comparison and in Chapter 5 the information is used in comparing
end-of-season white ice maps. The same limit of 12,5°C was taken although
no overall mean snow depth is available for these years., It is also easier
to compare years, It is likely that mean snow depth was approximately the

same for 1964-5 and less for 1963-4, The percentages of occurrances were:

1963-4: October 0, November 7%, December 13%, January 48%,

February 21%, March 687, Aprili 33%, May 0, June O,

1964~5: October 0, November 337%, December 23%, January 36%,

February 61%, March 42%, April 507%, May O, June O,

The months of highest pércentages clearly change from year to
year, Whether a corresponding shift is found in white ice phases will
depend partly upon snowfall. Snowfall may, for example, have been most
critical in the phase described by Archer (1966) in early January, 1965,
The implications and limitations of this Information are more fully dis-

cussed in Chapter 5.

The possibility of buckling.

Buckling is a well-known feature on gome lakes. Bryson and

Bunge discuss major "pressure ridges' or "reefs' on Lake Mendota, Wiscomsin,
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and described by other authors from elsewhere in the Mid-West and New
England. These may consist of rucks of ice three feet high and five
feet across, representing an expansion in the ice sheet of 3 ft 6 in
(107 cm). The authors cite observations by H.J. Richgels on Mendota

in 1953-4 which show relief of compressive strain by rafting omshore,

by buckling downwards causing eventual cracking, flooding and ndw ice
formation above, by shearing and overlapping, and by buckling upwards
with or without failure, Each case resulted in increased ice thickness
near the apex of the fold, either by surface flooding or by black ice
growth within the apical angle. Conversely, the outer edges of the
ridges showed ice thinning, which may be due to penetration into warmer
water and/or erosion by current action., The records of development at

the drift site on Knob Lake (Fi'g,-lo.ﬂj) offer an interesting parallel.

No such spectacular features have been reported for the Knob
Lake area. However, it 1s possible that similar processes operate but
are dampened by the subarctic climate, that is, by thicker ice, by colder
and more brittle ice that cracks before noticeable ridges are formed, by
deeper snow cover and perhaps by the nature of the shorelines, Yet they

may be important in white ice formation in the area,

The problem was tackled by direct field observation and by

indirect analysis of data.

Field measurements.

Attempts were made to record movements of the ice sheet by



regular observation. .Three polyethylene tubes were installed in holes
drilled in the ice sheet, following the suggestion of Adams and Shaw
(1965)s One was installed midway across the mouth of Post Office Bay,

A second was installed near the meteorological screen and non-slushing
ice measuring device in the centre of the lake, The third was installed
at the southern end of the lake, near the entrance to Knob Baye The
approximate wr.ter depths at the sites were 25 ft. (7,3 m), 20 ft. (5.8 m)
and 35 ft. (10,6 m) respectively, To calibrate, the hydrostatic water
level was recorded in relation to the ice surface. The tube was held
upright, the lower end sealed and a quart of light machine oil poured
into the top ends Theequilibrium level reached by the oil was then
scored onto the polyethylene tubing and recorded in the field notes,

In subsequent readings this was taken as the original water level and
variations recorded with respect to it. Variations in oil level were
assumed to be directly proportional to hydrostatic pressure, Enough

oil was used so that the tube would remain unfrozen and in free communi-
cation with the lake body throughout the winter., The upper part of the

tubing was curved downwards to reduce the possibility of catching snow,

These tubes were read weekly, The Post Office Bay tube was
unaccountably lost before any significant measurements were made, The
other two tubes produced rather inconclusive results. Measurement of
fluctuations preceding a slushing phase is complicated by a general sinking
of the original ice surface due to the accumulation of ice and snow. This
trend reduces the amplitude of variations progressively through the season.

Rigorous, quantitative measurements of this process require a continuous
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water level recorder of the type used in stream-gauging and compensation

for the upward trend line and dampening effects.

On the suggestion of the Mirine Sciences Branch, Ottawa, a
Foxboro tide gauge was used in an attempt to measure continuously. The
instrument was kindly loaned by the Branch and used in conjunction with
the polyethylene tube at the southern site., Charts were changed daily
at first, but later only once a week as it became apparent that no
measurable variation was occurring., The instrument chart is graduated
to measure fluctuations of down to 2 inches (5 cm) in tide height. As-
suming the instrument was functioning correctly as it was both before and
after installation, it would seem that fluctuations in hydrostatic pres-
sure registering on the diaphragm of the gauge on the bed of the lake
were minimal at the gite. At least one marked white ice phase was re-
corded by the tube, four feet away, It seems probable that constant pres-
sure was maintained over the diaphragm during this phase and that the
premises on which the instrument was used are invalid; that depression
of the ice sheet results in depleting the water column, but that this is
offset by the added weight of the overlying mass., Even in the case of
externally induced buckling, it is probable that this is also true, the
pressure maintaining buckling being analogous to much increased atmospheric

pressure in the open water situation.

A more successful device for measuring the vertical movement
of an ice sheet has been described and used recently by Arnborg, Peippo
and Larsson (1965) in Sweden. It is based on the principle of the Stevens

water level gauge., Irecli (1960) obtained measurements of ice movement
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Figure 4.,1: Shoreline section at southern tip of Knocb Bay,
Knob Lake, March, 1966, (Unit weight of snow shown)

Figure 4.,2: Shoreline section at midpoint on western shore of
Knob Lake by railway embankment, March, 1966,
(Unit weight of snow shown)
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vith a tide gauge, but in tidal waters,

A third field investigation consisted of levelling by
theodolite across the lake in ecarly March. Two lines were chosen
along the length and breadth, from Guest House Point to Knob Bay and
along a line perpendicular to this at the southern tube site (see Fig.
1,1), At the ends of these traverses four shoreline sections were
surveyed following a similar method to that used.at a point on the
eastern shore by Archer and Findlay (1966) in Spring, 1965 (Appendix E,
Fig. E.2)s These are plotted in Figs. 4.1 to 4.4, but the cross traverses
are excluded, Plotting failed to give any conclusive evidence of buckling.
A suggestion of an up~buckling of c.6 inches (15 cm) towards the shore-
lines was considered spurious from water level evidence taken a few
days later. No significant bending of the ice sheet can be seen in the
shoreline traverses, However, they do give an indication of the different
shore conditions., None of the traverses shows the gently shelving con~-
ditions favourable to ice push; i.e. these shores should favour buckling

in preference 1f expansion is sufficiently great.

The final section of the:field investigation involved inspection

of shoreline features after break-up.

Evidence from shoreline features,

It has been common to make deductions about the amount of ex-
pansion in a lake ice sheet from morphological features on the shoreline,

in particular from "ice push ramparts', mounds of material built up in
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Figure 4.3: Shoreline section north-south from tip of Guest
‘ House Pcint, Knob Lake, in March, 1966,
(Unit weight of snow shown)

- —\\\"\\\\\
~

Figure 4.4: Shoreline section at midpoint on eastern shore of
Knob Lake, in March, 1966,
(Unit weight of snow shown)
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lines roughly parallel to the shoreline attributed to onshore ice=-
shove. Early observers like Buckley (1900+) in his work on Lake
Mendota, ténded to favour the expansion of the ice sheet as the ex-
planation of these features, Generally these writers linked ice-

shove with fluctuations in air temperature and alternating centrifugal
expansion and contraction. Dumble (1858+) recorded a maximum observed
expansion of six feet (2 m) during a rise in air temperature of 20°F
(rate and ice cover character unspecified), and a maximum contraction

of 3 in (8 cm) during a fall in air temperature from 30°F to -20°F

(-1 to -32°C). He concluded that temperature decreases are responsible
for fracturing the ice and that increases are the cause of shoving.'
Unequal pressures may be caused by variations in ice thickness, density,
albedo and reaction to heat., Goebeler (1891+) propounded the theory
that expansion causing "ice ramparts'" and buckles was the result of the
freezing of secondary ice in fissures and impedement by the shoreline.
Elaborating on Goebeler's theory, Krauss (1891+) suggested that the
mechanism resulted from cracking caused by night cooling and contraction,
freezing of water in the cracks and expansion during the day, This, ac=-
cording to Krauss, explains why buckling normally develops during the
day, not at night.,

More exacting work has been done on the problem by Zumberge
and Wilson (1953), in which they measured ice movement with respect to
air temperature on Wampler's Lake, S.E. Michigan. They found that a rise
of 1°F per hour for 12 hours on an 8 in (20 cm) ice sheet caused a thrust

onshore in unconsolidated glacial outwash containing a few boulders.
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Rapid cooling, on the other hand, caused sets of concentric and radiating
cracks in the sheet., Note that this was on a lake with virtually no snow
cover,

Dumble (op.cit.) noted that a snow cover of over 6 in (15 cm)
effectively prevented ice expansion or contraction by providing insulation
on Canadian lakes. In Lapland, Hamberg (191f+) attributed the lack of
ice ridges or ice-shove to the depth of snow, Also working in Canada,
Tyrrell (1910) contended that expansion on these lakes was small under a
snow cover and that the shore features often interpreted as showing ex-
pansion can, in fact, be explained by wind-driven ice floes at break=-up.
However, Tyrrell considered that when expansion does occur it is greater
in the vertical than in the horizontal. His contention should be viewed
in the light of recent knowledge of the anisotropic expansion properties
of ice crystals that suggest marginally greater horizontal expansion
for ice sheets of dominantly c-axis horizontal ice. (Dorsey (1940,
p.474), quotes coefficients of linear thermal expansion (xn) for the
unit cell of ice between 0 and -66°C of « = 17 x 10-6 for the basal
plane and « m = 29 x 10-6 for the prismatic.) In 20 years of sporadic
observations in Canada, Tyrrell claims never to have seen shore push,
although ice ridges in the centre of lakes he found common. It is also
probable that large amounts of bubbly, white ice such as experienced at
Knob Lake may reduce the pushing power of the ice sheet by providing

internal release in crushing the bubbles,

Various degrees of wind interference have been recorded,

Dybovskii and Godlevskii (1870+) reported wind cracking and hummocking



on the large inland Lake Baikal., Oak (1955+) for the Great Lakes
reports that, when the cover is reduced to 60-907 of the lakes, wind
causes pressure ridges of up to 10-20 £t (3-7 m) above lake level or
30-35 ft (ce100 m) below in the ice. Norrman (1964+) also noted ice
pans piled onshore causing damage on Lake Vattern, Sweden, which is

rarely completely covered with ice.

In Eastern Canada, most workers have favoured wind action
as a cause, Ward (1959) describes observations of grounded ice floes
on Generator Lake, Baffin Island, in the summer of 1950, although winter
activity was not observed. Assuming ice push features are a result of
wind action, Matthew (1961) postulated a short partial open water season
to explain the absence of ice push features on the Naskaupi and ﬁodern
shorelines. Peterson (1964a) suggests that the shoreline boulder ridges
of the Whitegull Lake area may be due to either the washing out of fines
from glacial moraines or lake ice action during the partial open water
season, and concludes that ice pans are the most likely cause, Peterson
points.out that, according to Jones (1958), the partial open water season
in the Knob Lake area is only 13 days long. Longer records support the

mean of about two weeks,

It is generally agreed that both mechanisms occur, but that
they vary in intensity between different areas. This is illustrated in
the dialogue by Jennings and Ward following Goldthwait's (1957) assertion
that in New England expansion and push could be linked with warm-cold-

warm cycles on all but the smaller lakes, less than ce.1l.2 x 0.4 km across,
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Plate 4,1: Site 1, grounded ice on northeast shore of Astray
Lake, The lake, still abnormally high, can be seen at left
centre, Alder and spruce have been stripped of bark and
uprooted, June 25th, 1966,

-

7~

Plate 4,2: Site 1, young spruce tree c,6 in (15 cm) girth
with broken trunk, dJune 25th, 1966,
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Working in the Central Plateau of Tasmania, Jennings (1958) comsidered
both mechanisms and favoured ice expansion, whereaerar'd (opecit.) on

Baffin Is. favoured wind-driving.

5 No features were observed in the Knob Lake area that could
categofically be assigned to ice expansion., By contrast, there was
abundant evidence at break-up of ice pan damage on the shorelines, Plates
4ol to 4.4 show grounded piles of rafted ice at two locations on the
northeastern shore of Astray Lake, 20 miles south of Knob Lake, observed
on the 25th June, 1966, eight days after official break-up on Knob'Lake.
Three main areas of ice damage were noticed during a canoe triﬁ aloag

this shore. Each one was located at a point where the shore turned south-
westward across the long fetch of the dominant northwest winds. Site 1
(Fig. 4.5, Plates 4.1 and 4.2) showed a pile of grounded ice c,250-300 ft
(ce90 m) long and 30-50 ft (c.12 m) wide of rafted, candled black ice

and disintegrating, round-grained white ice. The shore was heavily covered
with vegetation at this point and most of the damage was sustained by
trees and shrubs., At site 2 (Fig, 4.5, Plate 4.,3) there was less vege~
tation and a 3 ft aquare boulder of iron ore had been shifted about 20 ft
(7 m) from its original hole in the Sphagnum carpets No ice remained at
this point, But the damage was ascribed to wind action, since (a) the
orientation of vegetation damage was similar to site 1 and (b) the grooves
cut in the gravel beach by small, shifted stones showed a northwest-
southeast orientation and were not directed toward the centre of the lake.
The fact that no ice remained mﬁy indicate that less ice was piled up

here than at site l. Ice remained in situ at site 3 (Fig. 4.5, Plate 4.4),
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where it had been pushed 12 fE\(@ m) above the current lake level, which
from the debris line was seen to be still at maximum, Photographs of

. similar damage have been publiéhed!&for example, by Laskar and Strenzke
(1941) in Germany.

Plate 4.5 of a point on the downwind shore of Knob Lake was
the only damage of any sort noticed there. The vegetation had clearly
been dead for some time and the damagé had not occurred during the 1966
break;up. The site is in a partially enclosed bay of the eastern shore
and does not seem a likely site for expansion damage, From the rather
poor evidence, wind action of some form is suggested, either as wind-
driven ice pans or as wind toppling the high spruce. Bryan (1965, p.159)
concluded that similar vegetation damage at the southern end of Knob
Lake had occurred due to ice pans in spring, 1964. He also records minor,
gravel features from Dolly Lake and Attikamagen Lake, Similar features
to those described by Bryan, less than 6 in (15 cm) high, were observed
in 1966 on Squaw Lake and Attikamagen Lake on gently sloping gravel shores.
They were oriented normal to the northwest win&, but they may be due solely
to wave action at spring high water. According to local inhabitants,

this level was at least a foot above normal spring floods in 1966.

Plate 4.6 shows a minor featur; observed on the northernmost
of the two shallow (less than 10 ft or 3 m deep) lakes immediately west
of Knob Lake., It resembles an offshore bar built in silt., However, it
was clearly unstable in the open wave environment. It was first observed
soon after break-up and disappeared within two weeks. This may be a

small replica of the turf pressure ridges described by Hansen (1948-9)
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Plate 4,5: Shore damage in cove on east shore of Knob Lake,

photographed in July of 1966, but clearly old, It is doubtful
whether this damage is due to ice,

Plate 4,6: A small, ephemeral "offshore bar" in sill-
developed in the northernmost of the shallow pools west

of Knob Lake, It lasted no more than two or three weeks
after break-up in June 1966,



in Demmark, caused by minor ice push. Ives (1960) has used the argument
that a long open season may destroy ice push ridges. This is probably
true in some cases, but it does not appear to explain the lack of large

scale features in the Knob Lake area,

Explanation must be ssught in other directions. It is clear
that size of lake and nature of shoreline are important besides orienta-
tion of main fetch with respect to the wind. In the Knob Lake area ve-
getation generally protects the shores and gently shelving offshore
areas dissipate the energy of the waves carrying the ice pans. On other
lakes the common shore type is boulder strewn, which resists the momentum
developed over the relatively small fetches compared with those available
for Peterson's (1964b) ridges on Michikamau and Whitegull, The same
gentle shelving might aid expansion shove, if it occurred to any marked
degree. It is difficult to make precise, quantitative judgements, since
there are so many variables and such little systematic work has been done
in this particular field. Each shore must have its own optimum angle
for shove to occur. Since no evidence exists of the phenomenon in the
Knob Lake area, it may be concluded that expansion is relatively small

in magnitude.

Evidence from water level data,

Three surveys were made on a grid pattern over Knob Lake in
the springs of 1964, 1965 and 1966, These offer over 250 cases for 1964
and about 120 cases for the subsequent years cf measurements of snow

depth, ice thickness and hydrostatic water level. In the absence of other
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Plate 4,7: Loose black ice candles
at site 1 on Astray Lake,

¢, 12 in (30 cm) long



avidence, it was decided to apply a theoretical buoyancy equation to

these data. The simple equation used was:
hw!w = h§‘3+h1 \‘1 (eqe 4.3)

where h is depth or height, ‘ is unit weight and the subscripts w, s and
i describe water, snow and ice respectively, The height of water is

measured from the base of the ice sheet.

Shaw (1964) used a similar equation as a technique for cal-
culating snow density on a lake in conditions unfeavourable to direct
density measurement. Even assuming perfect buoyancy, this is theoretically
valid only if (1) no slush or water layers are present in the ice sheet,
(2) the point of méasurement is buoyant and free from shoreline effects,
(3) the effect of the observer's weight is minimal and constant, (4) the
measurements are representative for a few hundreds of feet around, (5)

_the unit weight of ice may be accurately assessed, (6) the ice thickness,
assuming the site is representative, may then be accurately measured,
Shaw himself noted the problem of measurement for this hypothesis: an
error of t 0.5 inches (1.3 cm) in ice thickness may cause a range of
computed valueg from 0,06 g cm-3 to 0,25 g cm-3. In using this equation
to look for evidence of buckling interfering with natural buoyancy these

other limitations must also be born in mind.

It was hoped that mapping the deviations from this equation
would indicate areas or points where normal buoyancy was interfered with
by expansive and compressive stresses. Given adequate knowledge of unit

weight this approach should give a good indication. However, since thfse



data wewe not collected, assumed values were taken, 0.4 g em> for snow

and 0,85 g cm-3 for ice as a whole, The sophistication of distinguishing
between unit weight and proportions of black and white ice was ignored

as not merited by the probable errors in other parameters. If a maximum
range of average snow profile unit weight is taken as ~0,3 to 0,5 g ¢:m-3
and a mean snow depth of c. 18 inches (46 cm), it is reasonable to assume

a probable error of estimation of 3 inches, i.e, ¥ 1.5 in (3.8 cm), Taking
into account the presence of greater snow depths and errors in the assumed
unit weight of ice (which are likely to be small), it is likely that a

deviation greater than t 3 in is significant.

The results obtained from the 1964 data were not mapped
because of the irregular grid system used, but ingpection of the traverses
showed 'a few marked deviations. 27 cases (9.4%) were found of deviations
greater than 4 in (10,1 cm) of which three were at the ends of traverses
near the shore and the remainder well out on the lake. Many of these
were 1lsolated instances which may be observational errors, but three cases
were found of runs of similar values that may indicate a systematic va-
riation,

More detail was obtained from maps of differences between
actual and calculated values for 1965 and 1966, The maps were produced
by computer using the program "SYMAP' devised by H,T. Fisher, formerly
of Northwestern University (description in Appendix B), Negative values
indicate an overestimate of water level by the equation and positive
values indicate an underestimate of water level, i,e. in areas of positive

deviations the ice sheet 1s depressed more than explained by the equation,.
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Slight evidence for buckling was found. On the first map
produced a pattern of deviations was found very similar to that of
snow depth (map by Archer, 1966, Appendix E, Fig. E.3)s This indicated
that the assumption of a uniform unit weight for snow of 0,40 g cm-3
was not fulfilled. It appeared that snow was of generally lower unit
weight in drifted sectors. Compare to the shore profile at the southern
end of Knob Bay (Fig. 4.1) on March 19th, 1966, with six unit weight
measurements ranging from 0,28 to 0,30 g cm-3 in depths of 39.5 to 58.0
in (100 to 147 cm). However, a set of new class intervals were specified
which disregarded minor variations, The maps in Figs. 4.6 and 4.7 are

of the March situations in 1965 and 1966 respectively,

The histograms in Appendix C (Figs. C.18 and C.19) show that
most of the computed values fall within 2,0 in of the actual, Thus, the
varilations mapped are likely to be significant, except in the case of
measurement errore. Because of this possibility of error, attention should
be directed to areas substantiated by more than one data point, (Date points

are indicated on the map by the class number from the histogram,)

In 1965 negative areas around the south and east edges suggest
shore support (Cf. profile by Archer and Findlay, 1966, Appendix E, Fig.
E.l)s The positive areas in the north and centre indicate excessive
depression of the ice sheet and suggest the possibility of down-arching
along the central north-south axis, A more definite indication of a fold
is given in the 1966 map, in which the main feature is a negative area
(2,0 to -2,9 in or -5.1 to -7.4 cm) extending east-west off Guest House

Point, This may well have been an upfold, associated with the crack that
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opened immediately north (Chapter 5, p. 76 ).

Conclusions,

None of the methods of measurement used showed any marked
evidence of folding in the ice sheet other than bending caused by snow
loading. But most of the data taken referred to the latter part of the
season. It may prove more fruitful to conduct detailed surveying in the
early season, i.e. in November, to establish angular measurements on
stakes frozen into the ice sheet similar to the techmique used by Bryson
and Bunge (1956) to study ice divergence during expansion or contraction.
However, qualitative field observation suggests that folding and horizontal
ice divergence under the stake network on Knob Lake are very slight if

they exist at all, No noticeable movement occurred.

The main cause of cracking appears to be contraction due to
the penetration of cold diurnal waves of high amplitudes which are most

common In early and late winter,
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. CHAPIER 5

VARIATIONS IN WHITE ICE GROWTH ACROSS KNOB IAKE DURING WINTER 1965-66.

Sequent white ice surveys: Method,

To study the variability of white ice growth across Knob Lake,
a rectangular grid of 117 8 ft wooden 2 in x 2 in stakes was frozen into
drill holes in the ice cover in mid-November 1965. The grid origin was
the same as used for the January survey in 1965 (as marked by
sites on Figs. 5.1 to 5.14) that is, a base line was established between
the southern tip of Guest House Point and a marker boulder roughly
directly west, on the banks of the Quebec North Shore and Labrador Rail-
way line. The tip of the point was designated NOOS and EOOW, i.e. 0000
in the manuscript records now on file at the laboratory. The first few
grid squares were set off 400 ft x 400 ft (c.120 m square) from this
base line using a Wild T2 theodolite. Later squares were set off by
eye, lining up the diagonals. Four quadrants of the grid were distinguished
in the field records by prefixes NW, NE, SE, and SW, in relation to the
axial lines EQOW and NOOS. This grid was convenient to establish in the
field, but for transfer to punchcards a non-repeating sysvem was used

with the origin moved to the extreme northwest corner (Appendix A).

Each stake was placed in a 3 in (7.6 cm) hole drilled through
the ice sheet to allow water to rise up, packed with snow and allowed to
freeze in place., A mark was etched on the stakes 1 yard (1 m) above the

black-ice/white-ice interface, which was to serve as reference, The first
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measurements were made on November 24th., Observations were made in
inches with a standard Canadian Department of Transport Meteorological
Branch yard snow ruler at a point 2 inches (5 cm) to the east of every
stake to minimise the disturbing effect of small variations around the
stake, Dry snow depth, slush depth and white ice thickness were re-
cordeds In effect, slush records are very sparse and have been ignored,
since it is difficult to distinguish slush depth when a hole is not

dug into the snow.

It is probable that the first survey had been strongly affected
by the method of installation, but it served as a fixed reference for
succeeding surveys. The nine mile survey was made variously on snow-
shoes, skis and skidoo, at intervals of approximately two weeks up to

the fuller ice survey in March, 1966.

Area surveys involving complete drillings had been made pre-
viously in March 1964 and March 1965 (maps in Appendix E, Figs. E.4 to
E.7, from Archer, 1966 and from Shaw, 1965, and others in the original
publications), with which the complete survey made in March, 1966, is
compared later in this chapter. But, unfortunately, the only similar
white ice survey that exists for comparison is that of January, 1965

(Appendix E, Figs. E.4 and E,5).

The data on snow and white ice was normalised for the season,
using the computer program described in Appendix B as NORMSTAND, Normal-
isation required a cube-root transformation for snow cover and a square-

root transformation for white ice (see Appendix C). From this standard



- scores in relation to the season mean were punched out for use in

the computer mapping program described in Appendix B as SYMAP., The
plotting of standard scores gives a probability significance to the
data, .Class intervals were set to correspond to standard deviations
(Fig. 5.1, or Appendix C, histogram 1, Fig., Cs4). The mean falls at
the class boundary between levels 5 and 6 on the maps, and these two
levels combined have a 68,267 probability of occurrence. Similarly,
levels 4 and 7 each have a 13.6% probability, levels 3 and 8 a 2%
probability and the remainder are very exceptional, In the white ice,
since it is cumulative, the mean standard score progressively ascends
the classes through the season. Sudden increases are shown by increased
area devoted to the higher levels, It is possible to compare increases
and decreases 1n snow cover with increases in white ice in terms of

"average conditions",

The maps in Figs. 5.1 through 5.14 show snow cover and white
ice distribution on seven days during the winter. The histograms re-

ferring to these maps have been included in Appendix C.

Results.

These maps show two centres of dispension for white ice growth,.
The main centre i1s the southern and eastern edges of the lake, which are
generally areas of above average snow cover for most of the winter.
This tendency has been noted implicitly and explicitly by a number of
authors (e.g. Andrews, 1962), However, a secondary centre also appears

to exist in the centre of the lake, associated with more transient peaks



.of snow cover. The two centres were already present at the November
24th survey: note the area south of the Ares Lake inflow, in the
west-centre of Knob Lake and across the narrow entrances to the southern
bays, where areas already show a thickness greater than the season mean.
The general pattern of white ice has been established, with the minimum
in the northwest cormer. The mode is in class 4 (mean to -1ls), How-
ever, snow distribution is not markedly localised. The mode for snow
distribution extends across levels 5 and 6 (near the season mean).

Hence loading is not excessive on any particular part of the lake, but

at this period the ice is thin (c. 12 in or 30 cm).

These centres alternate in growth through the winter and like-
wise snow distribution is not always markedly concentrated at the southern
and eastern shores, The map of snow cover for January 22nd thus shows
deeper snow patches in the northern half of the lake and lee dunes can
be seen before and after slushing around Guest House Point on the maps

of December 10 and December 23rd.

It is clear that snow distribution is related to prevailing
winds, and can be compared to the prevailing wind (classified as in

Appendix A) as follows:

Nove24th: prevailing wind in preceding 2 weeks SE/NW - even snow
distribution

Dec.10th: " " " " NW/NW - lee dune off
G.H.Pt., south-
ern concentration

Dece23rd: " " " " NW/NW - similar

Jan., 8th: n " " " NW/NW - similar



Jan, 22nd: prevailing wind in preceding 2 weeks NW/NW - similar

Feb. 5th: " " " " SE/varied - even
distribution
March 3rd: " " u 4 " NW/NW/NW/varied -

southern concentration

There is a similar liaison between drifting and the degree of subsequent
white ice growth because of the hydrostatic head thus developed by snow
loading and depression of the sheet. A good example is the realisation
of the potential offered by the lee dune off Guest House Point between
December 10th and 23rd, Hence it is inferred that marked local increases
in white ice often result after an extended run of wind from one direction.
However, as shown in Chapter 4, the prime cause of cracking is diurnal
ranges In drifts a higher surface amplitude is needed than was considered
for mean depth in the previous chapter. Thus, cracking is likely to be
less frequent the deeper the drift. The longer the wind persists, the
longer the drift is likely to remain free from slushing. Hence the
liaison between drifting and slushing involves large, sudden increases
separated by longer periods of quiescence. This is born out by comparing
the graph of development at the more normal northern 'mon-slushing device"
site with that of the drift site (Figs. 10.5 and 10.6!) in Chapter 10.
Therefore, in lake-wide terms as opposed to the local drift, the fact
that the two major slushing phases on the lake were preceded by a number
of weeks of northwest winds is probably incidental to favourable tempera-
ture ranges,

The events leading up to these lake-wide slushing phases may

best be represented in terms of the lake cover in the following list



November 24th, 1965: snow and white ice distribution maps.

Slushing has already occurred, reducing snow cover in the north-
central part of the lake and along parts of the eastern shore and
forming isolated growths of white ice already greater than the season
mean (11 in - 27,5 cm)e Minimum white ice is in the northwest and is
to be persistently so through the season, commonly associated with a
snow deflation area, although at this point snow distribution is rela-

tively even following two weeks of contrasting wind directions.
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December 10th, 1965: snow and white ice distribution maps.

White ice has increased in the east. The centre growth is again
increasing, surrounded and divided from the eastern peak by areas of
below mean growth, A slushing has occurred at south-west-centre and
a potential appears to exist at south-east-centre. A potential seems
to have developed off Guest House Point with a lee dune, which is to
be realised in the following weeks,
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December 23rd, 1965: snow and white ice distribution maps.

A major slushing phase has occurred. The mode (level 6) is
egtablished to remain for the rest of the season. (Compare to
rank correlations with snowfall.) The main change in distribution
of white ice has occurred in the middle of the lake, Increases
have not crossed the class boundaries in the extreme northwest,
'the moderate white ice area in the west and in the high white ice
area in the southeast. Snow is generally reduced, especially in
south and centre., The Guest House Point drift has gone. However,
the apparent potential at south-east-centre has only partially

been realised,
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-January 9th, 1966: snow and white ice distribution maps.

‘Filiing in has now occurred in the white ice pattern in
southeast and south-centre, and snow is likewise reduced here,
The severe cracking that occurred on January 7th following a
night of -46°F or -41.5°C (amplitude of cold wave 32°F or
15°C) does not appear to have initiated much flooding, perhaps
because of intense freezing and a snow cover which is the

shallowest of the winter,
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January 22nd, 1966: snow and white ice distribution maps.

"Another increase in white ice has occurred at the constricted
entrances to the southern bays, where snow appears to be more
commonly deposited than deflated (although the sample sites are
somewhat eccentric). The northern half of the lake is essentially
unchanged in white ice distribution, but patches of deep snow
drifts are found., Wind direction is still preggilingly northwest.
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February Sth, 1966: snow and white ice distribution maps. .

. A general increase in white ice has occurred, but of smaller
magnitude than in December or March, It is mostly in the former
northern drift areas and especially in the central area. Snow

has been evenly distributed apparently by variable winds.
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March 3rd, 1966: snow_and white ice distribution maps. ‘

‘Marked growth of white ice has occurred in the east and centre
areas. The south and east are re-established as the major areas.
This appears coincident with a marked snow accumulation, although
the gap of one month from the last survey may hide a lag, This is
the beginning of a slushing phase that was concluded after the
larger survey in late March,
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compiled from the histograms in Appendix C.

. date of survey snow distribution white ice distribution
. mean »+'1s  modal level mean B+ 1s modal level
Nove. 24th - 47.07% 1. 7% 5-6 8.6% . 0.0% 4
Dec. 10th 65.8%  17.1% 6 16.2%  0.9% 4-5
Dec, 23rd 41,87 11.1% 5 544 7% 3.4% 6
Jan, 8th 41,97 - 6.8% 5 65.87% 9,47 6
Jan. 22nd 55.5% 18.0% 6 75427 16.27 6
Feb. Sth . 55.5%  13.7% 6 75.2%  19.7% 6
March 3rd 77.07 28.27% 6 90,0% 34.27 6

The list shows that the modal level for white ice was es-
tablished by the end of December. This appears to confirm the general
validity of the rank correlation obtained in Chapter 2 for Knob Lake
Centre site, The first major slushing phase and part of the second
are recorded here, The phases seem to have been initiated as nearly
three~quarters of thé lake became covered by above average snow depths,
i.e. greater than 10.07 inches (25.6 cm)s The later phase would a
priori require greater snow depths to cause the same degree of slushing

because of the lower buoyancy level of the ice.

These phases are reflected in graph form for sites east,
centre and west and various additional sites in Figs. 10,2:to 10.6
in Chapter 10.

The discussion on the cause of cracking in Chapter 4 showed
that December and March had the most frequent fluctuations in air

temperature of a magnitude that might be sufficient to exceed the limit



tentatively assumed for tensile strength in the ice sheet. These
months mark the beginning and end of "deep winter" in 1965-6. Although
deeper snow at these periods would reduce the effectiveness of these
fluctuations, many of the fluctuations recorded for winter 1965-6 are
likely to have penetrated, It is not simply in frequency that December

and March excell, but also often in amplitude.

Probability of white ice growth,

The patterns presented above show concentrations of white ice
in parts of the lake commonly bearing deeper snow cover. An attempt
was made to see whether snow depth also affected the initiation of cracks.
This was achieved in terms of '"probability of growth" using a simple

yes/no approach and the elementary relationship

P= -;l x 100 (eqe 5.1)

where P is the percentage probability, n the number of times an increase
is recorded and N the total number of times the site was measured, This
was applied in a small computer program to the data of the white ice
surveys rearranged into 117 sets of 7 observations., The information
was then fed into SYMAP., Fig. 5.15 is the result. There was a scatter
from 437 to 86%. Since no site lacked white ice on November 24th, each

site was allocated a 14% probability from the start.

In this map the former strong patterning has been destroyed
and is not replaced. The northwest is no longer a "low" area., There

is just the tendency for the centre of the lake to have lower values;
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.a difference of 3 or 4 cases. This contrastgwith the centre of growth
commonly found in the distribution maps and suggests that floodings
are fewer but larger in fhe centre of the lake, If this is anything
more than a freak occurrence, it suggests that the critical stresses

are more often achieved nearer the shores.

The general lack of pattern suggests that the basic cause of
flooding, i.es cracking, is fairly randomly distributed across the lake,
as would be expected when air temperature is the dominant control. It
would be interesting to establish a series of threshold limits, i.e.

map probability of growth greater than chosen values.

Approach to areal explanation,

It is clear that there is considerable variation across the
lake in addition to differences through the season, which cannot be
explained by the temporal correlations established in Chapter 3. An
attempt was made to define the areal component more rigorously by
regression., Ideally, explanation should be sought in time and space
simulfamlously. The problem of achieving this was given some thought,
but was not solveds Qualitatively, it may be supposed that as accumulated
snowfall is the best criterion for predicting white ice at-a-site through
the season so snow depth is the best criterion for predicting white ice
at each stage over the lake. No significant relationship was found for
over 1100 cases of snow depth and white ice at-a-time through 1965-6

and clearly a causal relationship involves a time lag.
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- An approach was made to the second half of the problem,

using the computer to obtain mean snow depths at each of the 117

sites throughout the season, normalise mean snow depth and white ice
thickness on March 3rd, the final white ice survey (Appendix B,
NORMSTAND), and obtain punchcards of absolute residuals from regression
(REVATR modified), which were then plotted by SYMAP. The result is

reproduced in Fig. 5.16.

The "explanation" offered by the regression is very poor,

with r2 = 0,017, The estimating equation,

wice = 3,983 + 0.146810g108 (eqe 5.2)

where ; is mean snow cover at-a-site, has a standard error of Y = 1,0
standard deviations (since regression was on the standard scores
matrix). The map of residuals shows marked patterning, which indicates
that the regression hypothesis is consistently deficient over certain
areas of the lake, 1In fact, the pattern bears strong resemblance to
the maps of white ice growth, most especially that of March 3rd. The
plane of regression intersects the map along the boundary between levels
5 and 6. Levels 6 and above are positive, i.e. the equation uﬁder-
estimates white ice growth in these areas, and these show groupings in
the centre of the lake and in the south and east. These are the two
centres of growth found in the March 3rd vhite ice map (Fig. 5.14).
Negative residuals are most prevalent in the northwest. The map levels

are in standard deviations of the normalised white ice c@ver (Appendix C),

and also, by coincidence, since S.E.y = 1,0, in standard errors of the
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‘estimate.

It therefore appears that mean snow depth gives a very low
level of explanation and does not describe peaks or lows in white ice
growth, The explanation may be complex and involve parameters which
have not been measured and may be difficult to ﬁeasure. The following
deducations can be made: (1) an important part of the problem may be
in comparing a single, static pattern with an average of a changing
pattern; (2) density of snow and ice thickness are factors affecting
the hydrostatic head potential which may be important; (3) since white
ice has generally lower strength than black ice, perhaps a clustered
distribution is created by white ice growth making the area more
susceptible to cracking in spite of the increased ice thickness, i.e.
white ice encourages more white ice; (4) buckling may favour certain

areas; adding to or reducing the hydrostatic head created by snow cover.

In the case of deduction (1), maps of snow cover (Figse. 5.1,
563, 5.5, 57, 59, 5.11, 5.13) have shown that there is a moderate
continuity of depth in the areas of extreme residuals. The pattern is
more changeable across the middle of the lake. However, it has also
been shown that the white ice process is discontinuous. Growth is
stepped up when favourable air temperatures and an above average snow
cover coincide, This will give extra emphasis to ephemeral patterns
of snows To study this would require integration over time and space
and probably more detailed records of snow cover. For (2), it was found

in the study of buckling that there were important deviations in density



from an assumed mean, However, it was also found that mean density
seemed lower in drifted areas and higher in low, windpacked snow. It
can be seen that this acts in a reverse direction to that needed to
increase the explanation of residuals, i.e. the equation ‘- owerestimates
growth where the snow is likely to be more dense and the overburden
proportionally greater. But increasing ice thickness through the'season
suggests that early season snow depths should be weighted as more impor-
tant, The third possibility is a problem which cannot be tackled here

for lack of data. The final consideration is still not proven.

Hence, there seem to be other important factors that remain

undefined,

Comparison of end-of-season ice cover: 1964, 1965 and 1966,

White ice and total ice were selected from the records of the
March survey, 1966, and mapped using SYMAP for comparison with the two
former years (Figs. 5.17 and 5.18). The maps of lake cover for previous
years, which were published by Adams and Shaw (1966) and Archer (1966),
are included for reference in Appendix E, Figse E.4 to E.6. In all maps
of white ice and total ice the isopleth interval is set arbitrarily at

5 in (12.7 cm) of ice thickness.

The three years show marked differences in the amount of white
ice present, Visually, the modal level is less than 5 inches in 1964,
between 5-10 and 10-15 inches in 1965 and (from histogram, Appendix C,

Fige Ce17) 10-15 inches in 1966, From equation 3.4 accumulated snowfall
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ts expected to be a major determinant, This is largely born out by the
records: total snowfall up to March 27th, 1964 was 6.79 inches (17.24 cm)
water equivalent, up to March 26th 1965, 9.52 ia (24.19 cm) W.e., and to
March 25th 1966, 9.16 in (23.26 cm) w.e. The second factor in the equation,
accumulated run of wind, is certainly outweighed, since this offers no
explanation of the differences: 40,487 miles (64,779 km) in 1964,

37,552 miles (60,083 km) in 1965 and 35,078 miles (56,125 km) in 1966.

Nor, indeed, does accumulated degree days explain the contrast: 4,976

in 1964, 5,291 in 1965 and 4,215 in 1966. But the mildness of 1965-6

was accompanied by many large diurnal ranges. Notably, December, 1965,
showed 427 of the days with ranges greater than 22%or 12.5°C, and this
coincided with a favourable snow cover, Both 1965-6 and 1964-5 experienced

a greater frequency of high diurnal ranges than 1963-4 (Chapter 4),

The distribution of white ice shows poor concordance from
year to year. Only the south and east shores, where the prevailing north-
west wind deposits a windward dune, show any trend towards persistance.
However, 1964 and 1965 both show a slight trend towards a central peak of
growth, which has also been found for 1966 up to early March (v.s.). The
peak of white ice across the mouth of Post Office Bay in 1966 is intefesting.
The crack responsible for this upwelling can be seen in Plate 5.1. It was
first noticed in November, but it seems to have re-opened in March, when
a deep snow cover gave it greater significance, In fact, this late growth

is reflected in the total ice map.

' Total ice was greatest in 1965 with a modal level apparently
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Plate 5,1: Decaying ice surface on Knob Lake from the air,
early June 1966, Note cracking, especially the old crack
extending west (left) from the Guest House Point.

Plate 5,2: Aerial view of Knob Lake and its basin in early
June 1966,

()
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between 40 and 50 inches (c.100 to 127 cm), 1964 and 1966 are more
comparable, with clear modes at 30-35 in (76 to 89 cm). From equation
3.2 accumulated degree days would be expected to explain this variation
and this is born out by the figures quoted above. IHcwever, in detail
the controls are more complex, involving also the controls affecting
white ice, and this is indicated in the maps of 1964 and 1966, The
milder winter of 1965-6 is compensated for by greater smowfall and

frequency of "critical" diurnal ranges and consequently more white ice.

Distribution suggests peaks of total ice generally north-of-
centre largely of black ice and at the southeastern shore largely of
white ice. 1In general, this is comparable to the distributions found
through the Knob Lake basin (Chapter 6), with the exception of the

apparently anomalous feature off Guest House Point in March 1966.

Conclusions.,

Cracking is not markedly localised through the season, but
appears to have a more or less random distribution across the lake.
The amount of white ice formed is basically controlled by the buoyancy
level of the ice sheet, which depends on ice thickness, snow depth, snow
density and any stresses affecting buoyancy such as shore support or
folding. Mean snow depth alone is found to be a poor indicator, and
slushing may "fossilise'" ephemeral snow patterns, The most powerful
criteria for lakewide growth appear to be (1) generally above average
snow depths and (2) a high frequency of "critical" daily ranges of air

temperature,
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Plate 5,3: The first white ice phase off the west side of

Guest House Point, November 1965,.
composed of new ice,

The entire foreground is
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The two phases of white ice growth in the winter of 1965-6

occurred in December and March, and were lake-wide, These coincided

with months of exceptional sub-freezing diurnal temperature ranges,
which are likely to have caused widespread tension cracks, Snow cover

slowly increased during the preceding weeks, forming a hydrostatic head,
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CHAPTER 6

VARIATIONS IN ICE COVER IN THE KNOB IAKE BASIN

In March and April 1965 and 1966 surveys were made of the
ice and sﬁow cover of the basin upstream from Knob Lake, The basin
covers an area of c. 13.5 m12 (21,6 ka) to the south of Knob Lake
itself., The outflow is mainly through the weir in Post Office Bay
(Knob Lake), where the McGill Laboratory maintains a gauging stationm,
although a small amount drains through the old exit in RCAF Bay (Knob
Lake), mainly in summer (Findlay, 1966, pe43). 23.9% of the watershed
is lake or swampland that receives a winter cover of ice. According
to Findlay (ibid., p.18), the basin retains over 29,000 ac ft (13,900 m3)

of permanent surface water in these water bodies.

Tables 6,1 and 6,2 summarise the main characteristics of the
lake covers during the two '"spring surveys', Standard deviations
for each characteristic and each lake, are intended to give an indication
of variability within each lake, although the data were not normalised
at this level, Figs. E.7 to E.12 in Appendix E are the maps of raw
data for spring 1965 produced by Archer (1966). Maps 6.1 through to
6.6 here plot variations in the different characteristics across the
majér lakes of the basin for spring 1966 in terms of standard deviations
from the basin mean, excluding Knob Lake. The data were tested for
normality by Snedecor's tests of skewness and kurtosis and transformed

where necessary to obtain a normal distribution using NORMSTAND (Appendix B).
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* a7 = Percentage occurrence at the surface,

Table 6.1 CHARACTERISTICS OF LAKES IN THE KNOB
Area Volume Total ice White ice Black ice
Lake 106sq.ft . ac. £t Thickness» Vol Thickness Vo Thicknesg Ve
n % s |100¢c£]| =n £ s | 10°%£f] q % s |10¢
“Knob 20,68 8780 80 35,0 60,50 276 14,0 4.4 24,50 80 20,0 34,
Malcolm 18,88 8420 31,0 5,6 49.00 37 12,0 3,5 18.88 17.5 3.0 27,
Easel 9,68 4670 32,0 4,2 25,80 (14.5) 16, 39 "(15,0) 12,
Houston 6,40 1750 32,0 2,9 17,15 48 14,5 3,2 7,73 15.5 4.3 8.
Ares 5,76 1110 29,0 5.3 13,92 9 18,5 5.9 8,88 13,0 6.0 6,
Gene 4,25 617 30,5 5,2 10,81 (14.5) 5,17 (15.0) 5.
Osprey. 3,23 875 30.5 3.7 8,20 11 13,5 3.4 3.64 16,0 3.4 4,
Phred 2,62 664 30,0 1.1 6.54 15,5 1.8 3.38 12,5 - 2,
Conmuni- ‘ . ]
cations 2,27 514 34,0 3,6 6,43 14,0 - 2,65 4.5 - 2
South 1,20 315 30,0 4.7 3.00 14,0 2,1 1,40 15,5 1.4 1
North 1.08 242 29,5 1.6 2,66 4.5 3,0 1,31 14.0 4.2 1
Middle 0.57 54 30,0 2.5 1,43 14,0 1.4 0,67 6 15,5 0
Cowan 0.51 64 24,0 -  1.02 (14.5) 0.62 (15.0) 0
Barr 0,48 51 30,0 3.4 1,20 11 15,5 5.4 0,62 14,5 1.8 ©
(Others 7.88 903 (30,5) 19,20 (14.5) 9,43 (15,0) 9
TOTALS 85,49 29029 226.86 104,97 117

b% = Percentage occ
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" Table 6,1 CHARACTERISTICS OF LAKES IN THE KNOB IAKE BASIN, SPRING 1966 -

-

%  a% = Percentage occurrence at the surface,

- 226,86

b% = Percentage occurrence above and within,

Area Volume Total icé ' White ice Black ice » ?now _ " Slush Water level
Lake 106;°,q. g |- ac, gt ',Thickness' Vol Thickness = | y, Thickness Vol Thickness Vol Depth |x when a'/;"‘:, A X s
’ n % s |106c n g s |10%cf| g £ s 1060,f n & s |105cf| g g present

Knob 20,68 8780 80 35,0 60,50 276 14,0 4,4 26,50 80 20,0 - 34,40 276 17,0 29,30 - 70 11% . 25% 42,5
Malcolm 18,88 8420  3L0 56 49,00 37 12,0 3,5 18,88 175 3,0 27,12 18,0 47 2840 2.5 41 5.0  27% . 631 410 1.2
Easel 9,68 4670 32,0 4,2 2580  (145) 1639 (1500 1210 145 3,0 1680 40 41 7,0 663 1002 +L5 3.5
Houston 6,40 1750 32,0 2,9 1715 48 145 32 773 - 15,5 43 826 19,0 43 10,20 0,0 - 2,0 9% 1% +L5 0,9
Ares 5,76 1110 29,0 5,3 13,92 9 18,5 59 88 13,0 6,0 6,25 18.5 4,7 8,86 3.5 4,7 8.5 45, 69% +4.0 4,2
Gene 425 617 30,5 5.2 1081 (14,5) 5.7 (15.0) 5,31 14,0 46 495 7.00 2.3 8.0 88%° 854 41,5 5.0
Osprey. 323 875 30,5 3.7 820 11 15 3.4 364 16,0 3,4 430 185 47 497 3.0 2.9 50 . 60hs 8L 43.5 2,6
Phred 2,62 664 . 30,0 L1 654 155 L8 3,38 12,5 - 2,73 150 . 328 7.0 &7 85  33% 3% 40,5 2.1
Communi- ' B : : o - o S e »-: S S e ‘_-‘:-, L '
cations - 2,27 514 340 3.6 643 3 140 - 2,65 145 - 2,7 . 1.5 317 3,3% L0 L9 25 504 78% 42,0 L5
South L,20 315 30,0 47 3,00 6 140 2,1 1,40 155 L4 1,5 16,0 39 1,60 LO -~ 7,0  25% 84% 43,0 3,1
North L08 242 29,5 L6 266 5 145 3,0 L3l 140 42 1,26 180 3,9 L62 L0 - 40 33 43 4.5 L9
Middle 0,57 56 30,0 2,5 1,43 4,0 L& 0,67 6 155 0,7 150 2,6 0,70 2,0 - 2.0  37% 2540 43.0 1.1
Cowan 0,51 64 2%,0 - 1,02 (14,5) 0,62  (150) 0,64 . 12,5 - 053100 - 13,0 1005 100% +10,0 -
Barr 0,48 51 30,0 3.4 1,20 11 155 54 0,62 145 18 0,58 19,0 50 0,76 3,5 47 85  41% 4% 435 33
(Others ~ 7,88 903  (30,5) 19,20 (14.5) 9,43  (15,0) 945  (16,5) 10,40 (5.5) |
TOTALS 85,49 29029 104,97 117,93 127,06 o




MEANS

Table 6.2 SUMMARY OF ICE COVER CHARACTERISTICS IN THE KNOB IAKE BASIN, SPRING 1965

Total ice White ice Black ice Snow Water level

Lake N - 1 - -
n X Vol n X lggc £ n x Vol n b4 Vol n X

 Knob 188 46.0 81.80 310 12,0 20,68 166 35.0 60.35 351 18.0 3L.12 186 40.5
Malcolm 88 40.0 62,60 130 14,0 21.24 84 25.0 39,25 143 18,0 28.30 86 +L.5
Easel , - 39 35.0 28,20 49 14,5 10,74 36 20.0 '16.15 97 18.5 14,95 40 +1.0
Houston 39 40,0 21,32 64 17.0 9.15 38 20.0 10,65 67 16,0 8.54 36 42,0
Ares 40 37,0 17.80 45 17.0 8.06 37 20,0 9.60 50 19.5 9.35 40 +1,0
Gene 29 36.5 12.92 30 16.5 5.87 27 19.0 6.73 34 18.0 6.37 26 +L.4
Osprey 17 37.5 10,09 19 17.0 4,53 12 20,5 5.52 27 16,0 4,31 15  +L.5
Phred 19 36.0 7.85 19 13,0 2.86 19 28,0 6.11 19 18.0 3.93 19 +L.5

Communi- , S : - L |
cations 5 43.0 8.13 20 13.5 2,57 5 28.6 5039 21 14.5 | 2.7% 5 -0.5
South 2 26.0 3.60 7 15.5 1.57 2 22.0 2,20 7 16.5 1.65 2 +1.0
North "7 41,0 3,69 8 13.5 1.43 6 28.0 2,52 9 14,5 .31 7 0,0
Middle 3 42.0 2,00 12 13,0 0.62 3 29,5 1.40 - 12 13,0 " 062 3 0.0
Cowan 3 25,0 1.06 3 14,0 0,60 3 10,5 0.45 3 28.5 .21 3 +2.5
Barr ( 38.0) 1,52 4 12,5 0.50 ( 23.0) 0.92 4 13,0 0.52 1 (1.0
Trigger 5 30,0 0.80 5 15.5 0,42 5 14.0 0.37 11 19.0 0.51 5 +L5
Others (  38.0) 23.95 (15.0) 9.45 (23.0) 25.19 (17.5) - 11.10 ¢1.0)
TOTALS/ 38.0 287.33 15.0 101,49 23.0 192.80 17.5 126.53 +1.0
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The standard scores were then plotted for each variable with the
exception of hydrostatic water level, which could not be normalised
in the existing form of the records. (For transformation details
see Appendix C.) Because of incomplete data, it was necessary to

repeat the normalisation process for each variable independently.

The maps are shaded to distinguish areas of exceptional®
variations in the data, that is, variations greater than one standard
deviation from the mean value. This gives a visual and quantitative

indication of the significant variations both within and between lakes.

No attempt was made to make a more rigorous analysis of covariance
between lake cover and local environment, because of theenormity of
the problem and the fact that the analysis that was made suggested

that the data did not merit it.

Analysis began with Table 6.1 on which various tests were
made with rank correlation between the lake covers and environmental
parameters. From the table there appears to be some correlation between
size of lake and the mean total ice thickness. Volume is included in
the table, but was not used in analysis since in the few cases where
it does not rank equal with surface area lake cover data were poor and
mean basin values had been interpolated. No interpolated values were
used, The 'Xi statistic indicated a correlation approaching the 307
significance level between lake area and mean total ice. Excluding
the rather anomalous mean for Communications Lake, this correlation
becomes significant approaching the 5% level, It is reasonable to regard

Communications Lake as a special case, since (1) when it is removed from
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.the analysis the significance level based on the other 13 lakes improves
considerably and, (2) only two of the seven measurements made on the lake
were free from water layers in the ice, which were counted in the total,

among the seven two readings of 40 in (nearly 1 m) with multiple layering.

Given this, the question then arose as to whether this is more
a function of black ice growth or of white ice growth. Chi square values
indicated that black ice shoﬁed a correlation approaching 307 significance
with area of lake, but that a slight negative correlation existed for
white ice, which, however, was not significant. The data show a clearer
negative correlation (approaching the 30% level) for white ice versus
black ice within the basin that is more clearly and accurately shown by
tests elsewhere (Chapter 3, eq. 3.3), which is the basis for this slight
negative correlation., Thus, larger lakes have thicker ice owing more
to increased black ice than to white ice. Snow, slush, water level and
snow-with-slush showed no relationship to size of lake., Hence it appears
that the increased black ice on larger lakes is not directly due to
greater snow deflation resulting from exposure, It seems rather to be

related through white ice development.

It is unlikely that the thicker black ice of the larger lakes
is due to larger surface area exposed to the atmosphere, since volumes
and hence heat storage within the lake body vary approximately in pro-
portion to surface area, It is more likely that the difference 1s created
by the more important role played by the area of downwind deposition of
snow on smaller lakes, Boundary effects are less on the larger lakes

~ and hence slushing potential 1is less.
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. Size is the crudest envircnmental parameter., Orientation

of long axes, shape, shore vegetation and shore slope were added. It

is difficult to appraise these factors, since classification is poorly
developed in some and measurement units are often by attributes. The
clagsification used here for vegetation is that devised by Hare (1959)
from air photo study over Labrador-Ungava. It is based more on physical
aspects of the vegetation cover than on botanical considerations and,
whilst it may be criticised on botanical grounds, it nevertheless has
proven useful in studying snow distribution; this is the main importance
of vegetation for lake ice. Cowan (1966} and Adams et.al, (1966) have
found significant differences in water content between cover types in
Hare's classification, These authors have also pointed out that dif-
ferences would be greater if transition zones could be differentiated.
It is the extent of these frontier zones upwind and downwind of vege-
tation blocks that 1s important to snow cover on lakes, According to

these authors, lake snow cover has the lowest mean depth and water

content of the four categories used.

Mean shore slope was classified into categories of less than
5%, 5-10% and over. This was done by taking lines on the map perpendicular
to the shore at intervals of 200 £t (c.60 m) along the shore beginning
at an arbitrarily chosen point., The lines were extended 1000 ft from

shore and estimates made from a contour interval of 50 ft,

Orientation of long axes and classification of shape were in-
vestigated with limited application. Bryan (1964; 1966) used Welch's

(1948) "maximum effective length", the longest straight line that can be



fitted into a lake to measure orientation, and then arbitrarily
distinguished groups for every 10 degrees of displacement from
True North., Table 6.3 shows the major lakes of the basin classified

according to orientation. . The number of classes was determined by

the empirical formula:
k=1+ 3,33 loglon (eq. 6.1)

in which k is the number of classes and n the number of values. This
indicated four classes., Strong parallelism, however, virtually nul-
lifies the validity of such a classification for the purposes of this
study, Similarly, shape indices such as Welch's shore development

index (opecit.) gave poor differentiation and were not used.

A systematic inventory was made of the relationships in-
dicated by Figs. 6.1 to 6.6 and anomalous areas investigated more

closely using the original data.

Gene Lake (Fige. 6.1) offers an interesting case of local
slushing. The western arm shows a marked wave effect in snow, slush
and water level maps, not reflected in total ice, White and black
ice distribution could not be mapped here because of the abnormally
deep slush, Snow and slush together are abnormally high for the basin
and show the influence of the steep side-slopes and heavily wooded
southern and eastern shores, The banding suggests a possibility of
folding in the ice sheet., But when the buoyancy formula (eq. 4.3)
was applied to points on the profile along this arm, almost perfect

agreement was found between predicted and actual water levels, if a



KEY TO LAKE COVER MAPS OF KNOB LAKE BASIN

l. Maps of topographic environment:
A close lichen woodland
B open lichen woodland
.8 open lichen scrub
D swamp or muskeg
||",’| slopes greater than 5% (average over 200 ft)

==30=~- jisobaths in feet

2, Maps of lake cover:
~ =1l~Aw isolines at intervals of one standard deviation from the
mean (x) for the basin in each variable,
lll'l' areas greater than one standard deviation above average,

: %% areas greater than one standard deviation below average .
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Figure 6.la: Gene and Phred Lakes topographic enviromﬁent.
(key following page 92)
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Gene and Phred Lakes snow(left and slush distribution(right),

Figure 6.,1b:
March, 1966. (key following page 92)
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Figure 6.lc:

Gene and Phred Iakes t
(right), Maxch, 1966,

otal jce(left) and water level dis

(key following page 92)
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Table 6,3

LAKE ORIENTATIONS

Class boundaries (T.N.) Lakes Frequency

31%5"' - 40%5" Malcolm, Osprey, 5
Houston, Phred,
Middle

40°45' - 49°45" Knob, Ares, Gene, ’ 4
North

495" - 58%s5" Easel 1

58%45' and greater Communications, South 2



Figure 6.,2a:

|

300 m

Houston and Communications Lakes, topographic environment
(key following page 92)
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Figure 6,2b:

Houston and Communications Lakeswhite ice distribution,
(key following page 92)

March, 1966,
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Figure 6,2c:
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Houston and Communications IL.akes total ice (above) and snow(below),
March, 1966 (key following page 92)
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.mean unit weight of x = 0,78 cm-'3 was assumed for the slush. Excluding
the slush from the equation would result in an apparent upfold midway
along the arm. The problem thus arises of whether slushing caused
depression or simply followed the slope of a folded surface. It seems
likely that slushing could be a self-perpetuating process for a brief
period until the rate of flooding is sufficiently reduced and hydrostatic
equilibrium is attained, extra loading creating added flood potential.
Initial localisation may result from a slightly tilted surface or from
a slightly irregular surface formed by the quick freezing of minor up-
wellings,.

Phred Lake (Fige 6.1) also shows higher than average amounts
of snow and slush, Here total ice increases southwards as black ice
decreases and white ice increases, suggesting, as on Knob Lake, a strong
persistence through the winter of this snow pattern and hence continuity
in the area of white ice potential, In the case of Phred Lake it is
notable that this southern accumulation occurs in spite of the open

lichen scrub borders and a low shore slope.

The general tendency for accumulation at the downwind end is
common to all the lakes of the basin irrespective of shore characteristics
and is only enhanced by containing shore features, Likewise, there is
a general tendency for white ice to increase downwind and black ice to
decrease, Houston Lake shows this clearly, Here, in a large lake,
slushing was very slight and did not affect the overall distribution
of dry snow., Being among the most northerly oriented group of lakes in

the basin, Houston (Fig. 6.2) shows lee dunes of snow on its western side,
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Figure 6,3b:

Snow cover

slush

Osprey Lake distribution, March, 1966,

total ice

watexr level

(key following page 92)
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*but the steep=-sided exit funnels the wind down the centre of the lake

at the northern end resulting in deflation. Here a small area of thicker
total ice is the result of increased black ice, Total ice also increases
towards the centres of the two southern bathymetric basins, where snow
has accumulated. Here white ice is the causes Thus, as on Knob Lake,
the dominant element in total ice thickness changes from upwind to
downwind edges. Water level measurements show that loading was still

creating a slushing potential at the time of survey,

Osprey Lake (Fige 643) shows the common, dual ice thickness
peaks, but is unusual in terms of snow cover. Size, orientation and
surrounding vegetation favour the normal southern concentration of snow.
However, snow is below average here, Presumably the lake has just
completed an extensive white ice phase at the southern end. Slush is
still present away from peak ice thickness. Ares (Fig. 6.4) is ex-
ceptional among the lakes in having maximum ice in the deep northern
basin and no peak in the south, where water level indicates a still un=-
realised flooding potential of c. 3 in (8 cm) that could raise thickness

to, at least, just above the basin mean.

Easel Lake (Fig. 6.5) again shows the twin ice peaks, the
southern of which is formed largely of newly frozen white ice full of
water lenses, An additional peak occurs around the northern island,

It has been suggested that cracking (and flooding) tend to occur in
constrictions (Persson, 1954)., However, this peak is due to snow defation

and black ice growth in the constriction. Malcolm (Fig. 6.6) shows the
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Figure 6.4a: Ares Lake topographic environment
(key following page 92)
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Figure 6.4b: Ares: Lake snow(left) and white ice distribution
(right), March, 1966, (key following page 92)
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Figure 6.4c: Ares Lake total ice (left) and water level (right),
March, 1966. (Key following page 92)
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.same feature in the constriction at the northern end of the longer
southern armes Malcolm also shows extensive slushing in the area of
thinner ice on the northern arme This is a sheltered area with deep

snow, contrasting with the western arm.

Comparison with 1965,

The maps of the March survey for 1965 reproduced from the
work of Archer (1966) in Appendix E are not directly comparable to
the maps of 1966, since they indicate raw data values not a normalised
statistical surface. However, some similarities and discrepancies may

be remarked upon.

The maps show a year in which accumulation of snow at the
southern ends of the lakes was less marked, This is a clear reflection
of the greater variety of wind direction for the winter of 1964-5, 1In
1965-6 northwest winds prevailed during 777 of the weeks between freeze-
over and the survey and in 1964-5 only 45% with a long stretch in
February in which northwest winds did not prevail, Nevertheless, Ares,

Gene and Phred lakes still showed the tendency.

This had an important effect upon the white ice. Ares, Gene
and Phred lakes showed similar patterns to 1966. Elsewhere white ice
ghowed clustering in areas of deeper snow, with the exception of Easel
Lake where it may show evidence of the changing distribution of snow
with prevailing wind during the winter., Easel shows a rare case of in-

creased white ice in an ice thickness peak at the northern end of a lake,
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Figure 6.5az

(key following page 92)
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Figure 6,5b: Easel Lake snow(left) and white ice distribution
(right), March, 1966. (key following page 92)
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Figure 6.5c: Easel Lake total ice(left) and water level
distribution(right), March, 1966,
(key following page 92)
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From the comparison, it appears that snow and vhite ice
distribution varies from year to year with the prevailing wind.
Inspection of wind direction records (criteria in Appendix A) for
former years indicates the following range of variability in the
prevailing wind by weeks between freeze-over and the first full week
in March: 1963/4 NW 72%, 1962/3 NW 54%, 1961/2 NW 50%, 1960/1 NW 357%,
1959/60 NW 5%, 1958/9 NW 77%, 1957/8 NW 32%, 1956/7 NW 58%. This
shows that 1965/6 was unusually dominated by northwest winds. It
may, therefore, be inferred that the tendency for snow and white ice
to accumulate at the southern end of the lakes is shown near its acme

in these maps.

Conclugions,

The method of obtaining information on the variations of
lake cover within the basin leaves much to be desired, The maps can
be only partially constructed, since in most cases the sampling tra-
verses do not give adequate coverage, and the interpolated isolines
give an exaggerated value to variations in the statistical surface
normal to the line of traverse and underemphasise parallel variations.
Hence exaggerated banding is found on a number of the maps. Similarly,
the data are not truly randomly selected, It is known that the most
efficient technique for obtaining good coverage of an area by random
samples is the "systematic unaligned', based on random choice of
column-wise and of row-wise coordinates within a randomly oriented
quadrat system, A quadrat system per lake would produce better coverage

and data, and reduce the labour expended on obtaining the information.
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Plate 6,1: Cowan Lake, an example of strong influence from
boundary conditions, Slush, snowdrifts and white ice prevail,

Plate 6,2: Easel Lake, an example of lesser boundary inter-—
ference, The lake is oriented towards the dominant wind and,
although the lake is not very broad, the wind gives emphasis
to the long axis and maintains marked deflation at this
northern end, Black ice is the main ice component here,
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total ice(left}, March, 1966, (key following page 92)

Malcolm Lake topograph

Fiqure 6.6a:
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"Figqure 6, 65: Malcolm Lake vhite ice (bottom), snow(m:l.ddle)
' and slush distribution(top), Ma::ch, 1966.
(key following page 92)
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. The methods of establishing the topégr’aph:lc features of

the basin that are used heére are not sufficiehtly sophisticﬁtéd to
adequateiy differentidte the small variations involved. Furt:ﬁemore, .
the analysis suffers from being based on a brief, at-a-time cross-
sections It is clear that the timing was :lmporf:ant‘ in the 1966 survey
from the different stages in a current basin-wide slushing phase fhat
are apparent from one lake to another. The 1966 survey probably\pre-
sents a less accurate picture of the end-of-winter cover than did the
1965 survey. It does suggest, nevertheless, some tendency ;or the

smaller lakes to be more advanced in the slushing process, which may

be an indication of a general rule,

The distribution of lake cover in the basin confirms the
relationships found for Knob lake and show the twin ice peaks to be
normal on all the large and medium sized lakes ( ~ 2.5 x 106 sq ft
or 9.1 x 105 sq m)e Total ice appears to be slightly greater on larger
lakes owing to weaker boundary effects, Locations of white ice growth
vary from year to year in relation to snow re-distribution by pre-

vailing winds,
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CRAPTER 7
THE CRYSTALLOGRAPHIC DISTINCTION BETWEEN WHITE AND BIACK ICE

As the total'thicknéss of white ice increases, it becomes
more difficult to observe the black-ice/white-ice interface through
a 3 inch (8 cm) diameter drill hole, especially on a dull winter's
day. This is aggravated by variaﬁions 1n‘theﬂtone of the white ice

itself caused by differences between flooding phases.

The same observatign led Andrews and McCloughan (1961) to
conclude that white ice is gradually absorbed into the black ice
during the "pre-thaw period", approximately from mid~October to mid-
April, On this basis, they suggested a corrected white ice term,
"equivalent black ice". Thi§ ageing of white ice during the winter
until it resembles black ice was assumed to follow a normal growth

curve of the type:
B, = we ¥ (eqe 7.1)

where B, is the equivalent black ice thickness, W the original white
ice and y = (1 - t/T)-l, in which t is the time in days since freeze-
up and T is the total length of freeze-up, Andrews and McCloughan
took a mean length for T of 180 days for Knob Lake and plotted data
for the east site for 1959-60, against degree days, and compared this
to a curve based on the squares formula for sea ice growth quoted in

eqe le2, (Graph reproduced in Appendix E{ Fig. E.17,) They found
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Plate 7.1l: The polariscope,
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.that this "correction" gave a better y-intercept value with degree
dayse

However, their premises seem somewhat dubious.

Contrary to the suggestions of Andrews and McCloughan
(opecit.), the results of a small-scale study of the crystallography
of ice from Knob Lake suggest that in spite of appearances the dis-
tinction between white ice énd black ice is rigid and remains so

throughout the winter, It is especially clear towards break-up.

Methods of study.

The first attempt to study the crystal structure and
texture of ice on Knob Lake was made in 1963, when a block of ice was
harvested and shipped to the CRREL establishment at Hanover, New Hampshire,
for analysis (Mattox, 1964)., Unfortunately, this sample was destroyed
in a fire en route, A second attempt was made on April 4th 1966, using
slightly less elaborate methods than those described by Mattox (ibid).
The block of ice was cut from a site 8 metres (24 £ft) northwest of the
weekly drilling site at "Knob Lake Centre', It measured 50x50x90 cm,

A 5 inch Snabb spoon drill, a cross-cut saw and a pair of ice tongues
were used for this operation, Despite 20 cm (8 in) of slush overlying
the ice, no undue difficulty was experienced, except that the topmost
23 cm of the block (composed of white ice) sheared off from the rest of

the block at the first attempt to lift the ice with the tongues.

The block was examined for macrostructural features and



-100a-

75 cm

TARsedaBRRURNN
S S SSVS 3 S8R\

Fig.7.1. A simple polariscope.
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photographed in daylight (Plate 7.2). Because of its somewhat irregular
shape, orientation presented no difficulty and the problem of sublimation
of markings experienced by Mattox (op.cit.) was not encountered, The ice
was stored in a deepfreeze for a week at c.-15°C (5°F) before detailed

study,.

A simple polariscope, illustrated in Fige. 7.1 and Plate 7.1,
was improvised for studying and photographing thin sections of the block
under polarised light. The set-up could be improved by incorporating
a device for easily rotating the thin section and taking angular measure-
ments of extinction, The analysis made was basically qualitative, More
detailed work would require an instrument such as the Rigsby stage

described by Langway (1958).

To prepare slides for study, slices approximately 2 cm thick
were cut vertically and horizontally out of the ice block at intervals
selected to cover the whole length with special attention to features
of the macrostructure, The sawn-off slices were then reduced in
thickness to c. 0,25 cm or less by melting on a flat-bottomed tinplate
placed upside-down in an electric frying pan containing some water to
act as a coolant, Although the resulting thickness was large compared
to the normal geological thin section, it was sufficient to obtain
glides of less than one crystal in depth in the black ice, and often
also in the white ice, These thin sections were then viewed and
photographed through the polariscope in a cool room under plane polarised

light and crossed polaroids, Both black-and-white and colour photographs
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were taken using a Honeywell Pentax and an Ashahi Pentax single lens
reflex cameras, Only the monochrome photographs were used in.the

analysise

Results

The results gshow the strong contrast between the ice of
two different origins. The interface is shown in Plate 7,3 in a
vertical section under crossed polaroids, The distinction is both
structural and textural. In ordinary light (Plate 7,2) the unconformity
is marked by a transition from a layer of concentrated and unoriented
air bubbles, which give the characteristic colour to the white ice,
to a layer with relatively few and generally organised air bubbles,
which is transparent as well as translucent, In the white ice in the
upper part of Plate 7.3 melted-out air bubbles can be seen as extinguished
areas, and at the edges smaller, less disturbed bubbles can be seen
reflecting stray light, The textural contrast is best seen under
crogsed polaroids, an abrupt change from small, sub-rounded crystals
with no preferred orientation in the upper ice to the larger, elongated
crystals with marked orientations of the lower icz, Plates 7.4 and 7.5
show horizontal sections of the white ice and black ice respectively

under polarised light,

The interface is so marked that any '"ageing'" of white ice
to black ice seems highly unlikely, The interface was at approximately
the level suggested by the stake frozen into the ice at Knob Lake Centre

at the beginning of the season.



- 103 -

The interface appeared at the surface of the ice sheet
during break-up, when the white ice had been reduced to scattered
patches of firn-like material by radiation melting, At this time an
interesting parallel was observed between the crystal orientation in
the thin sections and the patterns found on the lake. Plate 7.3
appears to illustrate the Perey-Pounder effect, Perey and Pounder
(1958) and Pounder (1965, p.22) showed the tendency for a-axis sub-
vertical crystals to grow at the expense of a-axis sub-horizontal
crystals as a result of the general property of faster growth in the
basal plane of the crystal lattice, The latter crystals are wedged
out downwards by the sub-vertical crystals, (See illustration in
Perey and Pounder, ope.cit; Pounder, op.cit.; Lyons and Stoiber, 1963)
This normally leads to an increase in crystal size with depth in
the black ice, and smaller, wedged out crystals at the upper inter-
face, In Plate 7,3 at least two small, bright, Qedge-shaped crystals
can be seen either side of the large, extinguished crystal at lower
centre,The main axis of the extinguished crystal was found by rotation’
to be nearly normal to the plane of the section, Thus the basal plane
is perpendicular to the upper interface. This crystal grows in cross-
sectional area downwards at the expense of the bright crystals, The

bright crystals had near vertical c-axes,

During fce decay the intercrystalline bonds are weakened
principally by increased solar radiation. The snow cover is removed
first and this is followed by the patchy disintegration of the white

ice into wet, round ice pellets (Plate 7,7)s By May 25th 1966, patches of
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bare black ice were visible on Knob Lake in Post Office Bay, which
showed an effect which it is proposed to call here a "crystal mosaic
pavement', Plate 7,6 is a-photograph of part of this pavement charac-
teristically composed of a mosaic of black and white crystals 3-6 cm
across in plan view, There is a marked tendency towards a triangular
outline amongst the lighter crystals, which suggests that their axes

of symmetry are vertical and that they are approaching trigonal symmetry
as a result of inhibited hexagonal growth. Inhibition may result from
a surfeit of crystallisation nuclei, Ragle (1963) has noted a tendency
for crystal size to increase with distance from the lake margins and
has suggested that it may be due to a larger number of nuclei inshore.
However, it seems likely that rate of cooling is also an important

factor as the ice grows from the shoreline,

The lighter crystals in Plates 7.6 and 7.7 are transmitting
light reflected upwards from air bubbles and the faces of underlying
crystals in the approximate direction of the optic axis (c-axis). When
rubbed gently with the hand these lighter crystals were found to be
loose, and, although the crystal boundaries were closely interlocked,
some could be prised out for inspection., When removed, they showed the
vertical wedging characteristic of the crystals described by Perey and

Pounder (opecits).

Plate 7.8 was taken in the same area as Plate 7.6 after

a night of extended rain, The loose crystals had been removed by the

rain leaving a local relief on the surface of up to 6 cm flooded with
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water,s The lens hood shows that the hollows left are smaller than
would be expected from the crystals in Plate 7.6, This illustrates
the tendency mentioned by Ragle (ope.cite). The former was located
about 2 metres offshore, whereas Plate 7,6 was located 3 mettes further
out, although surface lowering probably occurred reducing the size of

the hollows,

Rate of caling is probably also significant in the general
vertical increase In crystal size in the black ice section of an ice
sheet noted by many authors (e.ge Knight, 1962), In as far as generali-
sation may be made from the 30 sections taken from this one block,
this phenomenon was found on Knob Lake, Vertical profiles of crystals
near the upper interface tended to have horizontal cross-sectioﬂal
areas of 2-3 sq.cm . (Plate 7.5) compared to areas in excess of 15 sq cm
at a depth of 35-40 cm below the upper Interface, ie, 62-70 cm from
the top of the block and 14 cm from the bottom (Plate 7.9). It is
important to note, however, that very few writers apart from Palosuo

(1965) have carefully restricted the generalisation to the black ice only,

In the white ice the reverse tendency was found, an increase

in erystal size upwards (Plate 7,3). This is probably, however, not as
general a statement as for the black ice, since in closer proxzimity to
the atmosphere the white ice is subject to a greater variety of rates
of freezing which together with the discontinuous nature of growth
result in layering more marked than in the black ice, This constraint

is also affected by the grain size of the snow that is flooded.

Study of the variation in crystallography across the lake
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was only partially successful., A set of aerial photographs of the lake
taken when the black ice crystal pavement was at its greatest extent by
Pilot John Prast of Norfolk Aerial Surveys failed to give any indication
because of scale and patches of white ice. Full study would require an
ice corer and sampling from various sectors of the lake (Knight, op.cit.).
Three of the four textures listed by Ragle (ope.cite, p.7), after Wilson,
Zumberge and Marshall, were observed in the black ice. Truly tabular
crystals with greatest development in the horizontal plane were not en-
countereds Granular and columnar textures were most common in the area
examined, which was the area of Post Office Bay and a little further out
into the main body of the lake that became clear of white ice whilst
still rcachable across shore cracks and leads. However, most crystals
also showed a tendency to be more or less crenulate at the surface.
Ragle suggests that granular ice is a product of slow freezing in quiet
waters just below OOC, and that ruly crenulate crystals are formed in
agitated water, The crystal pavements observed seem to fall within
Ragle's definition of granular ice although on the night of freeze-up
winds were running 20 mph and the bay in which most of the investigation
took place is not particularly sheltered, Indeed, records of windspeed
at the 1 m level over this portion of the lake through the winter of
1965-6 indicate slightly higher winds than at the southern anemometer
site. (Note: Bryson and Bunge, 1956, after Marshall, applied the term

"granular" to white ice, in a different sense.)

Columns were found off Guest House Point, According to Ragle,

columns "grow in quiet, deep water in the centre of the lake or more



- 107 -

Plate 7,2 Plate 7,3
The ice block; note white ice Vertical thin section of black-
and bubble horizons,. ice/white-dce interface under

crossed polaroids, 24 cm from
top of block; note wedging and
crystal sizes on centimetre grid.

Plate 7.4 Plate 7,5

Horizontal thin section of Horizontal thin section of black
white ice under crossed ice in a bubble layer, 50 cm
polaroids, 20 cm from top. from top.

Centimetre grid.
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usually in a zone just beneath the other three textures'". Conversely,
Bryson and Bunge (op.cit.) followed Marshall in attributing colummnar
ice to agitated water. On Knob Lake only the shoreward areas were suf~-
ficiently clear of white ice to allow iﬁspection. Bere on June 3rd

and following days columns c.8 cm in length were seen. Fig. 7.2 is a
schematic cross-section of the ice surface at this period, showing how
black ice candling occurred mAinly in areas free of white ice and ap-
peared to be absent under more than 8-10 cm (c. 3 in) of white ice.

The largest candles found this season were about 25 cm (10 in) long
amongst grounded ice on Astray Lake, 20 miles south of Knob Lake (Plate

402_ ’ in Chapter 4»)-

Bubble layers were found in both black and white ices In
the white ice they occurred between different freezing horizons that
could be distinguished by different grain éize;. They seem to represent
exsolution gases trapped by a freezing front progressing mainly from
above downwards. In the black ice the bubbles have not been trapped in
the same way, but banding is even clearer. Ragle (opecit.) has compared
the bubble layers to those formed during rapid solidification in metal
ingots and concluded that the cause of inclusion is rapid freezing. BHe
and others have traced single layers across an entire lake and attributed
them to periods of rapid growth, Swinzow (1966) used the formula de-
veloped by Elbaum, a metallurgist, in 1959 to describe.this process, but
concluded for the special case of a proglacial lake that extra gases
were being added from melting glacier ice, Hourglass expansions at uniform
levels through the ice block (Plate 7,10) suggest periods of exceptionally

rapid increase.
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1-5 ¢m slush

2-10 cm white ice

10 ¢em candles in "pavement”
candles breaking off

_",l_ '.LM\ water pool
RARER '
N T

30 c¢cm non-candled ice

FIG.7.2. Sketch section of wasting ice surface.




'-Plate 7.8
~Shoreward. of Plate 7.
. . after tain; white crystals
- . -removed, crystals generally
smaller than in 7. 6. '

1in grounded Adee. on thevﬁorth shore
vastray Lake June 25th'

1966.;V

Blate 7.9 -
Vertical thin section of black. ice,
© 62-70'cm from top, 14 cm: from base,

under crossed polaroids.




Plate 7.6 Plate 7.7 i

Crystal mosaic pavement in Oblique black-ice/white-ice interface o
Post Office Bay, May 25th, 1966; in grounded ice on the north shore - e
note white, c-axis vertical Astray Lake, June 25th, 1966. ;

crystals, open tubules and some
crenulate boundaries.

Plate 7.8 Plate 7.9

Shoreward of Plate 7,6 Vertical thin section of black ice,
after rain; white crystals 62-70 cm from top, 14 cm from base,
removed, crystals generally under crossed polaroids.

smaller than in 7.6.
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. Figure 7.3 represents an attempt to correlate the bubble
layers of the block to weekly incremgnts recorded at site Knob Lake
Centre, Quite a close correlation was found in essentials, Such
correlation should be made wi;h caution in the light of evidence of
bubble migration .from Lyons and Stoiber, (op.cit.). However, it seems
that the prime cause of migration is radfation melting at the top end

of the bubble and freezing at the bottom. If this is so then it seems
unlikely to have played any important role in the block which was re-
moved from beneath 30 cm (12 in) of snow on April 4th 1966, Concentra~-
tion of bubble layers in the upper 607 of the black ice probably rep-
resents faster growth in early season. Six distinct bubble horizons
were found in this zone, which could be correlated with increases at

the drill site up to mid-November, when the first major growth period
ended, The second period of black ice growth, in January, appears to
have left no mark. Growth was slower, and the ice covered by over 30 cm
(12 in) of white ice and almost an equal amount of snow. Swinzow (op.cit.)
noted a bubble rich zone just below the black-ice/white-ice interface

as shown here, which was visible at the surface just before break-up.

At this time migration is active. Open "worm holes" were a noticeable
feature of the crystal pavements at break-up (Plate '7,.,6)s Both the
gsides and the bodies of the crystals removed were pockmarked and pierced
by air holes, Neither in the field nor in the thin sections was any
fixed crystallographic location seen amongst the bubbles, although many
showed near perfect hexagonal éymmetry about their long axes, showing

that they had developed in association with c-axis vertical crystals,
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Plate 7.10
Vertical section of ice at 40 cm depth showing bolt-shaped air
bubbles (section 0,5 cm thick),

Plate 7.11

Highly irregular '"candles" floating on Lejeune Lake at break-up.
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cenc lusions,

‘ The structural and textural differences between the two
types of ice are quite distinct. : 'i‘be interface has the sttucture that
is cheracteristic of the first growth stage and metamorphosis of white -
ice through ageing is tmlikely. The differences are most manifest in
the field towards break-up, when the white ice disintegrates and as |

the black ice is exposed it begins to "candle" and form mosaic pavements,
Growth layers are most marked in the white ice, but bubble layers seem

to be an analogous form in the black ice.

ST
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'WHITE ICE DURING FORMATION AND WASTAGE o

e

White ice during the fteeze?nﬁigfoeeie; :i,;.;

ol

From the very beginning of‘che frozen period, ia“cnali’amount
of "white ice" is sometimes present, which has not been created in the
strictly genetic sense of true white iee. This is the product of alush “§;'
ftozen into the original ice sheet when freeze-up is accompanied by a,
snowstorme -

'4

The probability of this situation occurring is likeiy to be

:high for late £fall and early winter is commonly a period of heavy snow-

fall in the area (Tout, 1964, p.124). According ‘to Tout (ibid., p.124),
November and December normally account .for 30% of the annual snowfall
total of 12,75 inches (32.4 cm) water equivalent, and from his table

of monthly snowfall (ibid,, ps125, Table 25) it can be seen that in bad
years September and October may receive as much snow as January and

February, This concentration of snowfall has been related by a number

~of authors to conditions in Hudson Bay. Burbidge (1949) noted the

importance of advection to the climate of interior Labrador-Ungava and
the instability and cumulus created in the cPK modified air by its
trajectory over the Bay, The Bay provides 300,000 square miles of
water to the windward of Labrador-Ungava, which is shallow, generally
less than 200 fathoms deep, and almost landlocked, Its ctirculation
consists solely of arctic waters, and it is thus not only of greater

importance to the peninsula than the leeward ocean, but it is also
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more ausceptible to freezing. Hare (1950) accorda ice formatian 1n
Budson Bay an imyortanc role amongst the climatic factors affecting

the peninsula.

The reduction in snowfall at. 1n1and stations caused by
the mid-winter freezing of much of the Bay has been notcd by Burbidge
(1949), Lotz and Nebiker (1957) and Tout (1964). Lotz and Nebiker
(1957) correlate the later reduction_iq sqgwfcll with the dominance.
of unmodified cP air coming from the Bay_ﬁtéa; which matks theitirtual

ceasing of evaporation over the seas’

Consequently, the smowfall maximm at Kanob Lake comes in h
November, just befcrc the main,ice‘fcrmctiociic:thc'Bay: this month
has an average of 22,5 inches (57 cm) of snow, whereas no other month
exceeds an average of 20,0 in or 50,7 cm (based on Shaw ahc Tout,
1962, Appendix, p.7, table 2), November also has the ﬁaxiﬁqm ﬁean
number of snow days, 17,6 compared with 15,9 in December and 13,0 in-
October (Tout, ope.cite, p.139; Table 31)s Table 8.1 shows that freeze-
up on Knob Lake commonly falls in the last week of October or the first
week Iin November, at the very beginning of the snowfall maximum. From
annual diaries and drilling records it can be estimated that approxi-
mately one third of freeze-ups have contained noticeable "original
white ice" at the measurement sites, and many more show the accumulation
of normal, superimposed white ice to form more or less general covers
in the first two weeks following freeze-up., Table 8,2 shows the situ-
ation broken down into the six measurement sites for the period 1957-58

to 1965-66.
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indicates gusting.

Freeze-up likely to have occurzed at y‘itghc.

Table 8,1 WEATHER AT FIRST I1CB, FREEZE-OVER AND FREEZE-UP AND AMOUNT OF "ORIGIFAL WHITE ICE"
, FIRST ICE ‘ FREEZE-OVER , FREEZE-UP _ . Batinated®
Snowfall Wivd Temperature Snowfall Wind Temperature : ‘Srowfall Wind Temperaturef .- - vYoriginal .. -
h - 11 N . ; . ‘
resr | e |wee.(in) | (ailes) op) | fenertee fpate e (m| (mtles) | _op) 1Pl o wem) | Gites) | (0p) | SUSRIOR | hyrg geen
Prec.| Day |Prec.| Day |Hax. | Min.) . Prec.) Day| Prec.i Day |Max, | Minj ™, - | Prec.] Day { Precs| -Day |Max | Min.) ""..0-"" )" on Kaob -
week wedk Y jweek week | L 2y - | week week CEE SR “ay ; Lake
1955 {20-9 .23 .16 B 3. 27 4.8 310 2% m Wilg 3. 26 . 2.7 | 15-11 .é4 .02 Wl 200 16 S0 fr o
1956 [24-10 .51 . .01 M26g 16 10 0 25-10 .36 Tk SEL 29 22 BRI I S VR - I Sleg 227 1 &0 |- a
1957 {23-10 .34 TR Wlbg 2% 13 34 [25-10 .36 .03 Wl 19 W .0 311001 o ‘87 25 19 e2. | 0
fi9s8 | a-10 .23 .38 ‘sI8g 26. 46  L.2 NONE 7-10 .30 . © W10 33 26 “2.9 ) 0"
- (rain)‘ _ o e o i coo
1959 {26-10 .27 1.35° S16g “36.. 49% 0% NONE 29-10 .44 .01 Misg 19 6 32 | g
s (rain) : _ L 7 ] -
1960 15-10" a3 m w8 29 21 0 26-16 .83 .04 NIO 30 26 0 311 .23 .01 W6 36
ser o110 .01 NWi12g 29 10 4.8 23-10 .45 0 S10g 35 1 . 6.2 7-11 .33 .01 g 25 18
1962 27-10 ,436 .15 NEl4g 25 17 0 NONE . ’31'-10 Fe320 002 -89 2r -
1963 s-ro 8 .06 Wl7g 29 18 - 0.5 "NONE 2-1111.06 11 NE6g - 2L -
" : : _ L (.02 ‘NWI6E .25 13
1966 | 510 .05 W wilg 31 27 L2 |20-0 .51 .02 SW10g 31 26 2.4 . | 3-10 .21 TR . - Nel6g 17 8,
1965 | 6-10 .80 .03 W20 28 22 0o 7-10 .80 .03 11 23 18 - 04 |25-10 15w 12 24
o+ . Estimnt:itm i.s generally a mean of xecords at the ﬂrat veek of measurement.
* Probably in. fact first ice formed at night. Day before with mean of 24° ‘and.
7 ninjmm of 3103. _
F  since freeze-over is known to have occurred at night, the. flaure here 1s for the‘
6th October up to 2,0 a.m, on the 7th, . Other correlations might be improved .
if data were available. ' " n :
%% Previous day gusting 45 mph,
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Table 8,2: Periods without "original white ice"

Weeks without measured white ice at the beginning of the season at three

sites on Knob Lake (west, centre, east) and at three sites on Maryjo Lake

(west, centre, east)

year 1957-8 1958-9 1959-60 1960~-1 1961-2 1962-3 1963-4 1964-5 1965-6
site

KW 2 2 3 6t 2 0 1 0 0
KIC 4 4 2 6t 2 5 2 0 0
KIE 3 2 2 6* 1 1 1 0 0
MIW 0 0 2 7* 0 0 1 1 1
MIC 0 0 2 7# 0 3 1 0 0
ME 0 0 1 7% 0 4 1 0 0

*Suspect records; appear to be records for one site recorded as three each.
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The early winter snowfall is probably an important cooling
factor in the inland lakes, accelerating freeze-up and the advance of
winter. Fomel (1888+) noticed this process at work on Lake Geneva,
where he claims it lowered the surface temperature from 5% to 4°C.

The snowflakes also provide the much needed crystallisation nuclei to
initiate ice growthes To be most effective a snowfall must be accompanied
and preceded by light winds or calms This creates minimum convective
and mechanical overturning in the water body and permits cooling of
the surfical layers below the isothermal temperature (maximum density
at c.39°F or 4°C) to create slight supercooling, which Devik (1944)
suggests must be c. -1.5°C, to initiate crystallisation. Overturning
is also reduced by the shielding effect of clouds during the day,
although clear skies at night encourage long wave radiation cooling.
Whilst frontal storms are common at all seasons, snowfalls from con-
vective, cumuliform clouds that are often accompanied by the above

conditions are more common in early winter.than later.

Unfortunately, the data do not exist for a detailed and

accurate analysis of this problem.

A critical scan of Table 8.1 suggests that, whilst light
winds are not necessary for freezing, low wind speeds are closely as-
sociated with the occurrence of "original white ice". It is evident
that freezing during high winds tends to be linked with lower air
temperatures than are necessary to trigger the process with light winds.
Snowstorms occurred at freeze-over on October 6-7th 1965, October 19~

20th 1964, October 26-7th 1962, October 22-3rd 1961, and on October
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25-6th 1960, but notably not at the succeeding freeze-up on November
3rd 1960,

Inaccuracies in correlation are unavoidable since the
exact time periods referred to in the records do not coincide, and
only in 1965 was white ice amount measured immediately after freeze-up.
Similarly, other factors enter the correlation which are not taken into
account here. Records for 1957 and 1958 (Table 8,2, first and second

columns) suggest likely chance differences between lakes.

In the first weeks following freeze-over or freeze=-up
white ice is frequently added by surface flooding, The thin ice is
highly susceptible to cracking under thermal stresses. The snowcover
is generally too slight to provide much insulation against the fluc-
tuations about the freezing point which are common at this period,
yet may depress the thin sheet sufficiently to cause a flood potential.
These conditions may, in fact, cause temporary melting of the original
white ice surface, as observed on Knob Lake between October 7th and
October 13th 1965, when the ice was 3 in thick. It seems unlikely
that much of the surface flooding at this period is caused by radiation
melting, except in so far as surface pools may absorb heat during the
day and general albedo is reduced in the slushings. This process is
more important in break-up, when the elevation of the sun is higher,
reflectance lower and incoming solar radiation greater, Records of
incoming short wave radiation from 1963 to 1965 measured at the Labo-
ratory with an Eppley pyrheliometer show weekly accumulations of c.1000
langleys for October as compared with a characteristic c.2000 ly for

March,
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Freeze-over in 1965 was an exceptionally fine example
of the development of original white ice. Freeze-over occurred on
the night of October 6-7th during a snowstorm with moderate winds.
Over an inch of snow fell and a white ice surface was found over Knob
Lake next morning, This October was the coldest on record with a
mean of 24.6°F (-3.5°c) whereas the average mean from 1955 to 1964
was 30,4°F or -0,8% (Barr, mimeo, 1965), and almost twice the average
snowfall of 11,3 in (2847 cm), 21.0 in (53,3 cm)s The number of snow
days was normal and the extra snowfall was due to a number of heavier
than normal falls, such as that on the night of freeze-over, The mean
wind speed of 11 mph (17.6 km hr-l) was below average., Mean daily
temperature remained below freezing point from 3rd to 17th October

and the period 6th to 9th October was relatively calm,

Freeze~-over and virtual freeze-up thus occurred abnormally
early, for the cover that formed on the night of October 6-7th remained
through the winter. It is a small technicality that a stretch of open
water, estimated at 130 x 80 £t (43 x 27 m), stayed ice free until the
end of the month, by which time the ice sheet was generally 7 in thick.
This polynya was used by Bilello, Adams and Shaw (1966) in arguing for
the value of their "permanent freeze-over" (i.e., freeze-up) prediction
curve.

Similar situations have been described in some former
years, Archer (1966, p.170) noted relative calm and snowfall before
.freeze-up in 1964 and Bryan (1964, p.18) gives a more detailed account

of the situation in 1963, He notes that, following a warm period with
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a maximum of 45°F (6.1°C) lasting from October 15th to October 18th,

a cold front passed through at 0900 ILST on October 20th, which brought
temperatures of 20°F (-5.700). However, snowfall and cold were in-
sufficient to promote freezing in winds gusting to 70 mph (112 km hr-l).
The ice that had formed and been partially melted on some lakes in the
vicinity was broken and not finally re-established until the night of
November 1-2, Unfortunately, the author does not refer to Knob Lake
specifically in this discussion, Westlake's diary for 1962 (Westlake,
1964, pe40) suggests how freezing was associated with a sudden cooling
to a mean of 19°F (-6,1°C) in the last week of October, although
climatological records suggest that this was also accompanied by snows.
In fact, 4.3 in (10,9 cm) or 83% of the total monthly snowfall fell in
the last ten days of October 1962, In 1961 Shaw observed that freezing
on the night of October 22-23rd was under light winds, clear skies and
air temperatures of 8°F (-11.300), suitable conditions for intense
cooling by black body radiatjon (Shaw, 1963, p.38)., Shaw mentions
subsequent melting of 507 of the ice cover on Knob Lake and Maryjo, but
does not refer to freeze-up conditions. Records show that freeze-up

on November 7th 1961, was linked with light winds and 0,1 in of snowfall,

which appears to have initiated a probably discontinuous white ice surface,

Conclusion,

Unfortunately, the data which exist are too scanty to de-
velop a study of the importance of snowfall and white ice at freeze-over

to any advanced level., It is probable that Knob Lake has been one of
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.the most carefully watched lakes in Canada and therefore it is unlikely
that such a study would be any more practicable in other parts of the
country, This is of no great consequence to general freeze-over pre-
dictions such as those based on probability of occurrence by Williams
(1963) from the data of Ryder (1953) and the Canadian Meteorological
Branch. The difference in time of freeze-over involved is likely to

be small and use of,this information is limited by the accuracy of weather
prediction. However, it would be a helpful addition to theory if measure-

ments and detailed observations of this phenomenon could be made.

The processes of wastage and break-up.

Archer (1966, p.175) took break-up as beginning with the
first decline in snow cover, because, he claimed, this is significant
in determining the final date of break-up., More usually break=-up is
limited to a short period of time immediately prior to the complete
disappearance of ice from the lakes, In this section the '"wastage"
period is taken as extending from first snow melt to final break-up,
iees when the lakes are completely free of ice (as MANICE, 1964 and

‘Allen, 1964, published by Department of Transport).

In 1966 this period was longer than normal, Early melt
began in the snow pack caused by the warm weather, rains and high
insnlation of March and April: March was 7.5°F (3.5°C) above average
and April 446°F (2.1°C) (Barr, mimeo,, Dec, 1966). This melt resulted
in a lagged peak in the hydrograph in the first week in June (Findlay,

in press). A reversal in early April resulted in peak ice. The snow
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cover on Knob Lake was finally removed by slushing in the week prior
to April 20th, and was never really re-established, although a new,
thin cover appeared briefly at the end of May, freezing in the surface
pools, and lasted for just two days until dissipated by heavy drizzle.
The cold May was important. The mean monthly temperature was nearly
2°F below the eleven year mean, the first since December 1965 to be
below average (Barr, mimeo,, May 1966). Until the May cold snap there
seemed strong indication of an early decay from the amount of "rotten"
ice commonly encountered towards the shorelines in the spring survey,

but ice remained until mid-June.

The characteristic pools, leads and surface rivulets were
present during this period (Plate 8,1), Fig. 7.2 is a cross-section

of part of this surface sketched on June 3rd 1966,

The subperiod of "ice-breaking" was only slightly longer
than average for Knob Lake, although, as for freeze-over, records are
highly subjective on this point, For the basin as a whole it appears
to have been longer (from the opinions of J.B. Shaw, DeR. Archer and
W.P. Adams, personal communication), although no records have been kept
for previous years. This gave an interesting opportunity for a daily
vigil on the state of decay on the various lakes, The vigil was kept
from The Knob, south of Knob Bay, or from Dolly Ridge, three miles east,
between June 6th and June 22nd, with supplements from other sources.

Table 8.3 summarises the records.

On June 6th no major lake in the watershed was open. Knob



Table 8,3

IAKE

Pond
Pear
Smal
Oboe
Barr
Knob
Bean
Mine
Pete
Hana
Mary
Leje
Astr
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ce
1 lakest

8 lakesi
r

8

jo

une

ay

Squaw

Hous
Ospr
Ease
Ares
Malc

ton

ey
1

olm

John

Doll

y

Wishart

Abel

* Small pools
in area).

+ Small lakes
T Small lakes
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SUMMARY DATA FOR ICE-BREAKING, 1966

SNOW SHORE PARTIAL PARTIAL JUNE
CLEAR LEADS 10SS OF CLEARANCE BREAK-UP
WHITE ICE DATE
6
1-6 26-5 26-5 27-6 7
before 7
before 12
before before 16
1-6 25=5 25=5 11-6 16
13-6 16
before 17
17
17
19-5 13-6 17
before  13-6 13-6 17 (estim)
before 21
7-6 7-6 cl9-6 21
cl19-6 21-22
13-6 13-6 c19-6 21-22
13-6 13-6 cl9-6 21-22
13-6 13-6 c19-6 21-22
13-6 13-6 cl19-6 23
13-6 13-6 cl9-6 23
9-6 13-6 23
. 25
13-6

along road immediately west of Knob Lake (c.200sq.yds.

on road between Squaw Lake and Maryjo Lake.

between Squaw and the Iron Ore Company of Canada mines.
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.Lake had the only extensive area of bare black ice, mainly in Post
Office Bay. On Lejeune Lake (outside the watershed) waves developed

in the small, surface pools were seen eroding the loose, surrounding
white ice by undercutting. White ice was still commonly continuous

on all lakes in the basin on June llth and the shore leads only partial,
By the 13th the white ice surface was discontinuous and shore leads
generally complete, As expected, white ice remained longer at the
southern ends of the lakes, except on Maryjo Lake (outside the basin)
where the active inflow stream and low vegetation and snow drifting

favoured clearing from this end,

Break-up thus generally proceeded from north to south
across the lakes, governed by white ice distribution. Candling and
break-up of the black ice began with the removal of the white ice and
snow cover, The nature of decay in the black ice suggests that this
process i1s faster than in white ice. However, quantitative judgement
demands careful measurement at-a-site, which does not involve the use
of any marking device that is permanently installed and will conduct
heat to the ice. In the data of Table 8,3 the time periods are confused
by the different stages of decay from north to south across the lakes.
Measurement is complicated by increases in air temperature and receipts

of solar radiation during the period,

Although Knob Lake was representative for the basin at the
time of the March survey and was probably so for the mid-winter period
as a whole, it was patently uncharacteristic during wastage. It was

amongst the earliest of the lakes to clear. Pearce Lake is exceptional,



~125-

eince it is filled with town and company effluents, During early
wastage, Squaw Lake was the only lake approaching the stage of Knob
Lake. The cause may be that Knob Lake receives more dust from the
mines, Although the orange iron dust was not as conspicuous on the
surface near break-up as at some periods in the fall, local cryoconite
hollows were very common and pockets of ore dust developed within the
black ice after exposure to the sun's radiation. A critical event
was the opening of Post Office Bay, which may have been due to a
combination of (1) downwind transfer of heat from the tawn, (2) markedly
thinner white ice in a very windswept area, (3) although black ice was
consequently thicker, this may be destroyed faster than white ice,

(4) adiabatic heating of air descending from the 150 £t ridge to the
west-northwest and turbulence favouring evaporation. No other lakes
in the basin possess any of these locational characteristics and there

was little difference in the decay rates.

Conclusiong

White ice delays break-up by creating the ice peak in
March-April. After the snow is removed, the white ice presents a surface
of higher albedo than black ice and further slows the process. Davies
(1962, pps 57-8) described a mean albedo of 20,97 for ice of 'grey and
mottled appearance", which probably represents the partial white ice
stage and c. 307 "over lakes with whiter ice', The winter distribution
of white ice is more critical to break-up date than total ice variations

or minor differences in topographic location among the lakes of the basin,
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' CHAPIER 9

THE HYDROLOGICAL IMPORTANCE OF WHITE ICE

This aspect of white ice has perhaps received most attention
of all at Kuob Lake. McGill Sub-Arctic Research Paper No. 22 (1966)
contains studies by Findlay, Adams and Findlay, and Adams et.al.,, which
embrace this topice The present chapter updates this work, which is
based largely upon the surveys of spring 1965, in terms of the spring
survey in 1966 and re-assesses some of the deductive premises that have

been used to determine the importance of white ice,

Former work has concentrated upon the problem of determining
the true snowfall in the area. One of the basic theses of these workers
is that the white ice process depletes the amount of snow lying by an
amount that can be approximated by assuming that the water equivalent
of the original snow cover is equal to about one third that of the re-
sulting white ice, 1If, therefore, this amount is added to the mean
snow water equivalent obtained from a basin survey, this will give a
best estimate of accumulated winter snowfalls The spring surveys of
1965 and 1966 were thus timed to fall at the peak winter accumulation,
before the beginning of the spring thaw, In 1966 the thaw began within
a week following the survey., The corrected mean may then be compared

with the accumulated Nipher gauge records (Table 9.1 and sources).

From such comparisons various estimates have been given of

the amount of undermeasurement by the standard Nipher gauge, which need



1966

sample cases

arlthmetic
mean

114

4.3

Table 9.1 SUMMARY OF SPRING SNOW COVER IN THE KNOB LAKE BASIN SHOWING
HYDROLOGICAL IMPORTANCE OF WHITE ICE FOR 1965 AND 1966
Snow 1300 x 1300ft{ Mid-March | white ice Corrected |Nipher receipts
YEAR course sample basin correction| mean water| (period snow-
grid survey content lying to survey)
arithmetic 11.4 3.7 9.36
mean
geometric 12.3 11.0 11.9
mean
1965 1ok
Nipher 122 132 118% 127% 10
as 100% % 328 (33%)* 7 o
Number of

9.42

geometric
mean

13.3

12.1

13.1

Nipher
as 100%

141%

129%

45
(33%)*

139%

100%

Number of
sample cases

84

137

* Percentage in final corrected mean.

Based on Adams and Findlay (1966, text, plus table 1, p.100, and table 4, p.109);
Adams et al. (1966, table 3, p.125; table 4, p.126, and table 5, p.130), with additions

and changes.

-L21-
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to be considered in assessing the importance of white ice and in
correcting the precipitation values used in the ice growth correla-
tionse Tout (1964) calculated a ten year mean of 12,75 in (32,4 cm)
snow water equivalent, The twelve year mean to 1966 of 12,8 in was
found by Adams et.al, (op.cite, ps118) to have a non-normalised

standard deviation of 1,51 in, Comparison with data gathered from

the basin suggest undermeasurement of this snowfall by 377 (Findlay,
1966, p.81), 237 (Adams and Findlay, 1966, p.110), 23-287 (Adams et.al.,
1966, pe130) and 497 (Findlay, 1967, in press). According ?o Adams
et.al. (opecits, pe121), the true fall is probably over 15 in (38 cm)
of water equivalent, Bruce and Clark (1966, p.70) summarise various
estimates of undermeasurement after Wilson of "true catch" and indicate
a reduction to 607 in winds of 10 mph (16 km hr-l) and 457 of true

.fall in 20 mph windse According to Findlay (in press, Table 1), the
total snowfall for the water year is estimated to be 21.44 in (54,3 cm)
using his 1,487 correction factor for the gauge, With simultaneous
corrections for rain gauge receipts, Findlay finally obtained a surplus
of corrected precipitation amounting to 2,24 in (6.8 cm) for 1965/6,
which he suggests may be due to divide leakages, Figures for 1964/5
(Findlay, 1966b, p.83) show a similar calculated surplus: 36 in (91,3 cm)
total adjusted precipitation, 23 in (584 cm) runoff, 11 in (27.9 cm)
evapotrangpiration and 2 in (5.1 cm) for watershed leakage., In all
these estimates the basis for adjustment has been the March survey data,
although the need for some adjustment is apparent from the discharge

figures competently analysed by Findlay.
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' There are a few considerations that suggest the possibility
that the figures obtained by previous workers have been an exaggeration
of the undermeasurement involved. The approach implicitly assumes a

true or approximate steady state, in which as much snow is blown into

the basin as is deflated from it. Shaw and Tout (1962, Part III, Ap~- -
pendix, pe4, table 1) indicate that blowing snow occurs on c.25% of the
days from November through to March. Similarly, various workers (eege
Cowan, 1965; Gardner, 1964) have shown differences in snow depth and
water equivalent between vegetation cover types that indicate considerable
lateral re-distribution of snow. It would therefore seem that an equi-
1ibrium state is not implicit. The basin presens a rough, wooded surface
sloping counter to the prevailing and dominant nmthwest wind towards

the northern edge of the taiga belt and it is possible that, in fact,

it provides a small snow trap.

A second difficulty appears to be in assessing how much under-
measurement in the station gauge is due to error by the gauge and how
much due to the natural distribution of precipitation through the basin,
It was noted by Adams et.al. (loc.cit.) that the exposed, windswept
site of the laboratory, near the airstrip, was unusual in the basin and
would tend to reduce catch, It was noted also that this is the usual
type of site for meteorological stations in Labrador-Ungava (cf. Hare,
1966, for a general discussion of the problem of budget for the peninsula),
Findlay (1966b) found that rain gauges distributed through the basin
during the summer of 1965 showed receipts up to 107 greater at the higher

sites. Weighting on the Thiesson polygon system (ibid., ppe 36-7) re-
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duced this to 5.54%, using the laboratory gauge as the reference point
for one of the five polygons. Clearly, receipts were higher in the
upper part of the basin than at the laboratory for the summer of 1965,
Applying a t-test to Findlay's data for station and Gene Lake gauges,
with a Bessel correction for the small sample, gives a value for t well
beyond the 1% level, i.e. the difference in receipts is significant and
likely to be systematic. Findlay (ibid., p.37) offers two explanations
for the difference: (1) the absence of turbulent air currents caused
by buildings near the laboratory and (2) the higher elevations in the
upper basin causing a slight orographic effect (although the difference
is only of the order of 150-200 ft)., If the measurements were repre-
sentative, if the summer of 1965 was representative and if winter snow-
fall follows similar patterns, then ore might expect more snow to fall
in the upper basin. In fact, summer 1965 was abnormally wet: July was
1,65 in (4.2 cm) above average and August the second highest monthly
total since records began, so that June, July and August had a total
precipitation of 14.83 in (46,4 cm) compared to the second highest of
13.96 in (or 35.4 cm) in 1958 (Barr, mimeos., 1965)s It may be that

the differences were exaggerated this summer,

The problem remains that there are no data on winter snow-
fall distribution in the basin. It is likely that the tendency suggested
by Tables 6.1 and 6.2 for Knob Lake to have less white ice than the basin
average may be due to its size and topographic surroundings than to
lower snowfall in this part of the basin. As elsewhere, re-distribution

appears to dominate and is reflected in persistent white ice locales.
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Lake snow cover tended to be slightly greater in the upper basin in
1966, but this was due to widespread slushing on the medium=gized

lakes in the lower part of the basin and 1s not born out by 1965 data.

Errors of field measurement and weighting must also be con-
sidered, Of these, the latter proves negligible: a 5% error in the
asscssment of the area under any given cover type makes no more than
0.1 in. wator equivalent differance in the 1965 and 1966 £figuraes,
Errors of measurecment technique, for example, those causod by slush,
wet samplaes or rough under-surface have roceived attontion olsewhore
(cege Adams oteal., 1966)s To this should bo added Findlay's latast
work (in press) that indicates overestimation by the Mount Rose samplor
on one day in February, 1967, of only 1%, comparod with an ostimate of
10% by Work eteals in 1965, At the prasent level of sophistication

it 1is not possible to fully appraise the error involved hera,

The f£inal possible error lies in the sampling method, which
applies equally to snow survey data and to the ica data, namely, that
the samples were not made by indapendent random selaction, It is not
possible to account for the bias this may introduce, although from the
large number of sample cases it may intuitively be considered small,
Reference to a log=log probability chart entered for sample size and
probable error in the aestimate of the mean shows that for both Knob Lake
and the bagin the error at 99% certainty 1s c.0.45 inches, which 1s less
than tha limit of measurement set for ica and snow in the fisld at
0.5 inchess But this estimate 1s based upon classical statistical princi-

ples involving normal distribution,
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' Table 9.1 is a summary of basin snow cover statistics
obtained by three methods in the springs of 1965 and 1966, compared
with accumulated Nipher receipts from the first date of permanent
winter snow cover on land, It gives an estimate of the importance

of white ice in the snow budget, based on the assumption that the
incorporated snow had a mean unit weight x = 0,3 g cm.3 and that the
white ice had a mean unit weight of x = 0.8 g cm-3. The sums of the
elements in Table 6.1 give estimates of the total quantities of ice
and snow present on the lakes of the basin during the spring of 1966,
from mean values derived for each lake. Thus, white ice accounted
for 47,07 of the total ice volume of 226,86 x 10° ££> (7.09 x 10° m7)

present in the basin and 4.3 in (10.9 cm) former snow water equivalent,

It should be noted that the percentage of slush or water
lenses within the ice sheets in March 1966 was very high, higher than
in the same month in 1965, and that this is included in total ice
thickness. Only on rare occasions was the exact or estimated thickness
of these talik-like pockets recorded during field observations, because
of the difficulty of obtaining a measurement with the drilling technique
useds On occasions lenses were found in the black ice body, but generally
they were characteristic of the white ice and especially of the upper
part, indicating partial completion of a growth phase. Hence the value

for white ice volume is an overestimate at the time of surveye.

Since the surveys were oriented mainly towards snow cover,
the timing was dictated by the beginning of the ablation season rather

than by peak ice. Thus, in 1966 it is likely that much of the surface
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slush and internal water encountered in the basin froze into white ice
after the survey was completeds On Knob Lake peak ice at the regular
sites (42 in or 106.5 cm) was recorded during April, two to three weeks
after the survey, during the cold snap of 20th - 22nd. It was clear on
Knob Lake that the new increase was due to the freezing of the former
slush and not to an increase in black ice (indeed, Knob Lake West site
showed a decrease in black ice at this time). The values for 1965 more
accurately portray the end of winter peak.

In March 1965 the total amount of white ice in the basin

6 6 6 .3

was 101,49 x 10 ft3 (3.15 x 10 m3), which compares well with 104,97 x 10" £t
(3.25 x 106 m3) for 1966, This is reflected in the greater amount of white
ice recorded on Knob Lake in 1966, 1In 1965 white ice represented, at peak,

367% of the total ice and 3.7 in (9.4 cm) former snow water equivalent,

Thus, in the two years of survays, white ice has accounted
for almost half the total ice in the watershed, which would be 227 of the
lake volume, assuming that the ice surface were approximately at the height
of the former average lake levels This approximation is acceptible in
terms of the accuracy of Welch's stratum method of estimating volumes and
of the weight of the snow cover, which counteracts the ice buoyancy;
for example, for 104 sites on Knob Lake in spring 1965 the overall dis-
crepancy between water level and ice surface was only +12,4 in (31,5 cm).
However, this does not mean that 227 of the surface water is frozen. Only
60% of this can be said to be black ice. The remainder is white ice, of
which c.30% of the water content is gained from snow as opposed to lake

water. From these assumed approximations it appears that in 1965/6 19%
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‘of the permanent surface water was frozen in situ within the basin,

Ice formation also affects the hydrograph by displacing
water out of the basin. Taking a unit weight“ﬁf 0.9 g cm-3 for black
ice and assuming that on average snow weight perfectly counteracts

buoyancy then

2
Vol. of water displaced Vol. ice- (v010bice.0.9 + 3 V°10w ceoOoS) (eq.go 1)

i

where Vol, is volume and the subscripts are total ice, black ice and
white ice respectively. In 1965-6 the estimate from the March data is

6 6 m3) of water displaced, Summing the data

then 65 x 10° £> (2.09 x 10
calculated by Findlay (in press, table 2) from freeze-over 1965 to March
1966 produces a total winter runoff of 27.31 csm (cubic feet per second
per square mile of drainage), or c.480 x 106 ft3. This suggests that
1/7th of the winter runoff has been caused by ice growth, This is as-
suming a perfectly communicating drainage systems, Some minor streams
may be cut off, but it is generally thought that the major arteries remain
open, In 1965 Findlay (1966a) found in a cross=-section of the inflow
stream for Knob Lake that the stream remained open in two tubes under
the ice either side the central portion which was frozen completely to
the bed.

The greatest digplacement and most sensitive response occurs
early in the season. Findlay (1966a; 1966b, pp. 60-62) gives a neat
description of one of the details from November, 1964:

"While almost 6 inches of ice had formed in the centre of Knob
Lake by November 5th, the water near the stop log dam and
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culvert area remained open for a few tens of square feet
well into December, This was a result of body currents
near the discharge point, but the flow was accentuated
by water surging out from beneath the ice., On November
20th 3.8 inches of snowfall were measured in the Nipher
gauge, The wind was from the southwest blowing at 5 mph,
but increased on the 21lst to 25 mph and considerable
quantities of snow were blown off the ridges and down
the lake to the vicinity of the gauge., Here, some of the
snow was melted in the open water, but most served to
weigh down the ice sheet while the pulsating wind flexed
the whole sheet up and down promoting wave action under
the ice and produced strong surging at the sheet edges.
Moderate southwesterly winds continued until the 24th,
The discharge had risen to 20 cfs from 15 cfs on the
20th. A snowfall on the 26th deposited 6,7 inches
(Nipher measurement), and the discharge response was
notable, By the 28th the £low had reached 44 cfs and
the ice had grown in thickness to more than 15 inches, from
less than 10 on the 20th, White ice had grown by three
inches due to the flooding which accompanied the snow
and strong winds, More snow on December lst and 2nd,
followad by strong southwast winds and snow on the 3rd
and 4th, induced a flow of 71 cfs., Lighter winds from
the northwest on the 5th and the absence of snowfall
permitted the discharge to return to a state of normal
deplation of ground water supplies'’,

In November 1966 the same "early December stream rise" was

found (Findlay, in prass, fig.2),

Break=up waters also contributed to the hydrograph rise in

e mid-Juna, 1966, By the second week in June thare was probably 12-16
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“inches (3045 to 40.7 cm) of (mainly) black ice remaining on the lakes,
which rapidly disappeared in mid-month. Findlay (in press, fig.l) found

a main runoff peak of over 160 cfs at the end of May with continued high
level runoff through June. A second peak passed through the basin outlet
at the end of July reaching a rate of 90 cfs briefly. He attributes the
first peak to snowmelt and the second to higher precipitation and probably
the re-surfacing of infiltrated melt water. It seems likely that break-up
added a significant amount to the "tail" of the first peak. Break-up

6 ft3 (3.32 x 106 m3) of rise by addition of

could account for 107 x 10
water from the now freely buoyant ice to the lakes bodies that had been
replenished previously with meltwater. Displacement is therefore again

involved in break-up.

Conclusions.

White ice has been shown to be important in considering any
assessment of true snowfall in the area, although methods of doing this
have not been fully perfected, It is also important in its effects upon

stream discharge,
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CHAPTER 10

MEASUREMENT ERRORS AND IMPLICATIONS FOR DATA COLLECTION

Some local climatic differences between lake and laboratory.

The first attempt to measure some of the local climatic dif-
ferences between Knob Lake and the laboratory site, half a mile to the
north and 25 ft (7.6 m) higher, was made in the winter of 1965-66. The
techniques used were rudimentary. The prime concern that led to the
establishment of a Stevenson screen in the centre of Knob Lake on December
1st 1965, was to determine differences in overnight minima and accumulated
degree days. It had been suggested by Archer (1966) on the basis of
lake-side measurements that the lake experiences marked temperature in-

versions generally at least once a week,

The screen was mounted on a wooden stand frozen into drill holes
in the ice. Much of the winter it stood at approximately the 1.5 m level,
except in the earlier and later parts of the season when snow depth was
less, It was equipped witlh maximum and minimum thermometers and maintained
on a weekly basis until May 27th 1966, From mid-January to the end of

April a check was kept by a Negretti and Zamba thermograph.

The temperature records from this screen show that the lake
commonly experiences minima averaging about 4°F (1.9°C) below those of
the laboratory., Fige 10,1 shows differences between lake centre and
lake~side &reen records and laboratory records. Unfortunately, direct

comparison between lake centre and lake-side measurements is belied by
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Fig10.2. KNOB LAKE SCREEN DEVICE SITX
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‘the fact that the latter were collected according to a Monday to
Monday schedule followed for the laboratory substations and not in
line with the Friday to Friday lake measurements., However, the lake=-
side records showed very similar characteristics to the lake centre
records as compared through the main station records. In mean maxima
the lake shows highs of 1°F below the laboratory, whilst the lake-side
records show a tendency to equal or slightly exceed those at the labo-

ratorye The difference is small and probably spurious,

In general, it seems that the lake-side screen is reasonably
representative of the lake conditions and that the mean conditions on
the lake can be expected to be 2-3°F (c. 1.2°c) colder than at the
laboratory. Summing this difference over the growth period on the lake
suggests that possibly the lake experienced up to 500 more freezing

degree days than the laboratory, i.e., 10% more in 1965-66,

The lake cover,

At selected meteorological stations throughout Canada break-up/
freeze-up and weekly measurements of ice and snow cover are recorded on
Meteorological Branch files (form 2317). The weekly thickness records
normally refer to '"a site adjacent to a jetty or an airstrip.... in a
depth of water greater than the maximum ice thickness for one year ...
as near as practicable to the same spot... (and) a new hole drilled for

each observation'" (MANICE, 1964, p. 35).

It has been suggested for Knob Lake how significant this choice

of site may be in determining the measurements obtaineds The mean situ~

~
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Plate 10,1: One of the "non-slushing™ ice measuring devices
in position on Knob Lake,

Plate 10.2: The Snabb hand-drill.,
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Plate 10.1l: One of the "non-slushing®" ice measuring devices
in position on Knob Lake,

Plate 10.2: The Snabb hand-drill,

SO S
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‘ation is best represented by a mid-lake location. This may be an
important consideration, since measuring stations are so few in
Labrador-Ungava and in the Canadian North generally and inferences

are made from these measurements for wide regions.

The normal method of measuring ice thickness at these
stations 1s by drilling. The standard Canadian kit consists mainly
of a hand-operated helical auger and a chisel. Using this kit it is
virtually impossible to distinguish changes in the quality of the

ice in the drill hole,

At Knob Lake it was found that the 3 in Snabb spoon drill
provided the size of drill hole necessary to permit measurement of
white ice thickness., Sandvik of Canada Ltd. kindly constructed ex-
tension joints to special order that made it possible to measure
thicknesses of ice greater than 3 feet with relative ease. For the
ultimate strength and bearing capacity of the ice sheet measurement
of white ice may not be of general practical importance, although its
effect hag been noted (e.g. Frankenstein, 1959). But to the under-
standing of the hydrological budget of the Canadian subarctic it is of

vital importance,

Secondly, all forms of drilling produce a potentially high
level of observer interference. If there is a slushing potential de-
veloped during or immediately after observation, then flooding may be
caused which would not otherwise occur., Adams and Shaw (1965) note

this and developed their so-called "ice-measuring device', of which the
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‘prntotype was used at the Knob Lake West site by Archer (1966) in 1965.
Five similar devices were used in the winter of 1965-66. Figs E.l4

shows the salient points in the construction of the device, Black ice
growth is measured on the central aluminum rod after this has been
calibrated to the original black-ice/white-ice interface. White ice and
snow are measured up the outer steel tube held by the tripod. As sug-
gested by Adams and Shaw, the final parameter, hydrostatic water level,
was also measured "remotely" by polyethylene tubes (Chapter 3)., Three
main difficulties were encountered in the use of the devices, First,
installation and removal the elbow of the device required a slit at least
2 feet long in the ice and the whole structure was somewhat unwik€ldy.
Secondly, trouble was encountered at the Knob Lake West device because
low-therm grease had not been used. Thirdly, one or two sites were
temporarily lost under the unusually deep snow cover at certain points

in the winter, Of these only the first seems inherent. By rotating the
elbow a number of thickness measurement could be made on a circle of 4 foot
radius around the central tripod. This gave an indication of the vari-
ability of the underice surface. Variations of up to 4 in (c., 10 cm)
were found on occasions within this short distance. These measurements,
however, refer only to the black ice body and the variation in total ice
may not be as great. Nevertheless, it is pertinent to note that the
bage of the ice block removed on April 4th 1966, for crystallographic
sampling showed a 6'" variation in total ice thickness that was entirely
due to black’ice variation at the base. The block was just 20 in (50 cm)

square. In 1964 this short distance variation was studied by drilling
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Fig.10.3.KNOB LAKE WEST DEVICE SITE
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on two small ice plots on Knob Lake (Appendix E, Fig. E. 15 from Adams
and Shaw, 1965, ppe 44-45)s The measurement of variability on the

devices could be improved by carefully noting the orientation of the
elbow during installation and following the development at a rigidly

determined point,

In general the devices worked well, A device located in
the drift site gave the first opportunity to make continuous records
of snow loading and ice growth without interference by drilling. The
devices were distributed across the lake in a rough cruciform, cutting
across the pattern of snow and white ice distribution found in former

years (Fig. 1l.1).

Development of ice cover at the non-~slushing device sites.

Figs. 10,2 to 10,6 plot the development of the lake cover
at these sites for the periods of records dvring the winter 1965-66.
Unfortunately, the screen site device broke in late December and the
southern site device was destroyed by vandals in January. The contrast
is clear between the drift site and the northern site, also in Post
Office Baye The northern site represents the deflated, upwind area of
the lake with thick black ice and low white ice and snow. At the
artificial drift site the graph is rotated 180 degrees so that the sharp
initial increase in the black ice at the northern site now occursg in the
white ice and black ice is thin and shows hardly any increase throughout
the season. Since there was no interference from drilling in the vi-

cinity, the drift site graph shows a situation in which snow loading has
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Fig- 10.8. KNOB LAKE NORTH DEVICE 9'TE
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contributed naturally to a thicker ice sheet. Each site shows the
tendency for black ice to decrease immediately after a new growth

of white ice, which is protably due to penetration into warmer water,
Hence, the regression coefficients obtained for black ice and total
ice are very specifically only valid for this situation in which white
ice plays such a major roles The north and south sites, from the
deflation and deposition zones respectively, show a qualitatively
similar contrast to that between the drift site and the north site,
notably in white ice growth, in spite of the truncated record at the

southern site.

Simple regression was performed between white ice and black
ice data to define the contrasts more specifically. In the absence of
better records for the development of ice in the deposition zone, the
drift site was taken as representative, although it is clearly an
exaggerated case, and compared to the northern site. The data wee not
transformed on the assumption thatﬁﬂq possessed the same distribution
as found for the ten years of black {ce and white ice records used in
the general multiple regressions, The results show a high scatter in-
dicative of the poor correlation between the two quasi-independent
elements and of limited records, but the contrast is clear. Thus, at
the northern site

o~
Bice 20.468 + 0.538 wice (eqo 10. 1)

with a standard error of Bice = 8,47 inches.

At the drift site

B, 2 16,822 - 0,008 W (eqe 10.2)

ice ice
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with a standard error of Bice = 2,93 inchese.

At the northern site the simple correlation coefficient is 0.3395,
whilst at the drift site the relationship is slightly negative,

r = -0,0180, The relationship is also more clearly defined at the
drift site, i.e. less scatter, which suggests that there is sufficient
white ice present to noticeably control the black ice growth, Unfor-
tunately, parametric tests (t-test) indicate that the correlation for
this small sample (18 and 16 cases) is not statistically significant,.
More data gi® needed, but on non-statistical grounds it seems likely

that a relationship does exist.

Further correlations showed that white ice "explained"
49,27 of total ice growth at the northern device site, 71,8% at the
west device site and 85,07 at the drift site, The southern site showed
only a 56.,87% explanation: theoretically, and according to the distri-
bution maps the explanation should lie between western and drift sites.
This is presumably because the site was destroyed by vandals before

the major spring slushing phase,.

In order to obtain results in which observer interference
was reduced to a minimum, the devices were necessary. However, since
they require extra effort to install and cost in construction, it is
pertinent to ask how much observer interference is reduced or how much

of a problem observer interference presents.

The west, north and drift sites alike show two major slushing

phases during the season, in December and at the end of March. The same
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pattern is shown in Fig. 10.7 which plots the development of white
ice at the regular survey sites, These include the device site at
Knob Lake West, which shows somewhat slighter slushing than the east
and centre sites., However, the lower part of the graph plots the re-
cords from the marker stake just six feet away, and here there is no

discernible difference,

The validity of using only Knob Lake Centre site.

Fig. 10,7 indicates that throughout the winter of 1965-6
Knob Lake Centre showed white ice values generally very close to those
recorded for sites Knob Lake East and Knob Lake West. Indeed, in both
stake and drill hole graphs it generally occupies a position between
the two ''side" sites. However, this is not so for all years. Inspection
of the records shows that the centre site often underemphasises the role
of white ice indicated at the other sites, although in 1965 it actually
showed more white ice. Underemphasis is illustrated, for example, in
the graphs produced by Andrews and McCloughan (1961, figs. 2 and 8),
which show that agreement between lakes (Knob and Maryjo) and between
regular sites on Knob Lake was fairly good for black ice in 1959-60 but
not so good for white ice. This seems to occur in a number of winters
because of the sporadic and localised nature of white ice growth and
consequently larger contrast are usual in years of marked white ice
growth, It appears that greatest variability is caused by white ice.
The relationships do not remain as constant from year to year as suggested

by Andrews (1962) and Andrews and McCloughan (1961). This makes it
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-difficult to assess the probable representiveness of a site for a
gilven year before the event., It is easier to predict for an area
as opposed to a site knowing the probable distribution of white ice
on the lake studied. In the Knob Lake area it seems that

a number of sites near the centre of the lake 1s the best solution,
to which the three regular sites on Knob Lake are probably a fair
approximation. This is most true for at-a-time estimates. However,

in the longer record the variations tend to cancel out,

Conclusions,

The non-slushing ice measuring devices reduce the work
necessary during routine data collection at a number of sites throughout
a season, It is possible to read the device in 5 minutes and obtain a
number of measurements of variability about the site as "confidence"
1imits, whereas drilling may take 20 minutes and longer if hampered by
slugsh or water layers for one measurement. Installation of the device
may take an hour or two. They do not appear to improve the quality of
the records, Slushing phases are essentially similar at both device

and drill sites.

Nevertheless, in principle they provide a superior technique
of measurement. Two or three such sites at mid-lake or mean white ice
locations should provide a better estimate of all lake cover parameters

than is at present generally obtained.
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CHAPTER 11

GENERAL CONCLUSIONS

White ice is an important component of the ice sheet in
the Knob Lake area of central Labrador-Ungava. It is likely to be
a common element of all lake ice covers in similar subarctic regionms.
Scope thus exists for a wider, regional study to define the boundaries
of its distribution. The study has shown that in areas of white ice
snow cover no longer acts solely as an insulator, which reduces the
loss of heat from the water body to the atmosphere., It directly en-
courages ice growth by (1) cooling the water and possibly providing
freezing nuclei during freeze-up, and (2) by increasing flooding
potential during the growth period, White ice may thus be predicted
in terms of snowfall, and it permits ice growth in spite of snow

accumulation,

Unfortunately, the data do not exist for a proper study of
the causes of cracking prior to flooding. There remains wide scope
for study in this field. However, this thesis has been forced to
consider the gross causes and effects of cracking in seeking to explain
white ice growth and distribution. It was found that there was a close
link between high diurnal temperature ranges and high rates of white

ice growth.

Thus the main controls of white ice growth appear to be snow-

fall and high diurnal temperature ranges. In Canada such conditions
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are best fulfilled within the taiga section of the subarctic, Koppen's
Dfd zone with a continental mesothermal climate of well-distributed
precipitation and at least three months with mean temperatures below

the freezing point. To the north, precipitation decreases in the tundra
or ET climatic zone, and white ice is likely to be more restricted to
areas where conditions favour local drifting. To the south, the Dfc
zone has milder winters, and high diurnal ranges below the freezing

point are likely to be less frequent.

White ice partially insulates the original ice sheet from
the cold air above by its thickness as well as its slightly lower
coefficient of thermal diffusivity which follows from its slightly
lower density. Because it insulates and at the same time depresses
the black ice into warmer water, white ice does not appear to cause a
general increase in ice thickness. Indeed, the parameters which best
explain overall ice growth (notably accumulated freezing degree days)
are those which are most important to normal ice growth, In general,
therefore, existing predictive equations may work tolerably well in
"'white ice areas', although based on wrong premises. This does not

mean that white ice is not locally responsible for peaks in ice thickness.

There is no evidence that white ice materially affects the
length of frozen period. However, it is important in break-up and in
the annual water balance as a temporary repository for atmospheric
moisture. Whilst black ice is essentially a magmatic rock, white ice

is metamorphic, consisting of one third snow. It is necessary that




-148-

surveys made to estimate solid precipitation storage consider white

ice,.

Future data collection and analysis could usefully be
directed to the heat balance of its growth and its role in the heat

balance of the lake body.
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. APPENDIX A

DATA STORAGE

The data avallable for studies of lake ice at Knob Lake are
summarised in Table A.l. Most of this infcrmation was coded and trans-
ferred to punchcards in 1966. These cards are deposited with the
Department of Geography, McGill University. The following table is a
list of the coding and punch formats used. All measurements of lake

cover are recorded in inches and tenths to the nearest half inch.

1) Weekly ice thickness data cards:
FORMAT (I3, 1X, I2, 1X, I2, 1IX, I2, 1X, F4.1, 7F6.1, 2X, I3)
Variables, left to right:
1. site code: 051 for Knob Lake West.,
041 for Knob Lake Centre.
031 for Knob Lake East.
052 for Maryjo Lake West.
042 for Maryjo Lake Centre.
032 for Maryjo Lake East,
2., day, e.g. 04,
3. month, e.g. 04.
4. year, e.g. 58.
5. period numbered in weeks from the first Friday in July.
6. SNOW - snow depth in vicinity of drilling.

7o SLUJ - slush depth at drill hole. A negative sign in

column 22 indicates that the measurement refers to water

lenses in the ice profile,



8.
9,
10,
11,
12,
13.

14,

Column 66

-
1]

no snow

2 = discontinuous snow 2

3 = smooth

WICE

BICE

TICE

WELV

P0OSO

POWI

SURF
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white ice thickness.

black ice thickness,

total ice thickness.

hydrostatic water level in hole.
depth of snow on site stake,
depth of white ice on site stake,

general character of lake surface according to

following code:

4 = light hummocks

5 = moderate to strong

hummocks

6 = light ridging

7 = moderate to strong

ridging.

Column 67 Column 68

a few closed cracks

—
il

soft 1

hard (snowshoe) 2 = many closed cracks

3 = hard (foot) 3 = open leads and cracks
4 = soft on hard

5 = crusted

6 = very slushy

Blanks are missing data. Thcse have been interpolated for analysis at

site Knob Lake Centre.

2) Climatological data cards:

FORMAT (1I3,2X,12,1X,12,1X,12,3X,12,4X,14,6X,T4,7X,11,4X,14,
F4.2,3X,F4.1)

Variables, left to right:

1.

identification of climatological card (001).
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2. day, e.ge. 04,

3. month, e.g. 04,

4. year, e.g. 58,

5. period numbered in weeks from the first Friday in July.

6. KDAY - accumulated freezing degree days based on July lst,

7« IDAY - accumulated heating degree days based on January
1st.

8. DOWI - dominant wind by miles of run accumulated.
Coded: 1-NE, 2-E, 3-SE, 4-S, 5-SW, 6-W, 7-NW, 8-N,
and 9-varied, with dominant and 'varied" defined by
whether or not one direction prevails over all others

by more than 100 miles,
9. RUWI - run of the wind in miles per week.

10. SNOF - snowfall water equivalent from standard gauge

measurements (Nipher).

11, SNUR - sunshine hours recorded on a Campbell-Stokes
pyrheliometer. Official climatological records used
to December 3lst, 1964. Laboratory records used from

January lst, 1965, to June 30th, 1966.
Wind, sun, snowfall and temperature data are accumulated for weekly

periods Friday to Friday.

3) End-of-season surveys of Knob Lake:
a) for 1965 and 1966.
FORMAT (Il,I4,1X,F4.1,5F6.1,6X, I4)
Variables, left to right:

1l 1 or 2 for firgt and second year using the grid network

shown in Fig. 5.1.



2.

3.
4e
S.
6.
7e
8.
9.
10.
11,
12,
13.

14,
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site coordinates; origin at northwest corner and

moving in steps of 1 = 200 ft,

\

SNOW

SLUJ

WICE b coded as in (1).

BICE

TICE

WELVJ

IAZW - 1 if water lenses found within ice sheet.
STAW - white ice at wooden, grid stake,
STAS - snow depth at wooden, grid stake.
OSNO - depth of "old snow'.

YSNO - depth of '"new snow'.

1965 or 1966.

b) The end-of-season survey for Knob Lake for 1964 was conducted on

a very irregular 'grid". Data is coded according to order of listing in

the manuscript field records held at the McG1ill Sub-Arctic Research

Laboratory, Schefferville.

FORMAT (I1,I3,6F6.1,5X,I1,5F6.1)

Variahles, left to right:

1.

2.

4 for 1964,

gite

numbered 1 through 254 in order of recording in

the manuscript field notes.

3-13 as for 1965 and 1966,

14,

DEPV - depth of water at drill hole to nearest 6 inches

(in feet and tenths).
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+4) Mid-season and white ice surveys for Knob Lake, 1965 and 1965-66.
FORMAT (I1,14,1X,F4.1,2F6.1)
Variables, left to right:

1, identification of survey.

1 = January, 1965.
2 = November 24th, 1965.
3 = December 10th, 1965.

4 = December 23rd, 1965,

5 = January 8th, 1966.
6 = January 22nd, 1966.
7 = February 5th, 1966.
8 = March 3rd, 1966.

2. coordinates as in (3).
3. SNOW
4, SLUJ coded as in (1).

5. WICE

5) Knob Lake basin survcys, 1965 and 1956:
FORMAT (I1,12,12,1X,F4.1,5F6.1,5%,11)
Variables, left to right:

1. 5 1if 1965, 6 if 1966.

2. code for each lake.

01 = Osprey Lake
02 = Communications Lake
03 = Houston Lake

04

]

Barr Lake



3.

4-10

-154-

05 = North Lake
06 = Middle Lake
07 = South Lake
08 = Malcolm Lake
09 = Phred Lake
10 = Gene Lake

11 = Cowan Lake
12 = Easel Lake
13 = Ares Lake

14 = Trigger Lake
15 = extension of Malcolm Lake (over 100 drillings),

code for site on lake in order of recording in the two
sets of manuscript field notes deposited at the McGill
Sub-Arctic Research Laboratory, Schefferville.

as 3-13 in (3).

6) Supplementary meteorolagical data, 1962-66.

FORMAT (A2,2X,12,1X,12,1X,12,1X,12,3X,T4,15,5K,2F5.2,4F5,1,215)

Variables, left to right:

1.
2,
3.
4,

5.

7o

8.

KL for Knob Lake

day

month

year

period numbered in weeks from the first Friday in July.

incoming short-wave radiation measured by an Eppley

radiometer, in langleys summed Friday to Friday,

net radiation indicated from a Kipp and Zonen solari-

meter, in langleys summed Friday to Friday

welghted mean temperature of lake body beneath original
black-ice/white~ice interface at site KIW, a twenty foot

thermocouple string
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9. as B for the 40 ft, site in the middle of Knob Lake

10, maximum temperature for week (Friday-Friday) recorded
at screen on Knob Lake

11, minimum temperature for screen on Knob Lake

12, maximum temperature for week (Monday-Monday) recorded
at screen on lake-gide (in RCAF Bay). (The Monday is
that next following the Friday for 10,)

13, minimum as 12

14 and

15 run of wind at 3 ft level recorded at southern site

(Fig. 1.1) on Knob Lake (14) and at the drift site (15).

Information from weekly measurements 18 retained on file at the laboratory

in the format laid down by the Meteorological Branch (form 2317). Ad-

ditional coding forms were drawn up, duplimated and used for supplementary

data in 1965-66 and will be used in future years,
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APPENDIX B

COMPUTER PROGRAMS

A number of ready-made and library programs used in analysing
the data are described below. In addition to these, a number of smaller
programs were written to prepare the data for mapping or regression
analysis, for example, to calculate probability of growth, to cumulate
or to obtain rates of change in various meteorological and lake cover

parameters and to calculate buoyancy, etc.

NORMSTAND

This program was originated by Professor B. Greer-Wootten of
the Department of Geography, McGill University. It is based upon the
techniques devised by Snedecor for determining degree of normality

(Snedecor, 1956: Statistical Methods, pp. 199-205, tests for skewness

and kurtosis) and selects, when necessary, the transformation best suited
to approximate a normal distribution of the data to enable the use of
parametric statistics. The available transformations are: 1og10, square-
root, cube-root, square and cube. The program provides t-test values for
skewness and kurtosis both before and after transformation. The original
data matrix, the transformed matrix, standard scores and simple correlation
coefficients on transformed or standard scores matrices may be obtained

as desired., Transformed scores or standard scores may be punched out

for use in other programs, as was done in this study for use in REVATR.

&)
&)
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‘REVATR

This is a step-wise multiple regression program devised by
Clive Minto for IBM and distributed in the IBM Share Library. A copy
of the source is held at the Computing Centre, McGill University, and
the program is available on tape library. For most of the analyses the
tape was ueed, but for mapping the source cards were modified to obtain
punched output. The program provides for certain specified and specifiable
transformations of the raw data, although it is not suitable for producing
standard scores. Sums of transformed variables, raw sums of squares and
cross-products, means, residual (or deviation) sums of squares, and simple
correlation coefficients are available from the regression algorithm.
Intermediate equations may be obtained as the program introduces succes-
sive variables, holding the other variables statistically constant. An
F-level may be set for rejection of insignificant variables. At each
step a standard error of Y, the dependent variable is given together with
a multiple correlation coefficient, r. Simple residuals from the final

best-fit equation are provided.

SYMAP

The program was developed by Professor H.T. Fisher, formerly
of Northwestern University and now of Harvard University,and termed by
its originator a "Synagraphic Computer Mapping Program'. The source
obtained by Professor B. Greer-Wootten of the Department of Geography,

McGill University, is Version 03,

In this form the program requires:
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(1) a base grid is drawn and laid over a base map. The
grid is 129 columns of 1/10th inch broad and n rows of 1/6th inch long.
On this grid the map boundaries and side legends are marked. The co-
ordinates of each point are then counted and transferred to punchcards
(termed "row legends'). Blank cells are included on the punchcards
where it is intended to omit any interpolated choropleths on the final
print out,

(2) the location of each data point is then transferred to
the appropriate grid cell and coordinateé recorded on punchcards in
suitable format. In order to obtain interpolations to the very edge
of the mapped area, ''mon-differentiated" data points must be similarly
specified with dummy values which are transferred by the program from
some specified differentiated data point nearby. Unwanted interpolation

is erased by row legends.

(3) symbols and class intervals may be specified or left as
determined by the program. The program provides ten symbols for choropleth

levels. which include overprinting to obtain darker shades.

(4) the program also provides a histogram of classified data

and the option of obtaining data punched out in classes.

(5) more than one map may be drawn at one compilation and,

with suitable control cards, the base map may also be changed.

(6) provision is made for a user-written subroutine to read

in data in any format,

In order to program the Knob Lake data it was necessary to
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specify two data point networks, One was used for 1964-65 and white
ice survey data. The other was used for March, 1966, data, where a
staggered grid had been used in the field, to facilitate interpolation
(following the suggestions of Robinson, A.H,, 1962: Mapping the cor-

respondence of isarithmic maps, Annals of the Association of American

Geographers, December, pp. 414-425),

The source program originally provided for storage of up to
1,000 data points. For use on the McGill IBM 7044 computer this was
reduced to 400 (near maximum storage). As taken in the field, the
white ice data points of the March 1966 survey were too close and numerous.
Initially, an attempt was made to program this grid, but it was abandoned
owing to storage and related problems, A 1il7 point graticule was used

as for the other surveys.

CORRIN
This program was written by Mrs. Manley of the Computer Centre
at McGill University. It provides simple correlation coefficients and
a t-test for significance of correlation for sets of complete or incomplete
data. Sums, sums of squares and cross-products and number of cases are

provided.
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APPENDIX C

STATISTICAL CHARACTERISTICS OF THE DATA

This appendix comprises information upon the statistical
distributional characteristics of the data used in this thesis, and
histograms relating to the distributions of mapped data.

Abbreviations: "A'" signifies accepted at coefficient of
risk, & = 0.05, that a given value falls outside a normal curve, and

likewise "R" is rejected.



Parameter t values Transform- t values Degrees of Acceptance
before ation after freedom at & = ,05
transformation selected transformation
skewness kurtosis skewness kurtosis skewness kurtosis

l.) Characteristics of cumulative data

Date (week from

July lst) 0.29 3.76 none 262 A R
Snow cover 0.88 3,66 none 262 A R
Slush 21,19 72,30 not improved 262 R R

by any trans-

formation

available
White ice 1,75 2.64 none 262 A R
Black ice O.11 2.49 none 262 A R
Total ice 2.87 242 x2 1.42 2.98 262 A R
Accumulated
degree days 0.94 5.07 none 309 A R
Run of wind 1,10 3,36 none 291 A R

Snowfall water
equivalent 0.34 3.61 none 291 A R

Sunshine hours 4,14 3.09 Vel 0.37 4,16 291 A R
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Parameter t values Transform- t values Degrees of Acceptance
before ation after freedom at K= ,05
transformation selected transformation
skewness kurtosis skewness kurtosis skewness kurtosis

2.) Characteristics of rates of change data,

For lake cover data the figures used were weekly change in inches plus 30. The text should be
referred to for a detailed discussion of the problems (Chapter 3).

Date (weeks from

July 1st) 0,29 3.76 none 262 A R
Snow cover 3.30 14.57 x2 3.21 15.42 257 R R
Slush 9.97 70,79 x2 4,06 59.85 257 R R
White ice 6.50 14,68 x3 1,75 7.70 257 A R
Black ice 3.33 3,07 logjo 1.23 1.86 257 A A
Total ice 4,69 10,16 x2 0.33 6,97 257 A R
Accumulated
degree days 0.57 52,19 none 246 A R
Run of wind 1,63 1.04 none 278 A A
Snowfall water
equivalent 12.90 14,61 3= 1.12 1.54 278 A A
3.) Characteristics of white ice survey data.

Snow cover 21.29 42,47 3 0.57 8424 818 A R

White ice 13,65 26,67 JE 0,22 0.54 818 A A

=291~



Parameter t values Trans form- t values Degrees of Acceptance
before ation after freedom at X = ,05
transformation selected transformation
skewness kurtosis skewness kurtosis skewness kurtosis

4,) Characteristics of basin survey data, 1966,

It was necessary to re-sort and run each variable independently, because incomplete data is not provided
for in NORMSTAND,

Snow cover 5653 0.65 logjo 1,02 2,90 392 A R
Slush 11,47 4,01 3x 4.89 5467 392 R R
White ice 5.06 8.18 logyg 1,36 13,33 134 A R
Black ice 3.92 5472 x2 0.78 0.35 81 A A
Total ice 1,39 5010 none 238 A R
Hydrostatic
water level 8.10 2,82 not improved 225 R R

by any trans-

formation

available

Hydrostatic water level could not be normalised in the present form of the datae This was probably
due to the fact that measured in terms of the upper ice surface the data contain many negative values, which
preclude the use of square-root and cube-root transformations, It is likely, though not certain, that
normality might be approximated by transformation if the levels were measured from the bottom surface of the
ice (as, indeed, was the practice in early observations). It was not considered of sufficient importance to

merit adding total ice thickness to water level in the case for which this information was used,

-£91-
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5) Characteristics of variables in regression equations,



Equations 3,1 to 3.3:
total ice accumulation

dependent

T:..2

ice

Equations 3.4 & 3.5:
Plack ice accumulation

dependent

Bice

Equation 3.6: white ice

accumulation dependent

Wice

Significant
independent
variable

(as pp.30-31)

Sfall

Correlation F level Beta
coefficient with coefficient in
dependent variable final equation
0.95 1835.7 1.28
0.86 15.9 0.37
0.89 le7 0.13
0.80 2.7 0.10
-0,02 20,0 0,09
0.82 2.4 0,09
0,85 80,3 1.10
0.26 19.0 0,39
0.87 660,.8 0.37
0.81 Seb 0.33
-0,02 17.2 0.11
0.76 1.6 0.08
0.62 126,2 1.29
0.70 205.3 1.18
0.45 53.9 -1.86
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Equation 3,7: white
ice rates of growth

dependent

dWice

3
( aT + 30 )

Equation 3.8: black
ice rates of growth
dependent

dB.
ice

log;qg ( T + 30 )

Significant
independent
variable

(as ppe.30-31)

dsi

(-CF+3O )2

3/ dSfall
dT
T

dSe

—_— 2
( aT + 30 )

T

dT

(

Correlation F level Beta
coefficient with coefficient in
dependent variable final equation

-0.23 10,8 -0,22

0,22 9.3 0,20

-0,18 0.9 -0.15

'0.02 009 '0- 12

"0. 31 25.7 -00 38

-0027 27.5 "'0034
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Equation 3,7: white
ice rates of growth
dependent

ice

Wice 3
( T + 30 )

Equation 3.8: black

ice rates of growth

dependent
dBice
logyo (—ET—_- + 30 )

Significant
independent
variable

(as pp.30-31)

dsy

—_— 2
( IT + 30 )
3/ dSfa11
dT
T
ds. )
( —EE-+ 30 )
T
( Wice + 30 )3
dT

Correlation F level Beta
coefficient with coefficient in
dependent variable final equation

-0,23 10,8 -0,22

0.22 903 0.20

'0. 18 009 "oo 15

-0,02 0.9 -0.12

"Oc 1 25.7 '00 38

'0.27 27.5 "0.34
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Ch P + 30)2

dT

Equation 3,10: white ice
accumulation dependent

W,
ice

Equation 3,11: white ice

Equation 3,9: total ice
rates of growth dependent

rates of growth dependent

(

dwice

Beta

Significant Correlation F level
independent coefficient with coefficient in
variable dependent variable final equation
(as pp.30-31)
T '0.41 46.1 -0. 39
dSc + 30 .2
T ) 0,01 2,7 0,08
daw 0.13 2,2 0.07
dT
Sfall, P 0,66 174.2 1445
Wp 0.40 67.2 ‘1.69
Kp 0,53 52,4 0.89
S 0.41 2,1 -0,08
c, p
T -0.16 5.3 -0.16
dsfall, p 0.14 3.9 0.15
@, _+ 30 )2 0.13 3.1 0,11
’
+ 30)? -0, 09 2.1 -0.13

-0G9T~



-166~-

6.) Histograms from the sequent white ice surveys.

Histograms of deviations from the buoyancy equation refer to
figse 4.6 and 4,7 in the text.

Snow cover and white ice distributicn histograms are grouped
for each of the seven surveys mapped in Chapter 5. Reference should be
made to Chapter 5 and to the captions on the respective maps in con-
junction with these histograms.

Class intervals are one standard deviation, Ten classes run

from -5 to +5 standard deviationse.
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IIIEE‘LV WHITE 1CE SURVEY OF RKOUB LAKE - wEER 1 o o NOVEWBER 24, 1965

CE~O VIV

lll‘lll

joegeey

1—3--1
1--3--1

{ovwhus]
[segume]
[sugne]
Isagaw]
[ve4quai
[eagea]
[swigue]
{esqun]
lsugas|
lamgen |
jasgom|
|sagna]

s o o o SNUMW DISTRIBUTION .
PLUTTEV IN STANODARD SCORES FROM THE

Jeeseel
1ee5e0]
feeSee]
Jeesee]
jeeseel
feeS5ee}
JoeeSe0]
feeSee]
feeSes]
leeSee]
Joenee]
Jeeseel
feoSee}
jeeSee]
[eeSee]
joedes]
Jeoenee}
feenee!
jeener|
leehool
|oe5ee]
leenee]
IEX3 XX
jeeSee]
1ee500]
Teener]
1oenee]
[EXL XX
feenheo]
leotoe]
leenee]
Leohheo|
XYY}
Joehoo|
leevroel]
Toeever]
leenee]
freee]
leenee}
XL XYY
lee5es]
1eev 0]
Irehee]
Joever]
1oenree]
leohael

1xxexxl
txxaxxt
1xxexxl
taxoxxl
ixxexxi
taxexxl
Ixxexxl
1Xx6xxl
1Xxxaxxi
Ixx6xxl
1xxoxxl
tExaxxl
Ixaoaxl
1xxexxl

T IXXeRX]

Ixg6xxt
1xxoxxl
1Xx6xxy
Ixxexxd
Ixxouxxl
1xxarxt
1Xxurxl
1xx06xx3
Ixxexx}
Ixxaxxl
I1xxorxt
IXxoxxl
Ixgoxx|
1xa0xxl
Ixxe6nxg
Ixroxx]
fxxoxxt
1Xxexxy
Ixkoanl
taxoan
Iaxorxl
Ixaeax|
[xxerx]
Ixanxxt
IAKOXX]
1xx6xxl
1XXHEX]
Ixgnxx]
1XRAXX]
Ixx06xxl
thkoxxl

1007001
1007001
1007001
1007001

. 1007001

1oarnog

1000601
18HBRB [
1008001

FIG, C.1.
Refer 1o Fig. 8.1.

.SGASON MEAN,

Class boundaries:-

1 ...-4.00 and below
2...-3.00. - -3.99
3 ...-2.00 --3.99
4.., -1.00 - -1.99
$... %X --099
6... 1.00 - 0.0

00 - 1.01
8... 3.00 - 2.01
9... 4.00 - 3.01
10 ... above 4.00
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BIMEEKLY wHITE ICE SUKVEY UF Kiwn LAKE = oEEN | o o NOVEMREK ¢y 1965 Refer to Fig. 5:1.

o o o AMITE ICE DISTHIBUTION o o o
PLOTTED IN STANDARD SCORFS FRONM THE SEASON MEAN.

{~=3--1 Jenqnal 1ee500] Txxexxy

1
2 | —3==] Jeskaa] 1es%0e¢] Ixxexxt
3 [==3==] IRLIYT) J1ee50e} Ixxexxy
. j==3==~1 {ssqus] 1ee500] 1XK6XX1
5 jssque] jeeSee] 1Xx6xxi
° {anqual] feeSeel [xxoxxi
7 [esqua] 144500 IXxexxy
s [swqua] 1+e5ee] [xxexxt
9 {eshun] fee5001] Txxexxt
10 [sageea] 1445001 Txxexxi
11 {osgan] 1ee5eet

12 [sugme]| JeeSes]

13 . lewpua] [eeSee] )
14 |asqus] 1e0500]

15 Jougua] JeoSee] Classes as m. c.1.
16 jesgnea] JoeSeel

17 {angme] 1e¢See]

18 jesqan] 1eeSe0]

19 Jangqun] 1e05e0]

20 jendaa] [1e4500]

21 jesgan] JeeSeel

22 [sugu=] 16¢5+e]

23 [=sqeu] 1e¢5¢0]

24 Ineise] [¢¢8e0]

25 . [segan] 1ee5¢¢]

26 Je=nqan] 1¢¢5e¢]

27 ICLIYT | JeeSee]

28 [sugun] feeSee]

29 Jusiue] 1e6S0¢]

30 {wo4aa] 1e¢500]

31 . |nsbesn]

32 Isagun]

33 langasn]

34 ' [asquwn}

38 . [owbun]

36 juugqus]

37 . Jonjuel]

30 janfue]

3¢ [engma]

40 {usiun]

61 lengan]

€2 jmagne]

43 lesban]

44 . [nagas]

43 . {aujun]

46 Jusjual

47 jengua]

“‘ [ewhue]|

49 Jwmgyusnl

50 [usfuw]

51 Jumiwa]

52 Jengun]

53 junfuan]

54 ILLIYL D

(11 [ooguef

56 . jasguw]

57 Junguu]

L] Jusiua]

59 juugua]

60 Jeabua]

61 {osiuu]

62 juwgua]

63 jnagen]

64 |esgua]

65 IELXTL

66 jesfea]

67 lunfual

68 IETTYT R

69 {oequn]

70 [seiun]

71 IEEIYT R

12 Jusgue]

73 [sspua]
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FIG. C.3.

BIMEEKLY whITE ICL SUNVLY JF RALY LAKE - abLE 2o o o LLLEMHER 10, %05
Refer to Fig. 5.3.

e o o o ONCW DISTRIBUTIUN ¢ o o
PLUOTIED IA STANDAKD SCORES FRIM THE SEASON MFAN.

1 l==3-~1 lamioal 16500 1Axoxx{ 100T0HU1 1ousnot
2 1=-3=-~1 sabee] lee50e] TXX6XXT 10100t
3 1==2==1 lesdsu] KX Y23 ] Ixxoxxi 1007001
4 lssfer| leedvee] 1xxexxl 1007001
S [assnm| feesee] 1XXé6xxI 1607001
[ TeeSee] I1XK6xxy 1007001
T L leesesd fxxoxxl 1ootont
8 1oedee] Ixxexxt 1007001
9 Leodee] Ixxexxy 107001
10 Leedee] IXX6XX{ fun?00t
i1 . [oede0] IXX6xXxX§ tureol
12 1oe5¢4] 1XRo6xxl 1007001
13 [ XX IXx6xXX1 1007001 :
14 fee5eel  [XXOXX]  TOUTOO] Classes as Fig. C.l.
15 Tee500] IXxoXX1 10071N01
16 [eeS5ee] Ixxoxxi 1007001
17 104500} Ixet .o 107001
18 . loesee} IXX8his 1on7004
.19 Leedee] Ixcexxy 1007001
, 20 feeseel  [XKROXXI
2l Jeedee] Ixxexxl
22 . [ee5ee] 1xxexxt
23 : [ee5¢0] Ixxexxl
24 [eeSee] Ixxexxy
25 [o0%40] Ixxexxy
26 1eeSee] 1xxéexxt
27 Jee45e0] 1xxé6xxi
28 feedeel 1Xx6xx1
29 1¢¢50e] 1Xx6Xx1 .,
30 [eed00] Ixxexxi
31 l1eeSee] IXxexxl
32 ioeSee] 1xxexxf
33 IXxexxt
34 IXxoxx1
a3 1xxexxt
36 IXxexxi
37 . . 1xx6xx1
38 1xx6xxt
39 1 xxexx1l
40 1Xxexxi
41 Ixxexxl
42 . IXX6XX]
[} ) 1Xx6Xx]
o IXX6XXY
[ 1] : Ixxexxt
46 1xxexxi
47 IXXo6XX]
48 1Xxexxi
9 : Ixxexxl
[} 1XX6XX1
51 I1XX6xx§
52 IXX6xx1
53 IXX6xXxi
54 1Xxoxx1
55 IXxexxi
56 1Xx6xxj
57 IXx6xxl



BINEEKLY wHITE 4CE SUxvEY (IF KNG LAKE -~ witEK 2o

l--',--l
1--3--1
1==3--1

- g
~OLENO V& WA -

N P=o o G0 Pt oo Pus s P
COO~NOCVEIWN

WARONNMANNNNN
QOB NOVELE WN -

W W
N »-

SPWWWWWWW
(= -N-E N R NV

L Bk
SWN -

&
W

rr 2R
RS

RS RE,
-0

END—OF~DATA ENCUUNTEKED UN SYSTEM INPUT FILE.
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o o DECEMBEA 10,

Jungne|
| sagnse]
| ss4qna]
{asqaal]
Insgas]
fasges]
ILIIYT N
[EXTYLER
Junguu]
[ssgan]
{magan]
{uwigas]
|mugua]
IETTYT R
ILLIYT B
Ins4qas]
jmege=n]|
jasgex]

l--‘--l.

jnsgun]
|sufue]
Imeguu|
[|suhasn]
Jasg4an]
jnugua]
lsegual]
Insgun]
[asgun]
Inaqan]
lesugss]
[nsqua]
[owgou]
lowgas]
Insqan]
IELTS TN
IR IY TN
lenbun]
]asngun]
e LY T )]
Insquau]
IELIYT X
Issqas]
|swgus=]
jawgua]
{sagna]
Jengun]
IELLTT N
[unban]
[ungua]
Isa4uu]
|=ng4an]

feebeel
[eevee]
JeeSeel
1eeb0e}
JeeSee]
1eeSeel
[¢450e]
[eeSe0]
jeeSee]
JeeSeel
[eeSee]
[eeSeel
JeeS5ee]
[eeSe0]
[eeSeel]
[oe5¢0]
JeeSee]
feeSee]
1eeSeel
JeeS5ee]
1005¢0]
[ee5¢¢]
[eeSee]
[eeS5e0]
1¢45¢0¢]
[e+5e0]
[ee50¢]
[+¢5¢0]
[ee540]
[eeSee]
LeeSee]
[465¢4]
1ee500]
160504
14¢54¢]
1eeSeel
{eeSes]
[+¢50¢]
[eeSeel
[+e5¢01
[¢e50¢0]
[¢+50e]
{eeS5ee]
[ee5e0]

Less

Refer to Fig. 5.4.

wHITF ICF DISTRIBUTION o & &
PLJITIED IN STANUARD SCORES FRNH THE SEASON MEAN.

I1xxexxt
Txxexxi
I1Xx6xx%}
IxXxoxxi
I1xx6xx1
Ixxexxt
Ixxexxi
IXx6xx§
Ixxoxxi
1xx6xx1
1Xx6xX1
[xxexxl
Ixxexx{
IXx6xx|
(xXxoxxi
IxXxexx(
IXx&x”

Ixxexxi

007001

Classes as Fig. C.l1.
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CERNOVE N~

- wEEK 3.

t--3--1
1--3-=1
1--3--1
1—-3--1
t—3-=1
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o o DECEMBER 23,

[sngase]
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[meqaaj
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[ELLILN
IETIYIR]
lssqan]
jmagus]
Jenqeea]
lsngsa]
IEXTYYY)
{owgusn]
Iswgna]

PLOTTEY N STANDARD SCORES FRJM THE SEASON NFAN,
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[eedoe]
Jeevee]
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1eeSee|
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l1eeSeel
loeSee]
IEXLYXY]
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JoeS00]
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JeeSeo]
Jeesee]
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[oeSeet
JeeSee]
Joeses]
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Joevoeol
1eeSee}
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jeeSee]
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Jeeonoese|
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leevoo|
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Joehren]
fesnhee}
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foensed
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196%

o SNUW DISTRILUIICY o o o o

Ixxaxxy
IxxoRX]
1xxoxxi
{xxoxxl
{axexxl
Ixaoxxt
1xxnrxt
Ixxoxxl
Ixasaxl
[rxexxy
Ixxexxy
I1Xxoxx}
Inxerxl
txxorxl|
Ixxoxxt
Ixxerxy
IxRexxt
txxexxl
I1XK6x%1]
1xxoxxl
1xxexxt
Ixxorxl
I1xxoax}
Ixa6xxi
Txxoxxt
1xx6xxt
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IxXx6xx]
1xaoxxl
Ixzoxxi
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[R1T13 8
I1xnoxxt
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fxxoxxf

g
[XFIR {811
[N¢ VBRIV I}
100131
o700t
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1007001
L AR {IVY ]
1o g
o0t

1nnsnng

FIG. C.5.

Refer to Fig. 5.5.
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Classes as Fig. C.l1.



FIG. C.6.

BIMELKLY WMITE ICE SURVEY UF KNOD LAKE = wEER 3o o o OECEMUER 23, DVOS
Refer to Pig. 5.6.

o o o wHITE JCL UISTRIBUTION o o o
PLITTRD IN STANDARD SCOKLS FRUM THt SFASON MEAN,

xx xx

1 fo=deci Iwsase|  [es5¢¢]  1XXOXKI tourcut tousont
2 [==3==] [ussqes] 1eenee] Ixxeaxl 1061001
3 fe=3==1| lesqus}] [eeSee] 1RXOXX] ournot
. inssgen| feeSee] Lxxoxx} tourool
5 [wsgae] [eeSee] Ixxexxi
® jesaes] leedee] Ixxoxxi
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1l iees0e] Ixxoxxl
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5 . 1se50el  Faxoxrxl ’ Classes as Fig. C.l.
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41 - 1Xx6xX1|
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53 1Xx6xx1

54 : 1xxoxxi
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56 1axoxx1
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e Jxxexx(

54 IXxonxl

50 [RETI R
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FIG. C.7.

Refer to F.g. 5.7.

IN STALDARD SCURES FRUOM TiiL SCASHN MF AN,
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Classes as Fig. C.l.
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e« o JANUARY 8,
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Fig, C.8.

Refer to Fig. 5.8,

o« MHITE ICE OISTRIBUTION .
IN STANDARD SCORES FROM THE SFASON MFAN,

1966
..
PLOITED
1ee504) IXXoXxxl
Jeesee 1xx6xX1
leeSee) Ixxexxl
leedee] Ixxoxxl
[eenee] Ixx6xxi
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Leehee] txxoxxi
leenee] Ixxerxy
leeneel 1xx6xX)
10050¢] IXxexxi
leeSee] Ixxoxx}
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1e0500} I1Xxaxxl
I EYLYY Y] IXxnaxxl
leeae] Ixxoxal
[ee500 Ixxoxxy
feehe0] 1xaeaxt
1ee540] IXxexx}
f1ee500]) 1XXHXX]
1eeSee] Ixxexxt
Jeenee] Ixxoexxl
1ee%00] 1xxoxxl
1ee%ee] IXxaxxt
Jeesse} Txxexxi
fee500] Txxoxxy
1oe%5e0] IXxoxxy
Leesery 1xx6XX1
1oesael Ixxoxxj
[oenee] txxexxt
1ee500] IXxexxg
LeeSe0] Ixxoxxl
JeeSeet IXxexx}
IXx6xxy
Ixxexxi
IxxAXxl
Ixxexxt
Ixxoexxy
1xx6xx1
Ixxexxl
Txxexx}
1XX6XX]
Ixxexxl
Ixxexxl
Ixxexxl
Ixxexxt
Ixxexxl
Ixxoxxl
Ixxexxi
Ixxoxxl
Ixxexxt
Ixxoxxt
Ixxexxt
1xxoxxt
txxexxi
Ixxexx}
1xxoxxt
xxoxxi
Ixxexxt
txxexx(
1Xx6xX1
Txxoxxi
1xxexxt
1xxexxti
Ixxexxl
Ixxexxi

1007001
1007001
1007001
1007001
tonro01
1007001
1007028
1007001
1007001
1007001

10OACOL

Classes as Fig. C.1.
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1o0 200

- wEEK

1-=3=-1
1==3-=1
1--3--1
1-=3--1

=175~

¢ » o JANUARY 22,

longnn]
[esngan]
{esine]
Jnegne]
{eegent|
IRTTYI Y]]
longas}
[EXX YT

.
PLOTTED

1o0300]
1008500}
{eedee]
[ee8ee]
foe5eed
foeeSee]
feedee!
1eeSee]
1eeSee]
[oeeSeel
feenvest
[eeSee]
{oedee]
Teenes]
[eesee]
1oeS5e0]
leebes]
looveo|
feeneef
1oeSee]
[eeSse]
[oeS5ee]
JoeSes |
[oenee]
toebes]
1oeSee]
{oeehoa|
loohee}
leoeheo]
fesvee]
1ee95¢0])
foenree]
leenee]
IR EXY]
Jesnveel
loeveel]
[eehhee]
loeenee]
[EXRXXN]

1906

FIG, C.8."

Refer to Fig.5.9.

« o SNOWM DISTRIBUTION o o o o
IN STANDARD SCORES FHOM YHE SEASCN MEAN,

Ixxoxxl]
1xxexX]
Ixxexxt
Ixxexxl
Ixxaxxl
faxexx}
Ixxexxl
1xxexxt
IXxAaRX?
Ixxexx}
Ixxaxxl
fxxoxxl
Iaxaxx)
Ixxexxl
Ixzoxxl
Ixxexx]
I1XR6xX1
1aabxxl
Ixgoxxt
Ixg6xxt
Ixgoxxl
taxonx]
I1XK6rK1
Iaxaxxl
1Axnxx)
Ixanyxl
Ixxosxl
1xxnxx|
Laxnrx]
1xxeaxxl
Ixxerxl
faxnxxl
Inanxx]
1xx6xxl
1 Ctnxx]
Iaxaaxt
Pxanxx]
1xxaxx]
1Xxanxx]
1xxerx!
Ixaexr]
1Axeax!
PXxaxxi
IXanyx]

1uoT0n0]
too7n01
toorut
1007001
1007001
1007001
1onro0t
1007001
1037001
tonr00l
1IN7008
1onroot
TON7088
1007001
1erTol
(R
100100t
1e0TV0L

fous0n1l

XX xx
{OR9R8]
1009600]

Clus.cl as Fig. C.1
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o o JANUARY 22,

{s=qual
loubua]
{ea4ea]
lesqua]

.
PLOTTED

1e6800]
1e¢Gee}
{ees00]
Jeedeel
1eeSe0}
[e0500]
104500}
IR XX
160500
1eeSee}
1eeSee}
JeeSee]
Teed00g
1eebee]
Jeedee}
1ee500]
teeSeel
jee50e}
Tee50e]
feeSeetl
1oedee]
1oe560]
[ee%e0]

1908

na. c.lo.

Refer to Fig. 8.10.

e MWNITE (CE DISTRIAUTION .
IN STANDARD SCORES FROM THE SEASON MFAN.

Ixaoxxl
IXNexxy
Ixxexxi
(xxexx
1an6xx1
IXxoxx}
Ixxexx]
Taxoxxt
Txxoxxl
Ixxenxy
Ixxexxy
Ixxexxi
Ixxexxy
Ixxexx{
txxexxt
Ixxexx}
Ixxexx}
Ixxexxt
txxexxi
Ixxexxy
1xxexxt
Ixxexx]
Ixxoxxt
Ixxexxi
Ixxexxl
Ixxexxt
Txxexxt
Ixxexxt
Ixxexxt
Ixxexxt
Ixxexx}
1xxexxt
1Xn6xx1
Ixxexxy
1xxexxt
1xxexxt
1xx6xx1
Ixxoxxl
Ixxexxg
Ixxexxt
Ixxexxl
Txxexxl
1Xx6xx}
txxexx|
1xxexxt
Ixxexxi
Ixxexxy
Ixx6xx1
Ixxoxxt
Ixxexx1y
Ixxexx
IXxexx]
Ixxexxl
IXROXXY
Ixxexxi
IxXxoxx{
Ixxexxt
Ixxaxxi
IXX6XX1
IxXxexxli
Ixxexxt
1Xxexxi
Ixxoxxt
Ixx6xxt
1XX6XX1
Ixxexxi
Ixxexxt
Ixxexxl
Ixxexx1

1007001
1007001
1007001
1001001
1007001
1007008
1007001
1007001
1007001
1007001
1007001
1007001
1007001
1007001

1AA8RN |
160008
180868
18666n|
1008001

*~

Classes as Fig. C.1.
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- Wbtk 6.

1--3=-1
1-=3--1
1--3--1
1--3~-1
1em3--1
fmes--1
1--3--1
1=-3--1
1==3=-1
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« o FEUDNUARY 5,

[(ELIYLN]
IETYS TN
|saben]
jeuqon}
|onqoe]
{ssqea]
IEXTIED
[osqun]
| sugus}

[engue]

[ee50e]
feeSee]
[eedee]
XXX
JeeSeel
Joeneol
Jeeree]
IEXX XX N
jeesee]
feebhoe]
leesee]
Jeeheol
10e500]
feenheol
Joeree]
IEXS XXX
Leevee]
Teobeo!
loeveol
lesnoeol
feenee]
1eeSee]
[eeheet
Jeeseo]
{eeheo]
Jeeheo|
jeeSee]
lesnes]
[eenee]
Jeenes]
Teenee]
teeqse]
itehee]

1966

FIG. C.1.

Refer to Fig. 5.14.

o« SNOW DISTPIHUTION o o o &
PLUTTED IN STANDARD SCOUREtS FROM THF SFASON MEAN,

1Xxexxi
1Xxayxt
Ixx6xxl
1xxexxt
txa6xxi
1xxaxxl
1XXxoxx])
Ixxoxxl
1xx6xx1
Ixxerxl
TARGAK]
IXXexXX]
1xnexxy
lvanxx|
Ixxoax]
Ixxexxi
Jantax]
1axAaxx|
rearx]
1xabxx|
fxaoxxl
Jxxaxx)
Ixxoxxt
Ixxexxs
Ixgexxy
Taxarx |
1xaer a0
Pxxtxa|
Ixtaxxi
{aatax]
tesnen ]
laxoax]
faxaxxl
1xeaxx|
I1xaeex|
Taxsadk}
1Axnax]
txgoxxt
Ixanxxi
xexx]
1acnrxl}
Incons]
fxxnrxl
Taxexa]
Pxxenxt
1raerx]
Jexorxl
{errxx
Jedaxxl

1007001
10070018
1onrnot
1oL T001
fugr001
101008
1007001
fucToal
10n7001
[anro0n
[ ]
100uT0J1
1597034
1T

nasnoi

X xx
1rennt

Classes as Fig. C.
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e « FEBRUARY &, 1/6h

lasgqes ]
[moquef]
(segsa]

PLOTTFD

feeSee}
§ee500¢]
JeeSee]
1eebeef
loeeSee]
leones]
loedeo|
l1eeSee]
[oe500]
feeseel]
joeSee]
Jeebeo
feevee|
feodee]
{eeh00]
leeSen]
[EX3-XXN}
joedeel
KX
[ KX XX 3}
Joesneol
LeoSee|
lessoes|
Teede0]
1eeS e}

« wHITE

Taxexxy
Txxonex]
txxoxan]
Ixxeaxt
txetax]
Iexorxi
laxexx]
[EEYIE ]
IRKOKX]
Ixanxxi
1Rx0XXT
Iaxexx]
jxxaxxt
1xxAXX])
1xxoxxl
tanexxi
1axéexx|
IXXoXR [
IXK6XX}
1xxnxxl
[Eroaxt
Ixxaxxt
Taxbax]
EXRAXX]
Ixxaxxt
txcoxxl
Ixrexxl
1xxexxl
I1xxoxxt
1xxaxxt
1xxexx|
Ixxaexxi
Ixxaxx!
Ixxoxxi
1xx6xx1
Ixsexx|
IXXoxx!
Ixxoxxt
1X56XX}
IXXAXX ]
IXEAxXt
IxgHYX ]
Exxnxxl
Iaxanaxt
I1Xxoxx1
IXx6XX1
Ixxexxt
IXxoxx|
I1xx6xx1
I1XXAXX1
IXx6xxi
Ixx6xxt
Ixxaxxt
Ixxoxxy
IXX6xx1
txx6xxt
Ixxexxl
IXx6xxi
Ixxexxt
IXx46Xx1
IXxexxi
IXxnxxl
Yrooird
1XXEXA G
EXyrmext

ICE DISTAEIAUIION .
Ih STANPAMD SCIIKES FRUM THF SFASI'N NFAN,

tonron|
1007991
1t
ton rinyg
e e
100 1001
10771004
107001
X108
1137001
17U
1007001
107001
1enrToot
el
1Ina g
106101
ton 7001

{HHARAT
[AHRA)
[ELLELT
184AHH L
tocueng

FIG. C.12.

Refer to Fig. 5.12.

Classes as Fig. C.1.
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[esban]
[ELETT R
laagoe]
|sagsal]
lsagus]

Refer to Fig. 5.13.

« o o o SNOW DISTRIBUTION & o o &
PLOTTEND [N STANDAWD SCOMES FRCM THE SFASCN MEAN.

feesee}
feenee]
Jeenee]
jeobeel
leeseel
Jeenee|
[eenee}
IEXL XXX
1ee990e])
[ee90e]
jeedeed
Jeevee|
leenool
leoSee}
1e05¢0]
Teesee]
[eeSee]
Jeeves]
leeheol
JoeSee]
leedool
jeeSee]

Ixxoxx]
I1Xxexx]
Ixxoxx|
1xx6xx1
Ixgaxx}
IxXxexx}
txxoxx|
Ixxoxnt
1xxexxy
1Xx6xx]
Ixxexxt
[RITS 2]
1xxoxx}
[RET5 311
Itgaxx|
1xxoxxt
taxoxxt
IXxoxx}l
lexexxt
Ixxexxi
Ixxoxxi
1xx6xx}
txxexxl|
IXxoxxl
1xxaxxt
laxaxx}
1£xnxx1
1XxoXX]
Ixanxxl
1Xxaxxy
1Xxnxx}
1xxnrnl
txxnxx)
[T LITSI
IXx6xX{
1Xx6xx1
Ixxaxxt
TXxARX]
lagoxxl
Ixsaxxl
XL
1XxX0XX]
IXxoxxi
1xxoaxt
1x2uxx1
xxexxl
1xxeoxxt
Ixzoxxl
Ixxoxxi
Ixxeaxt
IXK6xx1
1Xx6xxt
IXgoaxl
IXxoxXxi
Ixxexx]
[Xg6%X ]
Jexoxxl

1007001
1001:m1]
1007001
tonrnot
1007001
100702
10971001
1007001
1007003
1onrong
1naroul
1007001
107001
1067001
1007001
tonront
1007001
ton 7001
1007001
[Tl
tul1cut
1M7L
1007004
13310918
[ 2040 H
7004
16070018

1901801
18A8AR1
teasaal
1008N01

X xXx
1ee9881
1009001

Classes as Fig. C.1.
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1xx9xxl $9
Ixx9xx] v9
Ixx9xxl €9
1Xx9xxl 29
1Xx9xx! 190
1XX9%X1 09
1xxoxxl 6%
IxXx9xxi . (13
[Re V241 16
Ixx9xxl 96
Ixxoxxt (11
1XX9Xx13 73
1Xx9%xx1 T3
1Xx9¥x1 2s
1xx9xx{ 1¢
1xxoxxt oS
IXx9xx1 6y
1xxonxlt 1]
1ax9xxl . Ly
1xxexxil . 9y
1XX9xX] <Y
1xxoxxl [ 1]
1xx9xx] (14
1xxoxx| [4
1xx9%x1 184
1xXx9xxXTy oy
1xx9xx} 6€
Ixx9xx} -3
1xx9xxl 1€
txxoxxl 9€
I1xx9xxi 113
100L001  Ixx9xx! _ ot
1002001 §XX9X¥1 £t
100L00t  1Xx9xX} z€
1002001 1XX9XY} T3
1cotool [ReCHES] 13
1002001 IXx9¥x} 82
1002001  Ixx9xx1 9z
1002001 1XX9¥x] . 12
1004001 1xx9xxl 92
1002001 1Xx9xx} ¢2
1002001 1xx9xxl . v?
1002001 pxxoxxt €2
1001001 1Xx9x%} 22
1002001 1XX9xX| 1?2
1002001  1Xx93X] 0z
‘1°0 N se sImEID 1002001 pXX9xXI o1
100¢ 001 Ixxoxxi t
o021 001 1Xe9xxl 0n .
1002001 1Xx9YX} o1 !
1ouiwol txxQxx| 3]
1002001 1xxvxx] ot
toutonl 1xxoxxl €1
1002001 1239¥x1 2
1002001 (RRL2241 Jeagee] 1
100200l Ixx9xx} feegee] ot

toudnot 1Xx9xx} 100Gee]
1004001 IXx9xx) JeeGee]
1002001 1xx9xxt feeGee]

luuwu)) 1004001 Jaxeyxl Jeecee}

[LLIT T ronguat 1 axvxx} jeeqeel

[CUTH T 1004001 txxoyxl feeGee])

16bWHB I 100200l TYxoxx} teecenr

l66ebu!l 100Ut Jaxyxxil JeeGool

1600081 tnozool I1xx9¥xl Jeegeel Isshec]

—_-NALNOrBD>

*NYim NUSYIS ML WO¥J SINUIS UYVUNVIS NI G0
¢ e c NULINUINLESEO 3D1 dMIMm ¢ c °

99nT1 € HONYR  ° * °L WIIM  ~ UV HONY H) AFANNS DT F1IMA ATXIINIG
‘p'g’ B 03 3353

‘'O 014

=081~
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FIG. C.18.
Refer to Fig. 5.18.

PERCENTAGE PRNCABILITY OF WHITE ICE GROWTH DN KNOB LAKE 196566

1 1002001 Jeedee] 1005001 1o6eHdl
¢ [CCPLLE S FYFTY 1005001  1@0uHYI
3 [RLPLLY S FY5 T2 juusull  leesenl
4 199200 peedeey 100%001 1886681
H) 1oeg0e]  [eedee] 10US001  tovseRl
° 109200 Jeedes] 1005001  lovonel
7 [ee29ef  Jeesee] 10USuUl 1888681
8 Jee200]  leeses] 10Us01 18866881
9 CAPLLY B FYE T2 tugsuol 1666661
10 1992011 Jeedes} 10us00l  louensl
il Poegoir Jeedeel 1005001  160s881 Class boundaries:-
12 190200 eedee] “10USLUL  1o06e8]
13 Leverel  Leedeel . loosuol  1eesesl ) 41-5 %
14 19029s1  Jeeldee] 10USuUl 1886681
1% Joe2eey [eedee] tousuul 1606001 3... 851-60 %
, le IELPLEY B TS T2 1ous00l  1wosoot 4... 6-710%
17 Leeges ] Jeedee] | 1005001
18 [ee2ee teedee] 1005001 5 vee 71'80 %
19 1902091 feedee] . 1005001} 6 ... Bl-90 %
20 {ee3ee] 100%301
21 1ee300] 10usuul 7... 91-100%
22 1ee3es] 1o0suo0t
23 leedee] 100%uat
24 1e4300] 1005001
25 [ee3ee] 100%u01
26 [se30e] 1u0suos
27 1ee30¢] 1005901
28 fee3esl 1uusuog
29 Tee 300l 100suul
30 [e4300] 1ousuot
3l fee3es] 1ousuol
32 Ieeseel 1605001
33 1ee3eel 1ousnol
34 1es3sel 1605001
33 1eeseel 1uosuul
36 1ee304] tousnol
37 1ousuul
38 1ousool
39 Lugsuat
. 40 1ous ol
41 . 1uo%uot
«2 1005401
43 icosuol
P 1ocsuol
45 1305001
46 100s0ut

END-OF -DATA ENCUUNTEREU UN SYSTEM INPUT FIlLE.
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RESIDUALS FROM REGRESSION

1--3--1
1-=3--1{
1--3--1
1--3--1

ANV S W~

END~DF-DATA ENCOUNTERED ON SYSTEM INPUT FILE.

{onqun]
{ongesn]
[=egan]
losqual
isague]
lsngsa]
longss}
longsw]
[sagusl]
lougasn]
[saguul]

_]l-ﬁ-ll

KESINUALS FROM FEGRESSINY AT TwFFN MEFAN SNOW DEFTH

FI1G. C.16.

Refer to Fig. 5.16.

AT=3=SITF THROUGH THE SFASUN 1905-66 FPUM
NOVEARES TU MAkLH AND WHITF ICE THICKNESS NN MARCH 3RD.

1oedee]
Teenoel
1eeS50e]
[oe5¢0|
Jeenee]
leoedeot
[ee%540]
T1ee5¢0}
[eeSee]
[eodeel
1ee50¢]
[oe50e]
[eedes]
feedeed
1ee50¢]
[eodeel
[oebee]
Tee50e]
[ee50e]
LeeSee]
[eeSee]
L1eebee]
[eeSee]
1¢65¢0]
140500}
1¢eS¢e]
[1¢¢500]
1¢e500]
[ee5¢0]
{ee5¢¢]
[EX3 X1
1¢65¢¢]
[¢e5¢¢]
1ee500]
[eeS5ee]
[e6See]
1445¢¢]
[+4500]
[¢e5ee]
1ee5001
1405001
l1ee5ee}
[¢eSee]

IXxAYX1
1826xx%1
Ixxexx(
IXxaxxi
fxxexx]
1xxexx1
1XXOXX]
IXxexxt
Ixxexxl
Ixxexxt
IXX6RX]
Ixxexxl
Ixxoexxt
IXx6xxi
IXxexxt

taxexxy

txxexxl
Ixxexxli
IXxoxXx1
Ixxoxxl
Ixxoxxi
txxoxxl
IXX6XX1{
1Xxé6xx]
IXxoxxi(
1xxexx(
IXx6xx1
Ixxexxt
1Xx6xX1
Ixxé6xxl
{xxoxxl
IXX6XX1
Ixxenxl
IXxoxxi
IXx6xx]
IXX6XXI
Ixx6xx1
IXx6xxl

1 Tong -
Las neal
o Tnn
10000
1007l
10971unl
100 TNN1
tyornal
1007091
10071001
1007001
1017001
tanrunt
100700
[{oa RV}
tonTo0l
107001
tourool
17001

1nanng

Class boundsries:-

ver +3.00 - +2.99
-1.00 - -1.92
- -0.99

3
4
5
[
1
8

cos

2
.00
00

3.00

‘i

d

\



W

b
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Fig.Cal17
MARCH LBTH, 1900, Refor to Fig. 5.17.
wHilE ICE VISTKIbUTION.
- == X XX
i Leegee] 1RX3aR} lutiatdl 1Y _FYT M
2 [RIXLX] 1xr3xx} ludatnl 1085081
3 1e02e0] FXX3AX1 {CELC T 1e05881
4 [RXPLIS FXRIXX] 16640t (¥ " 511
LY 1ee2ee] Ixadxxi 1664901 1885081
[ 106200] taa3axi 18840l 1ousu0!
7 les2eel 1ax3xxl [CITTT
8 feedeel  1XRIXX]1  [uyueudl Class boundaries:-
9 fee200] 1Xx3XX) je6eti0 |
10 1ee2e0] 1xa3Rx1 (604061
1 Teegeel  [XXIXXI  lOUABLI 1... 0-~4.9inches (0 - 12.4 cm)
12 Leo2eel | [XX3IXXI  [0B4YO] 2...80-9.9 " (12.7 - 25.2 cm)
13 Lescerl  IxaIXXL  [BB40U] $...0.0 -14.9 " (35.4-37.8cm)
. 14 Leo2ee] 1xx3Ixx! 109t 4 15.0 -19.9 " (23.1 - 50.5 cm)
15 LeeZeol  JAXIXX]I  |6UAGOIL 5 .“20.0 .24.9 *  (%0.7- 630 cm)
16 leegeo] 1XA3xX1 LCC LT eeeble . *
17 Leogeod LAX 3R] [CT 2T
16 1Xx3xX] 16049861
19 Lax3axt luo4e8l
20 tARIRXE 1004641
21 1XR3IXAL 1 60+8061
22 1xx3xxl 16064861
23 1xx34x} 1004681
24 IAx3xxl 16004661
25 1XR3XAx1 1040861
26 1AXIxXE 1uu46bl
27 1xX3xxt 16064601
28 Exx3axi 1004001
29 tXx3IXxl
30 1xx3xx1
31 1Xx3xxl
32 : IXX3Xxi
33 Lax3xxl
34 1XX3Xx
3% 1XX3Xx1
36 Ixa3xXI
37 txxIxnxl .
38 IXX3XX{ -
39 1 xx3xx1
40 Exx3xxl
41 LXAIAXE
42 1xx3xx1
43 ExXx3xxl
. 44 IXX3XX}
&5 EXR3INKL
46 Lxx3xxl
47 1XX3%X1
48 §XX3IXXI
49 1XX3%X1
50 1XX3XX1
51 FXX3IXXY
52 ' 1XX3Xx1
53 . 1xx3xx1

ENU-LT -DATA ENCOUNTERED UN SYSTEM INPUT FILE.
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CE =0 P& - -

leegoe]
1oe)ee]
Jeojoel
1IR3 X
le0dee]
joeleo]

-184-

Lagesn |
laneaxt
[EYYIT Y]
[xgoxxt
1xaeaxt
laxexai
1a8eaK]
Iaxaxx{
Ixasxxl
IxKexxt
Ixxexx)
Iaxanx]
1xhexx |
IARGRX])
Ixxenxt
Laasrx}
[RICTEY]
1XRexX}
IRxexxa
[FILYES!
Ixxexxl
Ixxaxxt

REIL

Ixsexxi
1xx6xRY
Ixgexnt
{RRexX1
LAReRX}
Ixxaxxl
1xgexxl
1xxenxi
LRaexxl
Lxgexnl
Ixxaxxt
Lazexxl
[EY LYY
LAReXR]
1XR4xX |
Ixxexxi
IRR4xR ]
iaxenx]
Exxexxl
IXR4XX]
Laxaxxl
IXA&xK}
IRRexR]
IRR4XX]
Ixxanxl
LRAGKKS
Laxenxl
IXKexX]
IxXexX]
TRR4XXS
Ixxexnl
1xaaxx]
[RYLTEY]
(R YTV
{XReAX]
banexxi
[RELYEY]
Ixasgxx{
Inkexnt
IxXexX1
Pxxexnt
1xxexxt
I xx4nx]
Ixgeax]
1xR4xX}
1xnexxi
IXX4xXX1
EXR4xXA
Taasaxl
IAR4AR]
Ixxaxx)

Tutat 1Ll UISThIduUEIUA.

[E LT
[T LT
1 AsHH]
1erided |
1 didedl
tBb5Hd)
L HyS AL
lousubl
loqsdul
1obS5ud |
1809506
IodsHd ]
£ H
ToHYuH]
1oty
1uHIbH]
(LT
{uysBYl
1Juasuul

Aa &M
lunouu|
Inuobd|
1nsonnl
tuoeuCt

FIG, C.18.

Refer to Fig. 5.18.

Class boundaries:-

1...15.0 - 19.9 inches (38.

2...20.0-24.9
3 ...256,0-20.9
4...30.0-34.9
5...350-30.9
[

ves 40.0 - 44.9.
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ng, c.19.

Refer to Fig.4.8.

AAP OF DEVIATIUNS FXUM SINPLE BUOYANCY EQUATILN

whTit ASSURED NEAN UMIT aLIGHT SOR SNOW OF 0.4 GR.WT./C.Ce
AND FUR ICL UF 0,89 CR.iT./C.C.

SEE TERT FOR LISCUSSTUN.
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Fig, €.29.
Refer to Fig. 4.7.
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1 ... below -4.0 inches (-10.5 cm)
(-1.3 - -10.3 em)
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APPENDIX D

IAKE TEMPERATURES

Temperatures in Knob Lake have been measured by potentiometer
from one or two thermocouple strings suspended from a post in the ice
sheet since the winter of 1962-3, The records for 1962-3 have been lost,
but the graph published by Mattox (1964, p.30, fig.2) is reproduced in
Appendix E, Fig.E.20. In the four years of measurement, the general
pattern of temperatures through the winter has remained very similar

(Barr, 1964; Gray, 1966).

The main variations in the temperature profiles occur in the
ice sheet. The most marked temperature gradients were recorded by Gray
in the severe winter of 1964-5. For example, on January 6th 1965, the
temperature 18 in (46 cm) above the black-ice/white-ice interface was
-28.4%¢ (-19.2°F), at 12 in (30 cm) below the interface it was still
-24.6°¢ (12.2°F), but at 3 ft (91 cm) a temperature of -0.1°¢c indicates
that the sensor was close to the freezing front. 1963-4 and 1965-6 were
milder winters, although similar measurements might have been made on
January 8th 1966, with an overnight low of -46°F. (Cf. total accumulated
degree day records in Table 2.3.) The black ice temperatures for 1965-6,
in Table D.3, all tend to be slightly higher than for the two previous
years,

Tables D.1 to D.3 summarise the data on lake temperatures in
averages over four week periods based on the first week in January. They

are comparable in periods to the ice thickness records in Table 3.1.



FIG. D.1. TEMPERATURE AND ICE OCOVER, KNOB LAKE -TWO DATES.
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.The figures suggest a level of 10 ft or 3 m below the ice surface
for the average winter thermocline, below which an almost steady
temperature is maintained at each successive level throughout the
season, reaching near to the maximum density temperature of 4°¢
(39°F) at the bed. However, as noted by Gray (op.cit.) there is a
slight tendency in each year for bottom temperatures to rise in
spring for reasons which remain somewhat obscure. One suggestion
is that the latent heat of fusion (80 cal gm-l) is transferred

towards the bed from the ice sheet by the sinking of the warmed water.

Unfortunately, static or average figures give little in-
formation of use in studying the probability or mechanism of cracking,
since it is the amplitude of frequent heat waves that is important
(Chapter 3). However, thes do suggest (1) that temperatures below
0°F are rare in the black ice sheet and strong gradients are main-
tained by the low coefficient of thermal diffusivity of the ice, ¥ =
40 cm2 hr-l, and (2) that water temperatures just beneath the ice sheet
may be sufficient to cause melt during local depression of the ice
sheet,

Typical mid-winter and spring temperature profiles are il-
lustrated in Figs. D.l and D.2. 1In spring the ice tends to become
isothermal near the melting point as air temperatures increase. In
the winter profile, the ice and snow temperatures were measured by

inserting metal probe thermometers.

Measurements of temperatures would be of more use to tche
study of lake ice, i1f a system of continuous measurement, based, for

example, on a remote recording thermograph, could be installed.



Table D.1 LAKE TEMPERATURE RECORDS, KNOB LAKE, 1963-4

Mean monthly temperatures (°C) at each depth for 40ft (c.10.3m) profile (centre of lake).

ocT NOV DEC JAN FEB MAR APR MAY JUN
+0.75" -8.3 -9.4 5.9 -5.4  -1.5  +41.5  +2.0
+0.5' -4.2 -9.5 ~4.9 -4.3 -1.3  +1.4  +1.7
b/w interface -2.7 -6.9 -3.9 -3.5 =1.2  +40.1  +0.2
-0.5' -0.9 -5.2 -2.8 -2.7 -1.0 0.0 +0.1
-1.0' -0.2 -2.8 -1.5 -1.9 -0.7 0.0  +40.1
-1.5' 4+0.2 -0.9 -0.7 =-1.1  -0.5 0.0 0.0
-2.0' +0.5  40.9  +0.7 -0.4 -0.3 0.0 0.0
-3.0' 4+0.8  +1.2  +41.2 0.0 0.0  +40.4%  +2.3
-5.0' +1.4 +1.6 +1.7 +0.3 +0.3 +1.2 +2.8
-20.0' +1.7 +2.0  +2.8 +1.4 +1.5  +2.2 +3.1
-40.0' 3.3 +3.5  +43.5  +2.4  42.7  +3.0  +3.5

-83gT~



Table D.2a LAKE TEMPERATURE RECORDS, KNOB LAKE, 1964-5

Mean monthly temperatures (°C) at each depth for 40ft (c.13m) profile (centre of lake).

oct NOV DEC JAN FEB MAR APR MAY JUN

+1.5' -25.3 -18.9 -4.,9  -4.8  -3.8  +2.7
+1.0' -25.1 -19.4 -6.3 -5.1  -2.8  +4.,8
+0.5' -25.0 =16.6 =-T.1 -6.0 -2.8 44,4
b/w interface

-1.0" -22.4 -8.2 4.4 -3.5 -1.0 0.0
-3.0' -6.6 -2.9 -1.8  -1.8 -0.5 0.0
-6.0' +0.5 +41.3 +0.7 +0.8 +0.6  +1.8
-9.0' +1.2  +1.6  +1.5 +1.6  +1.6  +2.2
-14.0' +1.8 +1.8  +42.1  +2.3  +42.4  +2.5
-19.0" +2.2  +2.4 2.4 42,6 42.7  +42.7
-29.0" +2.6  42.6  +2.7  +2.9 +3.0  +43.0

-39.0' +3.0 +3.3  +3.3  +3.5 +43.5  43.6

~qesT-



Table D.2b

LAKE TEMPERATURE RECORDS, KNOB LAKE, 1964-~5

Mean monthly temperatures (°C) at each depth for 20ft (c.7m) profile (Knob Lake West site).

OCT

+0.5"

b/w interface
-0.5"
-1.0'
-2.0'
4.0
~7.0'
-10.0"
-12.5'
'

-15.0
-18.0"

NOV

DEC

JAN
-26.8
-20.5
-16.1
-11.8
-5.6
+0.4
+1.0
+1.3
+1.4
+1.5
+1.9

FEB MAR
-12.2 -4.3
-7.9 -3.4
-6.6 -2.8
-5.1 -2.3
-3.5 -1.7
-1.0 -0.7
+1.0 +0.8
+1.4 +1.4
+1.7 +1.8
+1.9 +1.9
+2.1 +2.2

APR

-3.3
-2.2
-1.8
-1.2
-1.0
-0.5
+0.4
+1.5
+1.6
+1.8
+2.1

MAY

-0.7
-0.6
-0.5
-0.5
-0.2

0.0
+0.8
+1.4
+1.8
+2.0
+2.4

JUN

46.0
+4.5
+2.6

+0.7
+0.5

0.0
+2.1
+2.2
+2.3
+2.3
+2.6



Table D.3a  LAKE TEMPERATURE RECORDS, KNOB LAKE, 1965-6

Mean monthly temperatures (°C) at each depth for 40ft (c.13m) profile (centre of lake).

ocT Nov DEC JAN FEB MAR APR MAY JUN

+0.75" -1.4  -0.7 -0.1
40.25' . -1.2  -0.6  =0.4
b/w interface

-0.25" -1.2  -0.7  -0.5
-1.5' -1.3  -0.6  =0.4
-3.5' 40.8 -0.1  40.1  +0.6
-4.5' +1.1 +0.4 +0.9
-8.5' +2.2 +0.9 +1.8 +2.1
~13.75' +2.7  +1.5  +2.5  +2.8
-18.5' +3.1  +1.7  42.7  +3.2
-27.5' +3.4  +2.0 +3.0  +3.5

-36.75" +3.9 +2.6 +3.6 +4.0

~pesT-



Table D.3b LAKE TEMPERATURE RECORDS, KNOB LAKE, 1965-6

Mean monthly temperatures (©C) at each depth for 20ft (c.7m) profile (Knob Lake West site).

ocT NOV DEC JAN FEB MAR APR MAY JuN

b/W interface

~0.75' -1.7  -2.1  =2.2 -0.3 '
-1.25' +0.8  -1.5  -1.7 ~0.2 g
-1.75' 40.4 0.0 -1.0 -1.1

~2.25' +0.5 0.0  =0.5 0.0

-2.5' +0.5 0.0  =-0.1 -0.4

-3.5' +1.0  +0.9  +0.4 +0.4

-5.25' +1.3 +1.5 +1.1 - +0.4

-7.5' +1.8  +2.1  +1.5 +2.1

-9.0' +2.7 +2.7  +41.9 +2.5

-10.75" +2.6 +2.6 +2.1 +2.8

-15.0' +2.6 +3.4 +2.6 +3.0
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APPENDIX E

SELECTED ILLUSTRATIONS FROM McGILL SUB-ARCTIC RESEARCH PAPERS RELATED

TO KNOB IAKE

This appendix draws together for early cross-reference sixteen
illustrations from previous work on Knob Lake by Messrs. Adams, Andrews,
Archer, Findlay, Mattox, McCloughan and Shaw. Most are refermed to

directly in the text for comparison with data presented for 1965-66.
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W,J

=2 Y

%f\"_‘\

KNOB LAKE

SCHEFF ERVILLE QUEBEC

FIGURE 4

CONTOUR INTERVAL 5'

Q___509 K00
N FEET




~192~

ATRTAT R

ep e o] H] :
‘-"‘g 4 JﬁEf/t ? e & \
Y "~
o4 ) Al A}
.-_{ — 5 3
’ H l',,i
I - Y
& » =y 1
™~ L/ Pan ;‘. I’ﬁ
= S

I {1413
* €.W,C weehly ovrvey
slehes

B Areos of intensive eriiing
O eiesred groves of &i8 Mteo

Wity ko Werropy
w m;? l;.
w Bo-ny » 3.0
EEB wo-us | »ese
g 50- 99 > IFJ

Fig.56 KNOB LAKE, QUEBEQ
DISTRIGUTION OF WHITE ICE, SPRING 1964
[ ety - Y -]
W wetans 2z
v peL1L g T
Figure E.4: from Adams and Shaw, 1966
. AL T
N
™ 4 /) sgagne
19 a9
‘ol - €W, C wendly surivy
P 5 7 Yt ' slores
el a\nedic W sreoe of inrensive gritiing
— AL Feiectod grovps of ritt holen)
ey - X Totgl igq Meghngns
Y am {\——0
| - m neheo tm
» J “\ ™ 00 »io}e
" ay )= 7 B wo-t| sree
fs
/. N m 100-20.9 *1Qe
“\\ aZTIv gt - +~ Ieoplem intecvel
A \'a i BRANNE = 7 1 ’n ¢ ecvels 10 inghes
- =y — 4011 1
) ¥ i, ¥ —h -
—) 5 > >
R | r~— ;’0 K =~
A X 7 et R\ ¢ —
i e Y X X 1 1) Y
y. 1 T s U o) 17
o " amadhuda a H T 11 4
. 4 M [Y) =l 1 ny
) - 3. 11 ¥ A /881
| 00 8 P ot & L 1 T e
| oat .t wl«
X P A 1 13
| ¢ 2 o 7 S 21~ .
Y AW 5 | et e ) T
B s aahu an ==\ Crfth -7 ¢ +——M
L 40"
Q00 89—\ TN e : ™
———ly  ~———
LK CX | %
{ Y O,
J Fadliwa 1
J }J’:} " 9B
Piga KNOB LAKE, QUEPEC "‘\; ~= 1
DISTRIBUTION OF ICE, GPRING (904 T ™.
e — e
00 1000 regY
Hﬂ",‘,m—!«; vgTage
- ™ T




LEGEND

RCAF BaY - C.W,C weokly servey
slobos

.mo-no > e
[ o-sic ma

Ioaploth intorves: § bnshes

’ll” SAY
/’

FG.8 KNOB LAKE, QUEBEC
OISTRIBUTION OF SNOW, 18 JANUARY, 1965

Figure E,5: from Archer, 1966

LEGEND
* £, W,C woolly servey
[

oe
Originetly pletted ot 114800
WeTE KL TCULSS
nchoy -,

3 wo+ |> sas
EZZ so s9 | > W
EE3] oo ue | > 24
=0 v > a
CJo i< a

leoptoth wiurvet: § inshes

nfi'

e v

= gaht 4
FIG.9  KNOB LAKE, QUEBEC = w’&,}
DISTRIBUTION OF WHITE ICE, 18 JANUARY, 1965 ==y
=l et e
ey
300 ney 2221




-194-

KNOB LAKE, QUEBEC
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| Figure E.10: * from Archer, 1966.
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Prevailing Wind __~.
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{1010 15 inchas

115 10 20 inches
120 10 25 inches
greater than 25 ins.




$TT°3 oxnbtg

°996T ‘Ioyoay woxy

FiIc. 5. OSPREY LAKE SCALE(h fopt) '
SAMPLE SITES ..: 000500, ° g__sg'gft@d__zqu
BATHYMETRY BLACK ICE THICKNESS
tEGEND
CONTOUR
INTERVAL 1011, -] tess thon 15 inches
15 1o 20 ches
94 soundings. 2320 1025 bches
- 01 29 10 30 inches
30 t0 35 inches
orect. - than35 .
TOTAL ICE THICKNESS
LEGEND LEGEND
less fhon 30 nches ] 258 thon 10 inches
30 to 35 inches ol 10 10 Binches
{35 © 40 inches 1B o 20inches
T3040 10 45 iches 20 o 2Sinches
N 145 10 50 inches grecter than 250s.
orecier fon 50 inches | shush
LEGEND LEGEND
tses thon 10 ches ] toes thon ~15 inches
310 10 15 nches ] 15 10 Otnches
~ b B 1 20 hches 0 % LS hches
S EIE S 20 10 25inches %115 10 30 taches
o F orectw thon 250ns. greoter than 3.0ins.

~66T-



.77°g oanbra

':rei{a.zv woxTF

*996T

SAMPLE SITES -i--

ric.e.  HOUSTON, COMMUNICATIONS AND BARR LAKES

ot gy 2o v mp

BATHYMETRY

CONTOUR INTERVAL ION
124 soundings.

- BLACK ICE- THICKNESS

LEGEND

‘}msm
10 20 inct.es
20 %0 25 nchss
25 10 30 Ictes

30 0 3 nches
oealer than 35 ns

LEGEND

thon 30 nches
130 10 35 nches
35 o 40 nches

40 10 45 nches
45 10 530 inches
grecter ton S0 ng

L

LEGEND

less ey OV achee
10 1215 et -
R !!5 0 20 s
201529 .~ &
Jrnl:r the 2%
. dstish

LEGEND

less #hon 10 inches
o B irches

O 2 20 nches

20 © 2 nids

LEGEND

fess they 35 =y

“15% Oczng

[+ 38 I B NRHLY

15t 30t
~Jdgrater 21 30ms

-002-




=201~

Figure E,13: from Andrews and McCloughan, 1961,

Ice thickness against degree days for Knob Lake
East, applying an "equivalent white ice" factor
in the upper curve,
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Fig 10 (o) BXETCH OF VARIATIONS IN ICE AND SNOW COVER OF SOUTHEAST SQUARL

Figure E.15: from Adams and Shaw, 1966,

Fig. 10(b)- DRILL HOLE PROFILES, SOUTHEAST SQUARE
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Figure E.16
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