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;o ¢
Air photographs taken during six overfl s of the Labrador

marginal ice zone over .Saglek Bank, during thé 1979 ice seas
have been visually examined to isolate the occurrence of m i-

“Jear floes. ‘Along the flight lines, why chrextended seaward ‘from

the coast, the floes were sxgniflcangkx ouped into zones of
high concentration with areas of few or zero occurrences lying
between. Correlation between floe frequency and sum of diameters
indicated that greater amounts of multi-year ice.did exist in
.these groups and that a higher frequency was not due to an occur-
rence aof smaller pieces. L ’ ’

s
L]

For flights of April 5 May’ 01. "and May 12 most. floes were>\
obsé?\hd‘sn bands which crossed the flight line from top to
bottom and ‘which were deflected progressively Shoreward through
time. By May 26 indivxdual ‘bands had disappeared and the~floes
were found to occur in two main groups; while the cender o!’the.\

- distribution had: attained its farthest measured shoreward

advance, ' On May 3l-am§‘June 07 the distribution was mainly
scattered - however& ‘Ieturn to the banded effect was observed
near the ice edge. ) . Lo
C oy .
The banding phenomenon observed in the distribution of
multi-year floes is thought to Be a product of differential

shear across a_ horizontal velocity gradient, ‘occuring in a cur-

L\

rent regime dominated by laminar flow. Under these conditions,
individual constituent floes of a Hypothetically unifortm floce

field, which are logated at opposite ends of an axis orthogonal
.to the direction of current flow. are moving in a common direc-

. tion at unequal velocities. This creates differential rates of

shear acrosg the, ihitially uniform fleld and causes it to,

elongate into a band. During this process, the orlginally ortho- -

gonal axis 1s progressively re-oriented until it is parallel to
.the-direction of laminsg.flow. The subseﬁuent attenuvation of

this banding phenomenon is probably.due to a temporary transi-
tNon from the laminar ‘to a turbulent mode of. flow within which

random cross-flow components disperse the,@aﬁﬂs.

The landward defléction of the centers of the multi-year
floe distribution was probably due to a meandering of the ther-
mal front which separates the c61d water of the Labrador Current
.core from the warmer water offshore. The most severe disruption
of banding, on'May 26, was probably due to the passage of a
cyclonie eddy along the frontal zone. A re-emergence of bands

- which occurred near 'the seaward ends of the’May 31 and June 0;§§§
A

flight lines is considered normal because current'-velocities
greatest pear the seaward edge of the bank, and the effects of
turbulent events would be axpegted to disappear most quickly in
this region.

Seasonal tre 8% in floe size occurrence: suggest that larger
floes deCeriorate into.smaller pieces by fracturing, which
" increases as the floes become. weaker due to higher temperatures.

‘- Beyond a lower size limic fracture ceases and melt’ processes are

.dominant. - , , . .-
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CHAPTER 1

. \ -
ICE REGIME“OF THE LABRADOR SEA %%

a . ;

1.1 Introduction

The marginal ice z.one (MIZ) of .tl_\e JLabrador Sea represents
an open ;ystem ice regime. 'Input occurs from Arctic regions as
well as locaily along the COa.st, resulting in ic‘:'e of varying age
and type flow'mg south. 1n an ‘ice belt bordered to t:he west by-

land :—.:/J*CO*‘the east by open wat:er-. Influenced by changes in
- :

—— T

S —

'

-synoptic weather conditions a.ndft-}_\e. Labrador Current. Ehe gsystem

- extends as far south as Cape'}lart'ison and will reach the’ Belle\

: N . Al

glls. in a cont in_'uou's state of internal flux, -produéing forces vhich

constantly deform, reshape and sometimes destroy ice floes '~ . |

“during their meandering southward drift. The resulting varia- . " )

tions lead to a myriad of sea ice distribution _bat; terns which

makes the 'l.abz:ador pack g distinctive east <coast compohént-of

A

the boreal region of the earth's cnyospheré.

1.*2"*' -Freeze up: pack ice occurrence in the Labrador Sea

(RN

Ice formation usually begins in November with freezing‘ in

inner channels along the northern Labrador coast and sea ice

~

Eérmation north of Cape HaTrison (refer'to Figures' 1 and 2). :
. ' \ ‘. .
Flrsc-nyeat. i\ce from Davis Strait, measuring aPproxima:ely l 2 to .

1.9m thick. (Skidmore 1979.\>Dinsmore 1972) will reach Cape Chid-
ley.ac about:. t he slme time; East-ice formacion at _t:his time :
oc.:m.;rs in sh.elﬁéted. regions north of ‘Natn usually on an average
of once in every ‘fi\;es:‘yeai'"s. -'Eai'l.y 'intp.Decen-iber’,‘the;i‘ce

1
] v 1

4 : .
_Isle area by the end of the month. By early January, Hamilton
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Inlet and other similarly sheltered regions usually have ten,

tenths coverage of grey—white ice and offshore areas south to

~

Spotted, Islands will have six tenths coverage. In mid-January

up to eight tenths young or .first-year ice exists north of Cart-

wright with four to six tenths ’arther gsouth. At this time, theﬁm

) pack usually extends:to between 160 and 240 km offshore; occur-

»

rence of thick first-year ice will have begun and by.the'end of .

the month the pakk will reach as fay south as the northeast
coast of New_fou land, or maybe even St. John 8 depending upon

the r‘ates of -Ereezing ‘in these regions and t:heir re_sulting

degree of input into the pack. ‘Cont:-iﬁu.in‘g ice gﬁow;h "t:hr.dugh"Fet;—'

. - b : :
ruary results in an increased concentration of thick first-year
} ot v T ' .
ice, with the pack reaching its maximum-extent in March, "at

. - LN

which time it can extend an -average of 9/10 coverage up to 400 .

kn of fshore (Bradford 1973, Culshaw, 1977, Markham 1980a).

Although this is representative of the general pattern, thed

LY

southward ‘advance of the pack in any one year might be acceler

~ A

1980). '. . ".

: B'y April, ice conditions usually begin to -.'ea'se alo'ng th

" southeast Labrador coast as the southwest extremes of the p ck

. begig\\ to retreat, allowing shore leads to open north of th

.. Strait of Belle Isle. Pack deterioration is accelerated yhen

a

Wy

ice melt and dispersal at the ‘seaward margin exceeds the /south-

ward delivery of ice, so that by late May or early Jupe nfwiga-_

».

cate
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tion is usually possible to Lake Melville, althonéh heavy first-

. year and multi-~year ige still 1lies about 40 km offshore. Before

"

m‘id—JL\ne most ice .disagpears below 55°N atid by mid—July the

entire Labrador Sea is clear, except: for occurrenqe of icebergs

(Masterson& Wright, 1982 Bradford, 1973; Culshaw, 1977).

1.3 _Sea Ice Formation in the Labrador MIZ:

—

lce crysc'al formation generally’ begins at a water surfa’ce

temperature near —l 67 C héwever freezing temperatures vary geo~-

graphically dep&nding upon water salinity,"hich can be alcered '

©

by evaporation ratee or lotal fresh water d_isqharge. These crys-

‘tals, cbllectively known %s'- frazil i.ce represent the first -

2

si:age of sea i.ce format:ion and occur- as indi.vidual plat’lets of
(ice measuring 1-3 m in diameter and 1-10 pm thick. During '
agitat:ed sea surface conditions these platelets increa;e in con-
centration £o form a thick soupy layer known as grease ice which
is composed of 20=40% ice by ‘volume (Nartin and Kauffman, 1981).
Grease ‘ice gives the eea surface a matte appearance, as it
thickens it dam_pens wave a'ctio.n, hence facil itating' faster con-
aolidaltion. _ Before solidifying it.c n reach thicknesses in.

éxcess of 1 m and under  quiescent-cond)tions consolidation can

pass through the grey (10-15 cm) and grey-white (15-30 cm) o
. ) ( ' * ' ‘ ) '.,
stages to become first-year ice over 30 cm thick (Skidmore,

1979) .

1f surface agitation continues, progressively greater nur’lﬂ

. bers of frazil platelets will sinter (Martin, 1981) into little

Y .':-I" AN
T T ey

Vumps -¢0 form shuga ice; because freezing only occurs (at first)

. 0 ‘.

-
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. wave action iCE
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. heavy snow. -
¢ high temperatures
] .
) ) , FLOOD!D ICE |
turbutent . ‘ : turbulent \
mixing “ref e{ezing > . mixing ‘
‘ " SNOW ICE . S
. > forms on top of
‘an existing ice sheet
[ .
® further freezi
ice growth relréezing
L ot
) . FIRST-YEAR ICE
- 530 cm toz2 m __
, ’ thin, 30-70 cm .
medium, 70-120 cm
thick, >120 cm .
protected near-shore ] wind and wave action
conditions
(.—*ICE FLOES ) .
, FAST ICE 4 .
J : refreezing ) T ]
/ .
—u-summer conditions Lw ~1CE FIELDS swamer ::ondltions
- } : 1 ) —r
f
ROTTEN FIST _}cs I T g deforhatiom ROTTEN' PACK ICE
= —] == DEFORMED ICE
Arctic'region's Labrador Sea . Arctic L . Labr'ador )
' ‘ - _ regions ) 1 Sea !
t_cpmplete - fall* ’ c_omplvete : < | f !
melting “freeze-up melting fall freeze-up "fresh" melt waten complete_]
: melting
OLD FAST ICE . . ;
. OLD PACK " ICEw———— percolation beneath rotten .
’ fce and subsequent refreezing . -
Y
. ' Figufe 3 - Stages of sea ice formatfon as displayed by Weeks '

»

(1976); with modifications for relevance to Labradot.
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first-year (Weeks and Lele,, 1958 ; wMO, 1970; Skidmore, 1979)..

near the upper 10 cm of the water colummy and because the sur- ye fs v

faces of shuga balls protrude slightly from the water, fur-

ther sinterifg will concentrate along the horizontal axis of the

lump, between the water surface and tie lower limit of freezing;

this causes the lumps to grow laterally, evolving into small

pans of ice known as pancake ice which have diameters of 3-20m.

» a \.ﬁ"\

) ’ ’ .
Constant collision between ad jacent pancakes will cause unconsol-

idated grease ice to be pymbed up onto the ‘periphery _of the pan-
cake and de‘f?)rmertion of the edges will also occur; this‘__combif]a—,

tion produces the ‘raised edge: rims éhar_act;eristic of pancake , 0

‘_ice.:i’ancakés might also form when a larger floe or a semi-

[N

. % \
consolidated surface layer of slush is broken into smﬁ.ller‘
pieces by wave, action. 1In this case, the angular corners will

be rapidly rounded by repeated floe collisions and- abrasion e

- ’ ’ - . .
which will also produce raised .rims. During quiescent condi-

tions, pancakes will become consolidated by the freezing of _the

interstitial grease ice matrix; this producesvl_g_rge agglomerate

or brecciated floes comprised of ice of varying ages including

In sheltered areas_ such as small bayé or the open leads in
: 2 , . _
pack ice, the formation of pancakes does not always occur.

-

Under these calm conditions, sintering/frazil élatelets will

first form dark nilas, a thin elastic trust of about 5 én':\t;hick
=~

" which evolves into light nilas of 5-iOem; if undisturbed, the

ice sheet will grov 'into -grey and grey-white or first-year ice. ~

Thin ice sheets growing in leads are often destroyed by pq,df’:;;:\ . —

-

»’ . 7
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vergence before reaching these stages however, so this process

{s most prevalent in the forrﬁatioh of fast ice in bays and in-

~ -
. _Jets of coastal Labrador. Theé re-fast ice uSually forms best

fn the characteristically lower tempergtures and low salinity of

shal low water and whene offshore islands are present to. protect

it from destructive wave action during ea-rly stages of growth
¥
(Weeks and Lee, 1958), ,. . -

\ ‘ :
First-year floes whether fprmed f,ro.m freezing topether of °

-

pancakes and ot}'\.'er Eloés,\‘ or from growing as a single floe

4

. -from the grey-white ét,age, usually Feach undeformed thicknesses .

of 0.5 t6 1.5m in _i:he' Labrador Sea (lMaster_son & Wright, 1982;
. . g . .

Nordco, '1980')_ .

1.4 Marginal ice zone dynamics

d | MovemEnt of ‘.ice cover in the Labrador Sea is ir-\fluenced by
_‘winds and ocean 'curz.'ents. Wind .sp.e_eds in the winter months’
average about 20 knots, prevailing from the no'rth or northwest ,
;nd current velocities are near 0. 15-0.30 m§-1 .(Mastetson & -
Wright 1;982). It is’in response :o these_influences that most
pack-ice movements - occur, during which floes can be moved
several miles and underpo ex'tens'ive def"'otm.ation. Mean velep
lities. fqr first-year floes approach an average of 0.1‘5—0.'.25
, ms~! with e xpected maximums near. O.80 ms™ ! duri ng storm condi- |
tions (Petro—Capada. I982) .
Bue to int'eractilon with winds and swell, the pack cice in a

typical marginal ice zone divides into three regi&ns (Bauer and

Mart in,'1980)'. Next to the open water, and the outermost, is

5

>

\
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the edge zone which, depend'ing upon prevailing ¢ond® tions, will
vary in width between 1 and 15 km; landward from this. is the
trans{tion zone neé'ring, 5'km in width, and inside of this is the

lnteriof zone which borders the *land. - In the Labrador MIZ,

thge zqnes are compr, sed of pack ice’ which is formed locally,

as well as pack i ?ich is advected southward from the more
I. . - . O
norcherly latitudes.

It is [n the low-concentration dynamic edge zone that floes

are most affected by wind and propagating waves. Pancake ice

. forms almost cép‘t;sin'uo’us ly at the ice edge during winter, along

.o

_with ice pulp from their constant interactive grinding, in-addi-

tion to the naturally forming grease ice. As. t:he‘.‘ accumulat fon

¢ -

of pancakes advances thé ice edge seaward, those contained with-
in the pack have an attenuating effect upon the swell (Wadhams,

1973, 1978) so that, in combination wu:h low temperatdres. these

'pancakes will eventually consolidate inté a s’er{es of,Large

floes, During subsequent periods of .prolonged wave and swell

.pr-opa.gat ion these floes, and any flat undeformed floes from

.

.
inner regions of the pack, will be fractured at right angles to .

the direct'ion of the wave moveme®t’ (Squire and Allan, 1977) .

. -

The c¢racks usually form between 10 and 40 m apart to préduce

strips of ice which mighc measure hundreds of metres 1ong, how-

ever. uPon rotat ion of their IOQ

they are broken into smaller floee and eventually form small

‘parallel to t‘.he wave path

p_ieces of 5 to 15 metres across. with contipued agltacion by

waves, floe grinding again ;réduces ice pulp which, if témpeTa-

tures are below"freezi-ng , will be complemented by grease ice
formation. W®hen the péck becomes compressed by onshore winds,

9
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the converging floes will push this mixture beneath them as they . : a

meet to form a compact ice cover §f indiwvidual floes. (Winsor and

LeDrew, 1979). - . . '

- -

ﬁuring these pressure conditions, edges of the floes will

fail- in response to lateral pressure loading, leading to pressure
LW )
ridge format:_igx}ﬁg.u-ring which fragmented portions of floes are ~
. ’w-,.‘_ -,
S Vool

pusheq ug'yardland downward to form linear piles of rubble: Smal-
ler shear ridges will also. be formed. when adjacent floes grir‘xd-
aéainst_each other while rotating or moving in opposite, paral-
- l/ell_i:hg-directior}s (-Parmeter‘a}\d Coon, 1‘572); Additionally, wh;n‘.
floes ar;g in c-:ollisibn, rafting occurs during which on.e‘floe g
..,g—l_ides u.p over a:not:her; this'process .mi.ght:' produce mlitltipl',e—
rafted fio_es which are stackéd several 1;:-xyers_ c_l.éép beneath the
‘gufface. i(afting and ridging can produce composite thi esses
between 3 and 5 m; ridges average 3 m thick up to a maximum near
7.5 m, with a length'of 9 to 15 m and a width of 3 to 4.5 m
(Nqite and Trethart, 1971; Bursey, 1977; Nordco, 1979; Fenco,
.. 1975; Fenco, 1976).
When pfessureAis releaéed, the floes diverge éllowing the
.s'ubmerged ice pulp and greabe ice to resurface where i,t ther;
'ftreez'es under calm conditions to consolidate the floes into- a

conﬁyuous cover of ice breccia once more (Winsor and LeDrew,

1979). When propagating swells again infiltrate the edge zone,

»

. : . {
the entire process is repeated; each repetition produces a new

generation of brecciated floes which themselves are frozen -
4 . -

agglomerattons of floes formed over several previous generé-

. ’
—

“tions. Winsor and LeDrew (1979) eétiﬁe. the: cycle for these

events to be between 5 and 10 days, co'i.t.lciding with the mean fre-

quency of passage of winter low presjure systems over the region.. . ”
. . ) . I-.‘ ) olo . ." . ....' . ‘.. . - . “
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In the transition zone the wave amplitude is suff iciently

reduced so that the ice breaks into rectangular floes which
experience little or no subsequent deformsétion or rounding abra—
ston. 1n contrast to the thick, small floes of the edge zone,

these f£lpes are typ i{all‘y’20-40-m' in diameter .and have thick-

o

tesses characteristic of undeformed first—year ice.

»

. . The interior zone is typically much wider than the others;

" swells are sufficiently attenuated before reaching this area

such that they propagate without breaking the ice. This results
* ' .
in floe sizes much larger than in either of.the two seaward
. o :
zones (Bauer and Mgftin, 1980).

_ (S )
Interchange between the edge and transitioh zones is occur-~

’

" ring constantly and often leads to an alternate banding of large

i

rand small floes in these regions (Wadhams, 1980). This process

occurs when large f1oes from the inner zenes are advected to the
edge zone due ‘to the continugus motion of the pack mﬁ response

to wind and waves. A$ a result, some of thé floes found'in the

edge -zone are not the result of locally intrinsic formatign pro-

cesses, rather they are due to the destruction of larger floes

o

oriéir‘xating fror\n\deepér‘w@thin the pack (Wadhams, 1980).

Rectprodplly, pancake ice and agglomerite floes formed in

‘the edge zone are also advected landward into the pack; con-
. A Y . .

ceivably, a large f loe could be carried to the .edge zone and pul-

-

verized by the local wave action, with some of its 'smaller

ot >
pieces eventually returning to the inner zones frozen within a,

brecciated £loe. In other cases, the ice EFrom the edge zone

~

11
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might be advected, perhaps under the influence 'of a 10331 off- . /
- . . - .
| shore wind, out into the open ocean where it eventually me}lts. °

, ' ' Such seaward advection of ice usually occurs in the form of
. . ) ’
4 .
«Strips or streamers extending sinuously outward from tha ice

- i

o o
edge (Wadhams, 1980; LeBlond, 1982). S

-

) o

-4

‘1.5 Exotic ice types in.the Labrador MIZ

’ ~ . p ‘ . ~‘\‘

’ . lcebergs entering the Labrador Sea originate mainly from

J 1.5/ Icebergs

4

) » the calviing mabrginé' of tidewater'glacieré A the fiords of West : -
/s . . :

Greenla{\d north of Disko Bay. These account for 85% of the °
LN . ) ‘ L4 '
total input with .remaining contribut ions coming from the  Devon, - -

. - -Bylot, western Ellesmere and Baffin Islands, as wel‘l"as some from~ N
il '.e'ast Greenland (Petro-—Canada, 1982). Over a period if’several
' ~

years, these bergs first drift north along the west Greenland ~

coast and then south along eastern Baffin Is land to enter the
o - Labrador Sea in two main streggs. Th.e'one c losest to shore’ A

[3

occurs, in the Baffin Current segment of the " Lahrador Current,

~
along the margipal  t¥ough between the.coast and offshore
i

¥
;}Anéthér main zone of transport is along the outer edge

,of the coy’mtinent.a'l margin which is dominated by the West Green-

9

. ) : '
land Currént segment (Petro-Canada, 1982; Dinsmore, 1972). . N

g .
lceberg di stributions in the Labrador Sea are described by. /ﬂ

- , Gustajtis and Buckley (1911 . Inwinter the berg freﬁuenc;y is

e

low and« occurrences e xtend south to about 56°N latitulle. "In 4

Spt’ing'. the frequency increases rapidly to e stabl ish a central

——
' ’

o ’ . : . ) 12 . : [

Y
.
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zone of high concentration; extending north and south parallel L.
> .S . . b .
/- to the ‘coast, negr the edge of the continental margin; berg fre~

quencies decrease both landward and seaward of this zone,  but

characteristically occdr.throughout tbe pack. Within the pack;

the icebergs are protected from deterioration by ‘the .ice cover, a

which igself perpetuates lower water temperatures and the oo L “
' ~ ahsence of strong swell. From May however, water temperatures-
' ) X * Lo ' ) N ' ..' - a .
- ’ begin to increasa‘as the pack retreats and this significantly '

. a4
¢ 0

reduces the number of bergs, which then begin to decay through

ablation and calving. -By August the berg densities arellfﬁﬁﬂ

'p S R and confined to the cold Baffin Current segmenr of.fhe Labrador Uy s
- LT

Current. This decrease continues into Eall by. which time water
. e . . S N - o
temperatures are highest and bergs are feweit;.beingnCOnfined to. RN

: ' ' sporadic individual oceurrences'(custajtis and.Buckley,{l977). . o i

- 3 - v

Reported. iceberg massas in the Labrador'offghore range

between 100,000:and 2q;déo,dbd tons; bergs drift at about 30°

— .. : P

“7 / Ei; to the right, of the mean wind directioh at ‘about 2.5% of the wind «

A E . . . ‘.( : . ' - R o

// velocity (Gustajtis, T979) Observed average drift velocities - -
0 )

.
= are at 0.1-0.3 ms 1, nearing maximums of 0 5 1.2 ms - (Wright

> and-Berehger;'iQSO). . | '
1.5.2 multi-Yearwice R | Lo e E
, . ) , . . Y .

t Much of the Labrador Sea multi-year ice originates in’ Nares‘

4
. Y -

{ Strait‘and'Smith Sound, Markham (1981) indicates that an out- ., . ¥
flux OCcurs into qufin Bax_ﬁrom these areas during autumn. ‘ Dun- *’ e . ;
> ’ . . - I..'

bar (1973a, 1978) also mentions the transpdrt of old floes. -~ . Y

“through Nares Strait during_fallj as well, KovaoslandZSthi o N C ,ﬁ;

t D ' ‘ . . IlJ .. _",'\ '

v . . ‘ B « . .
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entrance to [fancaster Sound‘(bgrkham. 1981").

: Wright, 1982), and drlft southward at a rate of approxlmately

'by spring (Markham, 1981)

(1980) briefly describe two old floes ‘occurring near Hans Island
in Kennedy'Chennel, one bf which had an.area of 10 by 16 km.

In some cases this autumn efflux will produce two or three tenths

of old ice near the eastern tip of Devon 1sland and across the

Oischarge rates

o

are'highest 1n'fall and -decrease in earay winter, eventuaJLy

tErminating with the occurrence of an annual ice brxdge wHich

3
+

begins to form across Smith Sound® during the early December to

late February time period (Dunbar, 1973b Markham; 198r). A

e a v

secondary source of. input to the Labraddr Sea is- from the east-~

ca

ward - drift of old floes through Jones Sound and Lancaster 30und

k] ¢

" into Baffxn Bay, Milne, Herlinveaux, and Wilton (1977) describe

their research on some of these floes which had drifted south

]

through Barrow Stralt, destined to eventually jonn with the East—

-ward dr1ft in Lancaster Sound. ' ' _,t . t

} As new ice férms in Baffin Be} during fall," the old

floes become embedded in the flfst year coverage (Masterson and

b N DA ’ .

5 degress ofe« latltude per: month passin& through Davis Strait

) The actual time oE multi~year ice
arrival in thenhabredor Sea sna its meghituoe oE_occurehce hs
variehle.and:deoehaent upoh’Jeather conditions'tn-the Arctic.
Grane (1978):reportg‘that.jhurihé years of an:early pach—ice

i

advancevtn‘Davts'Streit, the'associateu northerly or westerly

. uinds will result in an 1ncreased deIIVery of multt—year ice

from the Baffin Bay edé)Foxd Bas&n-areas. In additioh, these

1%

L9
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'to significant amounts until late May when it usually comprxses

winds nroduce lTower air temperatures leading to reduced melt .

rates., Years of late pack-ice.advance however, are associated

L] .
with easterly or southerly winds which originate from over

-

warmer. waters and‘produce highet temperatures. Southerly winds .

also impede the. del ivery of muiti—year ice from farther north

because they act against the squthward drift of the ocean cur-

'y

rents ICrane, 1978). Years of la;e pack-ice adygnce therefore

are associated with lower concentratidns.of.multiayear ice off «

Labrador. = - S - o

'Irresbeﬁtﬁve of‘annuai variations i Erequency however, the,

-

A -
concentrations of multi year 1ce off Labrader does not increase

a

less than 1/10 of the aggregate Lce coverage i any. region of

~

the pack (Markham, l980b) - 'a value which is rarely exceeded.

‘ Unfortunately. detailed information regarding multi-year ice in

”

l"' . ’. .. o
reports which-are based on measurements obtained from either

N ——Na/ ’
described in the chapters which Eollow.A

¢

the.Labrador Sea is not widespread, being confined to only a few

» . . ‘ _ . S 1/)
photographic reconnaidsapte or on-site study of floes-o¥- |

information which prompted the undertakirig of the study

£

In 1979, multi-year floe thicknesses were reported at.
, - Y

'betweeu 4, 3 m and 32 2 m with an average of 14.2 and' a standard

deviation of 4. b m (Fenco, 1979), Thicknesses in 1978 ranged

,opportunity encountered within the pack. it wes'this paucity of -.-

from 5 J to 28 8 m with a mean oE 15.1 m ‘and a standard deviation

N + ’

of 4.6 m (Fenco, 1978). .The 1978 “and 1979 measurements were con-

An
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"1980). .

ducted Ircom aerial photographs however, ‘and usaed an éséi;;d ice
density. - Thicknesses measured from drilling of individual floes

by Fenco (1876) rahge from 1.5'to 15 m with 8 mean of\7yk1"T and
. - / ] ‘
a standard, deviation of 3.9 m. Butt, et al., (1979) reported a

thickness of 14.6 m for a floe near Groswatet Bay; lmperia)l Oftl

Ltd. (1977) reported thicknesses up to 16 m and diameters up ‘o

100 m in Davis Strait. =~ _ ‘

Nolte gnd Tr thart’ (1971) reported a floé measuring 9,14

SN\

m~by.2b.38 m g 22.8 m") 1n~the southetn Labtadot Sea (Skidmore,

\ N ¢ ' 2

1979) Fenco (1Ng79) reported surféce aceas ranging Erom 540 m2

2 4

to 2& 522 m” with (a mean and. stAndard deviation of AOBS m2 and

2221 m rerectively for 1979, For.L978. surface'areas varied

j e
. bgtwgen‘§35 m2 and 74,371 mz with a mean ‘of 4187 m% and standard

Tt . ’ '
’

deviation.of 3557 mz (Fehco. 1928). Fenco (1976) estimated | loe

’

areas ranging between 100 and -10,000 mz'(wright and Bereﬁger. K

Floe masses estimated-by Fenco (1979a) for the 1979 {ce sea- -

son ranged between 6050 and 379,710 met$+c\£§:?gs with a respec-

tive méan'and sEandatd deviat ion of 59,472 and &p,bSA tonnes,

t f . f . .

For 1978, the range was between 8,327 and 1,076,770 tonnes with

a.mean of 98.313‘tonﬁes and a standard deviation of 150,725

e .

v

tonnes (Fenco, 1978)

"dale- and Cartwright. averaged_0.29 ms-1 wi;h maximum'speeds of

1.0 ms-1t 'Masterson and Wright (1982) report: speeds, measured
' -1

over ¥ few hours, avéraging in range between 0.05 and 0.5.ms

K
4

6o .

Floe drift velocitnes during 1976 (Fenco. 1976). near Hopé-



4

with maximumd up to 1.5 mS’1. for :Eehwm and 1977 winter sea-

sons. Over short™fime periods .these driftfs varied in direction,
' ~

but.the mean resultant was southeastward.
RN

- Internal temperatures in a mulcflyear floe range between

-4°C and -17°C with an average of -5°C at the 2 m depth - (Master-

soﬁ_énd wright, 1982). In cdmparigon. first-year floe tempera-

tures meésufe¢\ddring freeze-up .in 1979 ranged between. -5°C at

the surface and -i.9°C‘near the bottom (Fenco, 1979@); in 197G

1

) ftr§£-yegr témperatuzes ranged be;ween QOC and -i2° with.a mean
'gf —a;ZOC ipfﬁarch and -2;609 in.Aﬁfil (éenqo,,1§76). " Because
the {ﬁitial.brfﬂe cont;nt will drain out o;ef'éevetal ﬁeitiéea-
sons k%gnnington, 1961;ZQntéfstéiner. 1968) salinitiés,fét multi-

year 1Ee average near | o700 (Petro~Canada, 1982). It is ﬁﬁis

combination of lower temperatures and lower salinity as well as
a diffétenﬁ crystal structure which makes multi-year ice much

,4

stronger than younger sea ice types (Masterson and Wright, 1982).

s
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' CHAPTER 2 o

STUDY OBJECTIVE AND METHODOLOGY

. =

2.1 §tudy rationale

Previously completed studies concerping multi-year ice in the

Labrador Sea have ignored its spatial aspects, preferring to deal

mainly with its mechanical and physical properties in anticipation of

- engjineering problems related to locading on offshore structures, or pos-

L

sible damage to védssels traversing the pack. While these studies have
produced valjuable results, there is still very mueh to be done in the
interests of assim1lating an 1nformatlve data basg-describing this type

of ice. Although the collection of data regarding the intrinsic proper-
tles of multi- -year icé falls outside the realm.of the geographer,..t ¥

does Seem sensible that the gathering of such data could be.better~

facilitatéd if information was available tw give the field scientist a

more accurate -description of its patterns of occurrence. It might theh

be possible to anticipate multi-year “ice distribution cont.ingencies to

'be encountered in the Labrador offshore. Clearly, this void could bhe

at least partially. filled by a detailed spatial analysis of multi-year

ice occufrence within the Labrador MIZ.

L

: . ]
At ‘least two _of the previous studies haa indicated that multi-year

. _ |
ice might not be". eously distributed within the M1Z. Fenco

. \ . .
(1976') .observed a highly concentrated strip of niulti-year {ce between .

90 and 120 km offshore near Hopedale, and a few years later gave

another limited description (Fenco, 19793) indicating that mulei- -year

'

floes had been seen towoccur hoth as a single floe surrounded by

younger ice types as well as within fields of other-multi-year floes-

'ln neither case were descriptive spatial statistics provided, but the

~

suggestion was thétﬁmulti—yepr'ice might occur as groups of relativelygi

— e 18 :
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high floe frequency with adjacent regions having very low occurrences.
To investigate the hypothesis that multi-year floes might in fact
occur as groups, the study detailed herein was undertaken to produce

the necessary spatial statistics from a large sample of mulri-year ice.

Although the study, having'been based on analysis of one year's photo-
; ]

xraphy, might not b@‘represen;ative of any long~term trend, it does \*) -

/
g ive factual data regarding the distribution for the 1979 season. It

is hoped therefore that the informetibn ptesented wigll provide some in-

<

sight into how mulfihyear ice has gccurred spatially in the Labrador

offshore-and_chet it will sérve'hoth to stimulate and aid further

studies:

2.2 Data base characteristics

DnQe_to be used were extracted from a portion of a set of aerial
ohotoéraphs on.loen from Petro-Canada Exoloration Inc; and the Labra-
dof Croup of Comi.nles. This set contained information céllected along
four different flight 11nes'across the Labrador pack with origins at
bagiek Cape Kiglapait, Kikkertavak fé:;nd and Fish Cove Point GFigute
4. @ ’ \/ |

The Saglek line; being the northernmost, Qas.chosen for chis study

because of its geoéraphic ability to portray the characteristics of

multi-year ice upon its enter1ng the Labrador MIZ on its journey south.

This set of photographs, from eight flAZht missions, contained-dataA

collected along a flight line bearing 097 Mag. from Saglek, Labrador,

crossinb over the Cilbert wellsite. Photography was begun near the
inshore edge of the Eastcan offshore Tease. holdings and, with one

exception. continued offshore until the ice edge was encountered; due

‘ -

- . . ’
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Figure 4 - Study region &nd photographic coverage by
date. Solid bars in inset indicate the extdnt of
‘photographic coverage with reference to the bar:
scale; thin lines ifndicate that portion of .the .
distance along 097° Mag. for which no photos were

, taken,
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to ice-fog off Labrador on May 12, one flight was aborted at 130 km

. - b
and did not reach the ice edge at 148 km. The nominal photographic
4 _
scale was 1:6000; refeét to Figure 4 for flight dates and extent of .
e . N

o
coverage.

. . s R

2.3 4Data collection

The collection of multi-year ice data from air photographs is o
dependent upon visual identification which may sometimes be a dtffi-
cult procedure. Therefore, a detailed twojisAge process of data
recognition and.recording, describe:\galow, was carried out over a ' 1r»
. ten-month period to ensure achievement-of optimum accuracy for the

- N A}

, . o , : ] 3
information extracted. . ' - '\

2.3.1 Establiishment of identiftcatién'c;iterié

Since no comprehensive list of.cfit;ria for idenéffying M1Z multi-
year ice was available; the initial priority was giQeS to establishing
the identification characterI;Eics by which it could be recognizeé and .

‘ ¢

isolated from other ice types. - ’

During 1981, preliminary ébservations were éonducted from CCGS Sir
John Franinn between February 21 and March 6 while enroute to and from
Lake Melvillg: Labréﬁo;;'and from an Atmospheric Environment Service
(AES)'ice reconndissapce aircraft on May 6; although no multi-year ice
was encountered, valuable knowledge and experience was gained.in the
identification 6f younger ice types as well as in general familiariza-
tion with the ice regime of the Lébrador Sea. 1In eérly Japuary'198§,
with the arrival—@f photographs from Petro—Canadé:Inc.; a tenétive list
,°£ éqiteria,was established through visual-analysis of.the photos, ’.» . /

4
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v e

sfupled with information from auailahle‘literature and previous discus- :
sion with AES ice observers. Between March 20 and 27, 1982, field . - .
observation of ice types was again conducted from the Sir John_Frank-~
lin, mainly in a region north of Groswater Bay; on this‘oocasion use of ° .
, the ship's helicopter facilitated both aerial and on-surface photo-
.graphic studies'of t;o multi-year floes. The observed morphologigal
characteristics of these floés, along with further study of the Petro- : ©
~Canada photos, a -review of appropriate slides from the C-CORE Data
Bank, &nd discussions with Mr. A, Allan of G<CORE, led to the establisha
\ ment bf.the‘final list of criteria. I;&hnﬁe 1982, tuo supplementary ; -

N

+  overflights were carried out'ahoard an AES"aircreft'on the 5th and

.~
-

21st, visual observations at these times Substantiated the contents of - B

+the existing' list and 'did not suggest any further revisgions.

-

2.3.2 Analysis of photography . | '

Having established the criteria, sdentification of fioes from the o ‘.
1979 photography was oommenced'in early Aptril 1982 and continued until
November. 1In each case, durgng. the first examination of a series of
photos, a floe was isolated by circling it with.a grease pencil in a
color appropriate to its identification status ~— definite multi-year

e

or possible multi-year. After the photo sets had been examined in this

manner, each photo in each set was ‘examined a_second time, during which
the status of individual floes was again evaluated based on bhe surface
criteria:they exhibited; this time particular attention was paid to -
either'deleting or positivel& identifying those f.oes pn‘xiously.marked
as possible. 1In'a third and final scrutinization, each photo was again

*

studied to ascertain the status of -all previously isolated floes.

—
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{
The photographs were stud}ed in the region to the right of the
. - ) " ﬁ
! principal point, containing the 40% of forward overlap coverage not com-
' /- —~ \
—— mon with the preceeding photo in the series; this area was considered

to be a cell. Since the actual size of this region would vary

e

slightly, .depending on aircraft altitude and speed, specia} care was
taken to ensure that each successive cell was begun at exactly the séme
point, ;1th\reference to the ice surface, where coverage from thé pre—.
'_-vious phot6 had énded. 'Inlthis manner, tlfe researcher would avoid
‘ coUn;ing‘éhe_éame floe twice in a situatioh where a cell might éontain

coverage common to tHe‘previous cell, or missing-a floe where a gap

- e -

.. . . - v r
existed between the end of the previous cell and the f®einning of the

’ . next.

A}

All photos were viewed as a stereopa#r under eighth power magni-

" fication using a WILD mirror stereoscope. The st ir was affixed’
v -~ oy . { ;-
to a metal plate which could be shifted sideways whilu-tHe stereoscope

was placed on a specially constructed frame which allowed it to be

v ) moved backwards and forwafds relative to the user. 1In a carEesiQQ

v ° sense, the movement of the stereop!?} was along a X-axis while the
4 .

movement~of the steréoscopé was along a Y—axis.' This setup allowed the

user to focus.on a small portion of the photo cell while movigg the -
stereoscope along the Y-axis to scan the photo from bottom to top; at

the top, the photos were shifted left along the x—axié 50 thag; the

stereoscope was néﬁ positioned slightly to the:right of the area covered
] .

in the upward scan. The scope was then moved back down the ‘Y-axis to
the bottom of the photo, in a track paralleling and.immedfately adja- '

cant to the upward track; at the bottom, the photos were again shifted

~ -~ .
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&

—~

~

and another track begun upwards. This structured approach allowed each
photo to be examined in minute detail; use of a cartesian coordinate

/r” system of X and Y movements ensured that all regions of a photo cell

1) .
could be examiped sequentially in this\wanner without fear of omitting

any portion or of losing track of what regions had been studied,

2.4 Data assimilation LT

4. ~ :
2.4,1 Recording data . !

As eath cell was scanned, an fdentified floe was measured along
° ' ) -

its axis of maximum diameter, with the sizelbeing recorded along with,

the serial number of the photo céll in'which it was found. In addi-"

tion, from the margin of each photo, an altitude reading was taken for

Y

caleculating th actual size of the muit;-year floes it contained.

[ .

2.6.2 Data transformation . : . .

v

Recorded data were entered and stored on a Digital<gAX/VMS -

comput ing hardware/software sysiem and processed using algorithms

™7 written in the 1977 FORTRAN sevandard. ' -
In the first stagé, dpaﬁei:;ﬁneasurtﬁgnts'taken from photos were

transformed from raw to actual surface values by calculating a specific
~ . ’

P

scale for eqéh photo,'uéing a formula from Avery (1977). This incor-

porxated the mathematical relationship between flight altitude for edch :

" photo and the camera focal length:

Scale = CameggJFJgal Length‘(m)
Altitude Above Surface (m) ' .

Calculating specif%ﬁ scales allowed floe sizes to be determined as
accurately as possible and eliminatled the error which might -have been ?
introduced by altitude fluctuations if a meannikight level had been

AN
\J
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given cell and the final. one in the series and then multiplied by the

.and temporal analysis. ( ' "

)

»

calculated for the entire line.

Following this, a program was written which positioned the cells

N
«Q

sequentially along the flight line, giving their positions in terns of

calculated distances from the ice edge and from the shoreline. For

Al

this procedure a mean cell size was assumed for the entire photo set

and was determined from a sample ogsghotos randomly chosen with no dis-

cernment made towards the ice type they contained. Whi'le several

. “

methods_df'cell positioning were considered, the one deemed most satis-
factéry was to position the c§115'wich reference to the ice edge. This

was accomplished by obtaihiﬁg the serial numbqr of. the photo at the ice

~edge as well as the distance offshore at which the edge was located on

“the given flighc date. Actual,positioning was achieved through an

algorichm which determined the number of intervening cells between a .

average cell size. This prégram also read the data previously calcu-
.o ‘.

lated on floe sizes and produced summary informat ion detailihglthe floe <
frequency, .sum of floe drameters, as well as average, maximum, minimum‘
and ranges of floe sizes for each cell.

lmplementation of rhis two—phase programming approach to daté
transformetion allowed-for a subsequent diversity of analysts since two -
distinct, numerical data bases were produced for each flight date. thﬁ *
contained iridividual floe sizes useful for production of deacripiive
floe size ataclstics,.while the other contained a suﬁmary of multi-year

-

i%e data by tell position within the pack and was useful for tial

g o \”’

, T ) . ". . \r_-,‘.'_\i'&
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2;5 Data analysis ’ .

When analyzing data for a given Elight.date, spatfal analysis

/
primarily involved data at the cell level. An exception occurred in

the case of the chi-square analysis where the cqll categories were too

small to satisfy test requirements; in this case data were grouped into

distahce categories of five kilometres, a satisfactory intetrval width

which was still small enough to avoid obscuring the-true shape of the

-distribution.,” For ippaiﬁzaper on temporal analysis (Chap. 6), the

data were grouped into categories of ten kilometres widthj since the
. .
objective here was to provide a synoptic overview of multi-year ice

occurrence and associated trends through the season, rather than a’

-—

detailed description:)this category Was chosen because it avoided the

. , o )
awkwardness and confusion of comparing the numerous graphs which would

-

have resulted from Ehe use of cell data.

Statistical analysis utilized-mainly the Statistical Package for

the Social Sciences (SPSS) which was supported on the university VAX.

—
o

An exception was the calculation of floe size statistics which were pro-
PR R

duced using the Statistical Analysis System (SAS) supported by a New- "
[

foundland ?nd_Labrador Computing Services (NLCS) computer.

Graphical analysis utilized the sPss Graphics package, the Geo-

'\graphical Information Management and Mapping Syséem (GIMMS), the Zeta

’ ' ’
Plotting Subroutines package, and Surface 11 which is capable of produc-

ing thtee-diménsional mathematical surfaces representing ,numerical .

‘trends. All of these were sui&orted on VAX, with processed plot files

P -

being spooled to a four-pen Nicolet-Zeta plotter for hard-copy pro-

duction. ‘ X
K ‘s ° .
\ | -
. ’ ' ~—
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2.6 Evaluation of method

Wwhile great care was taken to achieve optimum quality in ‘data con-

: . bz °-' . .
,trol, egpecially in the verification of programming logic, there
v “ . 3 I3

_remained some aspects which were.beyond the control of this reseafch

n

° ¢ . LA

¢ H oY,

pro ject and which therefore ,represent certain rnj‘rgins of error. -
2_.6.1, 'I'ce édge. poéitioning . '. .

‘e

.--' - 'An. operational report: supplied, with the photographs gaye. the ice

v

. edge positibn for each flight date and, except for May 12, stated that

!

photography was‘terminated at this point. However, for some .photo

dat:es, even though the condition of "the pack ice indigated the edge ‘to

have. been very close, it was not contained in the last serial photo—

o . e
" ?

gr,aph; in-these caseg the. only solution Cwas to posit,On the last plhoto

at the ofﬁsho?e distance .given for the ice edge. This wbuld have igtro-

duced a small error in cell positioning so that while many distances

-

are later given ‘to one decimal place, 'this is merely for.thé purpose

R

‘of spatially distinguishing between ind“iviciua_i cells and no etteinpt

should be' made to apply these calcnlate’d",-poéitionslin'a.. site-specific’

v manner without consideration of this‘error margin. .’

—
-~
Q

. 2.6.2 1lncomplete data . : o

Occasionaily an identified’ mnlti—year.f]\.be was. lo ted at tbe .

upper or lower matgin oE a- photo such that a portio of 1its surface

1
.

fell outside the coverage region and was lost. . Since it was not pos—
-sible to ascertain its maximum diameter in, this case, the floe was

deleted from the final count, because entry of a’ partial diameter

- ’ \

reading would produce apurious resulte in _calc‘,'ulatio.n of average siie-

- B »
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e

ard othet statistics. Due to this, ‘the total count given of identified
multi-year. floes for each date is slightly legg than actually abserved;

. '. e v
Table 1 lists the humber of omitted floes’by date. o ) “

.~ For the‘ydrch'19 and Mazch 29 flight lines, even though there was
) photo doverage-to the ice edge,'onlyffive multinear f-loes were found

1

for each date, presumably because these lines ‘had been flown early in

t ’

- the seasdn, before the major influx of multi~year ice had occurred.

t B ’ . “«

‘j“ Owtng to such a-small count, these ‘data, sets were deemnd incomplete forl'

. ,production of any regresentatgxe statistics Qnd therefore no analysis, -

-
[ oo

‘ “iaas performed upon thetn. - ‘e

T; é;6.5 Mi%ein% date )

. The most severe case of\missing'dat; concerned the photoe‘t&r May
‘o, ~ o4 . : .
! 12,:when photography was aborted at a position 19 :kin from the ‘ide edge.

As a reselg,nthe analysis for this date-deals only with the.spatial
. N
distribution along the lire ta this position and ls not based upon total

. "
N :

coverage to the ice: edge. - : ', ) T -

. Other, more minor, inStances occurred when it ' was decided for the
’ \

purpose of»this study, to truncate all flight line,dbverage to a chmon

Vo - e !

© origin of reference beginning ‘at 37 km offshore. This was the innermost

13 ! ‘ N

point at which multi— é:*}ce had ‘been photographed on any of the

~

'flight missions between April 25 .and June 074" Some of the flights'had
. ,originated shoreward of this point and posed no. nroblems, however

others had begunlslightly peaward from this poihf 80 that these flight
linés are dlsplayed as having missing data’ between the common ori——e -

-‘gin of reference and the seaward point at which photography was actu-

1
¥

‘ a.ll.y Btarted. ‘ '.'" . ’ ' .,t,'

. . .
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L S - April 25

' ) . May 01 . ¢
‘. - . — -_—
May 26 !
" ‘ May 31
June, 07
) |
.. 29,
! &
(R _

Table 1 - Deleted data'by £light date

10
13
- 34
24
21

39
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2.7.,§\_J_mmar1 . ' . R

Vhile proble'ms are usually not uncommon in research, the under-
R )

3

llyi.ng causes of such margins of error in this study arose partially

~ ‘-

from having to plan the research around an already collected photo

.series, within which- any incﬁ!insic variat iéps or omlissions could ndt be

1 .
,o-

corrected for, as well as the absence of any analogous study which could

have been'used as a reference model. In the overall context of the

étudy howéver, it is felt t hat these problems are minor and do not
¢ .

"al'b'"er the ability of this’_ projqct'. to prov'idé htherto unavailable *
- .information regardiné-bhe 1979 multi_'—y'ear ice distribution ]in the
. region near Saglek.
%
.
. -
o ) ' .
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CHAPTER 3 _ ' ,

IDENTIFYING MULTI-YEA_R ICE IN THE LABRADOR M1Z

J.1 Official Terminology

Sea ice older than first-year is described generélly by the

World Meteorological Organization as 01dMce and is subdivided
into two.official categories, béing first described as second- )
yéar-fce after surviving one summer's melt and multi-year ice

upon surviving any subsequent summer. - The offMcial birthday of

old ice is October 1, when any ice existing in the Arctic from
. T . . ’ (-4

the last winter or several previous winters is assumed to have

survived the current melt season’and is classified accordingly

2

(Markham, 1981), By official definition both &lasses have a
higher freeboard than younger ice types. Second-ye2r ice has -

a greenish-blue melt pattern of many small isolated puddles \

interspersed with bare hummocks. Multi-year ice, being almost

‘totally void of brine, exhibits a blue melt pattern of more

—

fully developed puddles, with interconrecting channels located

" between hummocks much smoother than those of the second-year

type (WMO, 1970; SPRI 1973; MANICE, 1980). 4 '

| . Althpugh these descriptions are generically qorrectuwitﬁin

the age-hierarchical structﬁre\of sea ice nomenclature, they are”

of only periphe?al usge in identifying individgpl multi-year floes

within thé physical setting oé'a marginal ice zone. Mainly
. * -

because of the wide range of dyﬁamic conditions exi;ting in thib

region and also due.to the melt conditions préviously occurring

in the Arctic source region, many,0ld floes exhibit differing -

L



‘ual floes they appear unrelated.

combipations of dis;inguishing and/or‘camodflaging character;
istics thcﬂ of ten make them abpear disﬁ*ﬂstly different from _
one another. ¢
Because of fracturing during transport from the Arctic - . .

source regions, floes arriving in the MIZ are actually fragments

»

of larger parent floes (Fenco, 1979) which existed in the ;
Arctic. On a macro-scale, a large parent. floe would exhibit- an

£

overall me1€~pattern sihi1ar to gqnéfic description. However,

on. a meso or micro-scale- sdme of its regions which contained,

o
rd

for example, prominent hummocks would be distinctly 'different -

" from other areas of the same floe containing mainly ﬁelt ponds.

* . . -

.Given that M1Z multi-year floes are the fractured remanents of

larger floes then corresbondingly, their melt patterns arg also_
meso or micro-scale portions of the original m;c§o-sca1e melt
p&tterné. As such, their individuél characteristics will be
determined by which porkipn of the original‘floe surface they
init?ally comprised. Consequently, while these floes coliecf

tively represent a typical huit{—year melt surface, as individ-

3

Thé-descriptions_contq&ned herein are bésed on'cgnclusioné
dréwn from study of t Gf197§ dat; base and observationslmade
during field- rélated experiences in the Labr#dor MIZ. They sum-—
marize nomenclaturendescriptive oE multi-year ice in a marginal,//////
ice zone and serve to expand upon.official descriptions. While

there are situations where it 1§-practica1 to distinguish between

fl

second and multi~year ice (Matrkham, 1981) such difEerences are
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not emphasized here; rather, descriptions are confined to two
. . ’
main categories dealing with the identifying and disguising sur-

face characteristics exhibited by old ice.

]
y ¢

3.2 ldentifying surface features

3.2.1. Hummocks, ponds, and channels
]

The first stage in'the‘formatien of these~features probably —

~begins'with the presence of an-undulating snow cover on a first-

year floe. With increasing sqiar.radiation, melt—nater'forming
on the ggeets‘of'snewdrifts Q1i1 run off to collegt in the

;jﬁ R intervening-trpughs,'wherefit will darkén the surface.of the

:, sriow, tdrning it to slush'(Listerx.i9625.' The"resulting

decrease in albedo causes accelerated melt inrthis depression

%)

which leads to formation of a small pool betwken the drifts. As

N

the season progresses, melt will continue to widen and deepen’

the pond, but the surrounding snowdrifts, with their higher

albedo, will protect the surface-underneath them from experi- -

-» .
encing -an equivalent degree of melt. By the.time the snow has

completely disappeared, the result will be a series of entrench-

—

oLt " ed melt depressions scattered amongst the raised hummocks which

themselves‘ﬁatk the location of the last remnants of protective

£

snow cover. In another scenario, hummock formation can be ' initi—.

ated by‘theibending'and fracturing of thick first—year'floes dur-
v i collision or shearing in reseonse to in-plane c0mpressive

forces (Kovacs and Sodhi, 1980). This leads to floe fragmenta-’.

tion and produces piles of rubble in first—year ice; 'after a few

sUmmers‘of ablation and subsequent refreezing, these piles will

. . ) . '33




consolidate i;xto é solid hummocky mags known as '_g mult i-year ‘hum—'
mock field (Metge, et al, 1982). - : .

Of course, this is only a sclfe_mét ic description of a formg-
.tion process which apparently has a number of variations in
reality, depending upon the condition of the original floe sur-
face. No r;at:ter what the formation process though, hummocks are
rarely of uniform height and can have a range of relief. Clearl).(;
the resulting pattern of weathered surfac:e is re‘liated ta the
" condition of the ofiginal surface which is determined by ice
dynamics and ’w.eather condition;occurring in the source region.
Theref'ore, the relative proportions of cov’erage‘by melt-ponds
and hummocks wili. b‘e intr'insically variable,'howe.\—.ler the final
olutcome -is alwayé, some ’variati'on on this pattern.

Once a .melt-pon'd has been formed, its lower albedo, in rela-
tion to 't:_he sui"rour‘mding icg surface., will result in ablation ¢
rates of two to t;hree ‘times highler than f;r tHe ba’r."e ice (Hanson,
1961): “In addition €o deepening, it wi ll,contin'ue.to widen by
m'elt:'ing the ice a.long-its peripheral ;:egion; this is accomp-
lished through a.process' of convective overturni'ng. of wat.er
:nder th’e influer;cé of wind (Crgrey, 1960), 1f the floe remains
.stationary, either thr,o'\lgh gro'undilng or because it is landfas;t,
and if the winds blow from a prevailing direction, the melt-
water will be forced towards a region of concentrated melt in

the downwind portion of the pond causing its outline to become

progressively elon§at'ed. However, -elongation processes might be
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short-lived {f the floe rot;at:es, or the wind changes, causing
the melt—water to concentrate at a different point, thus
equalizing the outward rate of meft. The net result is often
more of an oval-shaped depression, rath;ar than one which is long
an'd narrow.

Cont inuing melt pattern evolution will see thé ponds con—

—

nected by a growing network of drainage channels, Since mény

of these ch¥unels sometime‘s chanée direction in a sharp a_nd
angular fasghion, it would a‘pp'ear ,that: they an‘a formed by cracks
hich have propagated along the flqe surfaée. Such ‘cracks, which
are t:he tensile product of thermally— in;l'uced stress, can lnxtlal-

ly be up to several cent imetres wide (Evans and Untersteiner,

1971; Evang, 1971; Lazier and Meétge, 1972); some other cracks

.might also be formed by surface flexing in‘response to wave

action ('Gooqun. Wadhams and Sgquire, 1980). The warm melt-water
from a pond seeps along a crack, melting its’ walls to widen and

perhaps deepen it into a functional rqeltFwater channel. As

water flows along its course, any sharp bends in the channel

w'illl become rléunded due to melt—water concentration at this
point and the channel might take on a sinuou.so shape.

As this established melt pattern continues to develop over
several melt seasons, the relatively rough hummocked su_rfat.:e' of
early age will giw)e waly to one of gentle undulations with numer-
ous streams and- ponds, which, approximates the generic pattern
by which multi-year ice is most. ftequencly described.
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.3.2:2 Embayments
The edges of a multi-year floe are sometimes cut by small
bays which enhance its weathered appearance. These features are
'f'ormed when a large/f.‘loe breaks into two or more smaller ones,
at which time a crack propagating through the floe will diss@ct
e che.mel't‘ depfessions along its pat\h. When the pilece of ice
" breaks away, the melt depressions are fractured such that their
. c_c:mr;;'atible p'oi:t: ions are left suspended along the'juxtapo'sxl_ng

édges' of two newl-y—fgrméd floeg: Once Eormed( if a bay is at'or

~

'below. sea lgvei it will £111 with sea water which 'will begin to
melt its periphery, cauging it to migiate back across the sur-
face of .the 'flioe. This proces's‘is probably énhanced by tiny c'on-
'vec'ti_on‘current:s near the margin of melt; these are inducéd by
variations. in water density due to temperature c.hange and d';lu—

. tion of seawater salinity by the melt;ing'ice (Marschal,l, 1977; &
“Zulbo'v,' 1943). Similéa;neous with this, the bgy might also widen

by melting laterally outwards along the nge of' the floe, per-

haps joining gvei}tually with an adjaéent bay undergoing tiwe same
process. -As baék—cutzt ing and w'idenir.\g progre-\ses, ‘the _bottom
surface of the bay.might be relatively unaf fected so that it (s

left behind to project out from the waterline edge of the floe

as an undervater rams" , - L
" This process probébly occurs in the ‘L:abrador of fshore in
late spring and might occur earlier during periods of prolonged

pack compression and consolidation. 1Ina compressed pack, sea-

)
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water would not be constantly flushing into and out of the bays,

so that with a restricted water—~mixing process, soldr radiation

would increase local water temperature and accelerate the melt,
especially when sunfaca temperatures were above freezing. In
. . ]

spring, with an open pack, wind and wave turbulence around the .,

'

edge of ;a"fl.oe (Wadhams, 1980) would also accelerate the melt

I‘Bte. )

3.2.3 Wea_tinered Ridges
Multi-year ridges are the ablated remnants of younger ridges
.flt;rmed in the :.\rc-t‘.ic when_thick first-year'ice is d_efor}ned under.
‘C'on;press-i.on. During the me.lt seaspn, ablation wfll round the
.pl;otrudi'ng blocks and produce melt—wa‘ter'whgcl; then, s.eeps into
‘ .the interblock voids where it freezes;. Through a.repeated series
of freeziqgs these voids eventually £i11 completely with ice

which consolidgtes the b}oc-}<s, making the ridge structurally {

mass ive (Kovacs et al., 1973). Over se\'reral melt seasons ‘the

o, mo—
’

sides of the ridée are progi'essively ablated so that as age
increases, the‘f'slope angle becomes more gentle. Depending on

~its age and degree of melt, a ridge sail might have a serrated

,Msed'by the pro&uding rer‘rmants of individual blocks or

it may exhibit several gentle undulations along a rounding top.

When a multi-year floe’ is studied f;:,Om-ovei'head, the ridges,
H N 3 W

if present, h.pbear as linear features truncated at one ornboth ,
. ‘ . '] - -

ends. The sides are 'u‘suaIly-gen:tly sloping; sometimes a melt
' ‘ © i . . T ' . /
pattern of rivulets runs down githerl side from the crest, termin- landl
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ating in a marginal melt-water trough, or series of troughs run-
ning along the base of the ridge. A ridge will also have a much

larger keel extending downward from the bottom of the floe.

3.2.4 High freeboard and undeformed edges
In a pressured pack, where younger: floes are undergoing
pe?iphexgal deformation, a multi-year floe is often clearly

visi'bllé because of its undefoimeq edges and its preater free-

o ~

board which givesl it a higher, r;aliéf relative to the surrounding Y
B ice. High freebc;ard is.due to the g_reate:.' tl:icknes‘S‘ of the:_
floe. ., Undef;)rmed edges are due to a higher éombreésivg strength
which enabl‘eS' the floe to withjst:and gréater late‘ra‘l_ loading wi.r.h-_
out egperiencing_fail_urg; this is a p;odu;:t of brine loss during
previous melt seasons. As a re8u‘1t~, the edges of a multi-year
. . - .

floe, when they are visible, are undeformed and usually abrupt.
* When viewed,from above, the 'périphe?al .ogltline is often one of
rounded cérnti—s.('pr'oduc;éd by vcontinuqus. pack;icg abrasion) and .
,g;ntle undulat ions a’long the sides. The presence-6f angular
cofneré and s.harp anggilaja_r"serrat' ions. alqng~'9né or more \;f\ its
sides indi?ates t‘hat a E}oe has recéhtly separated f_r'c;m anor.hei-

o . p{ece of multi-year ice; such a floe will-usu.ally have rounded

corners and sides along the remainder of its outline.

3.2.'5.‘ Color .. . ’ "-/- N . . > 1
Its salt—free condition also determines the manner in which
. . . . ‘e, R v . :
.the internal structure of a multdi-year floe affects the trans-
. R ]

nission oylight, causing the floe to exhibit a distinctive blue

vi
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" which will remain white or grey. ’ |

- color. Neither sunny nor overcast conditions seem 10 alter its
tovnal value when viewed from an airborne platform, but when
viewed at an angle from the surface this color mighlt be more
eppav‘lent during overce;st: copditions. Color is a very useful
criterion for multi—-year ice i{dentification; even uhdgr a’ cover

of Bnow', ‘a bluish tint can be observed from overheah, dis-~
o . N c

tinguishing thig floe from the surrounding younger ice types
Y

3.) Disguising features ‘

~

»
-3.3.1  Surface rubble
Surface rubble is produced through deformat ion and destruc—

3

. ‘ ( :
tion-of younger ice types in the surrounding patck _region- by

dynamic processes which later deposit some of the resulting
f

debris onto the surface of the older ice. The pattern of

‘deposited rubble fragments will vary depending upon the m’ode-of
deposition, .

dne mode occurs mbst. when the pack is in an open'coﬁxd.ition

"or when the floe lies very near the _i'ce edge. In these eliitua-

tl{n‘?s‘ ocean swells and surface vaves will infiltrate the ’ipalck
for some distance before be ing attenuatﬁed by the ice. Bécause
of its gte;ater mass, a mult i-year £loe will not respond {'er::i-
-cally to the waJve energy in the same manner as will the th;nner’
and_srﬁal'ler floes of ‘younger ice types. Consequently, prop-
agating wave will t;empt;rari ly innundate a portion, or the total
surface',. of the floe, depositing younger forms of floating 1cé

39
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onto its surface 'in the process. Rubble deposited in this man-
. ner is distinctive in its usually random p'attern of dispersal
' -

. S
which originates near the edge where the wave first made contact

- and extends across the floe surface.
— <
—_ “e
“ A second process, known as ice pile-up, occurs when floes
'4

are confined within a pack under lateral compression, Pile-up

has béen observed in the Arctic where, in one instance, a

grounded multi-year floe having vertical sides was almost com- °

\ b

4 pletely covere w‘it rubbleé ough a process described by Koyacs
X letely d with Tubbl hap described |

<
. JR y o
past a floe on either side; ice which cannot pass because of

obstruction by the floe then piles on the up—pressure side, In

—

the process, the ice becomes severely fragmented and piles up
Uhigh enough to fall down onto the floe surfaceonea'r the edge;

during prolonged periods of thig action most of the flqe surface
) : \might eventually be covered. A‘ltfl(o;gh such pil;\—ups obserl\féd
on multi-year ice in thd Labrador M1Z might be the pfoducts of
relict pressure conditions occurring in the Arctic, {t is more

- '1 ikely that they are the product of MI'Z dynamics since pile-up .

has been observed to occur on ‘at least one tabuiar iceberg

1-—\'\ .
.’grounded\i..\whe near-shore region of the pack (Kovacs and ‘Sodhi,

1080). While the lti-year floes would not be sub jected to

grounding in the Labrador Sea, a similar piling process might
N .
occur when, under the pressure okgonverging pack, younger
. N .

* . a . ~
floes are compacted into collisjon with a multi-year floe,
]

40
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and Sodhi (1980). This occurs when thinner sea ice is driven .-
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.Should the floe have sloping sides the younger ice wiil likely

- R . ’

: ' )

raft and ride up ontb its surface. Alternatively, as floes

rotate and shear agaiﬁst one another a vertical-sided old floe

would cauge.the ice to be pulverized at thé line of contact
whereupon it would pile up in the mahner'déscribed. .

&

v

Whatever the cause, such pile -ups were observed to have .
occurred frequent}y in the. Eabrador M1Z during 1979 Usually
confined to nhe peripheral region of the multi-year floe, many -
pile—upg encircied“either all'or a port®on of the cége area,

o : .

creating the 1l}ysion:thac‘che floe had undergone a process of

.o - .. . , . . . 1Y
pressure deformation indicative of firstlyear ice. Since the

1 4

extremes of sea ice. dynamics‘fﬁ t?i Labrador pack ate relatively

unknown, it seems possible’ théb total surface obliteration of a

-, )
M .

mult i-year floe could result .from complete-overriding by younger - -
’ - N . . "' . K

ice forms.

While surface rubble solely will éggiavage the identifica-

| . - N ”

tion of a multi-year floe, especially where the use of black and

white photogPraphy negatgé the reliance upon floe Tolor, a por-

4 3
’

features become most problematic. , o .

3.3.2 Snow cover

Snow can Bejj'problem in the identification of a multi-year
I - T

floe because of its ability to visually alter or totally cover

surface melt features, hence requiring greater care in inter-

41 .
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pretation. Often, deposition of edge rubble on'a multi-yeat

[ ] .
floe serves as a wind break, allowing a snowdrift or gizies of

. L. L
drifts-to form on its lee Side and extend across the surface of
the floe. Sometimes a portion of the melt surface is still . . -

, visible, but if the :ubble'extends around the entiie edge then .
. ’ . * } ' 7. - o .,
as the wind shift's,:the orjentdtion and coverage of snowdrifts

.-

will alter dccordingly, ‘producing & complete covering of snow
encircled by edge rubble, 1If, on: the other hand, scattered rub- - =«
ble'exists it will Eaciiitate the deposition of snow in the

- . . ) ’

.«-areas between the blocks so. that bortionhtof them wiil protrude
. ) . from beneath the snow céver‘sqggeéting themselves to be pieces T .;’
of a deformed'first-year suffece. in‘either case, if'a portion . - YB

;of the melt pbttern does not appear from beneath a thin region
of the snow cover, the floe is not téry different in appearance

-from the nearby f'irst-year ice. Identification then becomes

i . . . 4

K . -difficqit!and freeboard does not help because thick first-year '
.- floes'heving.apparently similar surface features chn. occasion-

- t .'aiLy.haye freeboards equivalent to some multi-year floes-. :
A _ : _ S
In a region of the pack:whére oeposited rnbhle is absent
hoﬁever; careful study of the surface o; a showrcovered muile i
. year floe usually produce; positive results. Hd'ler, et al (1975}
-'found'that Snow.cover on a multi-year floe will reflect s&tface '

undulations having a wavelength of 8 mor more, but will mask
those of less than 4 m by infilling of the depressions. This is

significant because in a snow-covered pack containing both first

-.and multi-year ice, young ridges and other features of recent . o ‘.;. .

r
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pressure deformation will protrude from the snow revealing the
nature of the first-year surface beneath. Reciprocally, the
muiti-yéar floe, with its usually gentle surface undulations,
will have an unbroken snow cover which is an approximate reflec-
tion of its surface Eontour. Positive’ideﬁtification though

would still depend on correlation with othet factors such as
high freeboard and undeformed edges. 'Usua}ly 1dent1ficap1on is
) !

aided by the presence qf ag.lea;t pne'mglti-iearAfloe whith has
a‘tHny portion of iés melt pattern exposed, thereBy confirming
1ts.%deﬁ£&ty. Sguaylof tbe.éﬁ??éce charééterigticé id.thé'sﬁow—
covered regioé of this floe then serves as a key fo; compariséﬁ
with the.surfacg featuresfpf othér suspected multi-year floes. .

In the case of wind-swept surfaces, if a multi-year floe

has pronounced surface hummocks then its chances for identifica-

_ tion under snow-covered conditions are even better. 1f the snow

fall occurs in conjunction with wind and the absence of shel-
tering edge rubble;>;hen blowing snow will settle into the melt

depressions, filling them approximately flush with® the surface;

.‘.

however the hummocks, Bgcause of their exposed and rounding sur-.

—

face, will remain bare: Unlike tubble, which when proEEhding

.from a snow cover_wa}l also appear whéte, these hummocks exhibit

the blue color of multi-year ice. The resulting pattern is one

' .- /

"of a'white snow cover interspersed with dark, bare hummocks.

[ 4

: In some instances, after a strong wind has completely swept all

exposed surfaces (except the lower regions of the melt deptes—
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sions) these snow-filled cavities are more visible than the hum-
mocks, and appear as d;!tinct white blotches againgt\the darker.

blue background of the floe surface.

3.4 Temporal aspects of floe surface characterization

Some aspects—of multi-year floe characterizatian described
are'cgnsisféﬁt in their-frequency of occurrénce while others

exhibit a distinct temporal‘varfétton in association with long-~

'

term weather trends occufring in the Labrador offshore. Weath--
" ered ridgeg, sgfface rubble and, to an éxtent, melt humﬁocks,
are visible throughout the period of multi-year occurrence in

the marginal ice zone; however other féatures will increase or

N

decrease in frequency.over the same time span. -

.

In April multi-year floes are predomiﬁaqtly either snow- ] N
covered with protruding humﬁbcksvgs H?sc;ibed, or baré and wind-
swept with occasional patches of snow; melt depresgiohs and con-
necting channels, yhgrelvfgiple, are also-snowrfiﬁléd.' Movlqg. ‘

LY H /

into early or mid-May the occurrence and extent of snow Coverage
\ . - 1] .

-

- . . 0
lessens under the influence of increasing tqmperatures and solar v -
B ‘J'. N

radiation, so that the hummocks hecome more visiBle and many

melt-ponds fill with water. By this time the spring melt pattern

. : .
will have begun'to re-emerge but generally does so as. the.winter

snow aover disappears. As a result, many floes will. have a_ par-

-
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tial covering of snow (usually near the ;dge where snow is thick-
est in the lee of pile-ups) coinciding with water-filled melt-
ponds Iin the bafe regions where the snow has melted. By the end
of May snow will have mostly disappeared (but might still

recur), and the melt pattern.of ponds and interconnecting chan-

2 .
nels firmly re-established. Also, the increasing absence of
ghow will-allow more floes to clearly exhibit their blue color,
f~haking them Aistinctive from the surrounding pack. In Jure, with

pack-ice deteoriation in reponse to increasing sea surface tem-

.o .7'petatures,‘1ateral melt in?reases along the edges of ﬁultiryear'
floes, and.jagged edges ar; obsgrved'moré frequently as undercﬁq
fragm?nts bréﬁk'aw;y and £loes slowly disintegrate.

While this represents the géﬁerai chronolog; of multi-year
melt pattern re-establishment in the Labrador 6ffshore; the
actual time frame for any given year is variable, being.con—
tingent upon prevailing weather conditions which might proéuqe
delays, accelerations or a combimation of both.

.

\

. 3.5 1llustrative examples

To {llustrate the concepts of multiL&ear_ice identification
and characterization, Figures 5 to'9 have been 1nc1udeé. The;é
should not be congidered as being represenkative of all multi-
year floes occurring in the Labrador M12,~but za;het as discrete
R cases which depict only the characgeiistfgg of the floe being
described. The yarying combination of Eharactéristicé they each

P —

‘ exhibit serve to indiéate that, within the context of.floe
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identification, the concept of a "typical™ multi-year floe fis

unrealistic. ’ .
. - - s
2
. L]
g

-] v
.
v v
-
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Figure 5:

Multi-year floe photographed in the offshore region north of
Groswater Bay during late March, 1982. A light cover of
snow is present but is not sufficient to mask the surface
features which are a series of gently undulating hummocks.
No completely intact melt depressions are present but the
occurrence of two bays along the left margin of the floe
indicates that it has broken from a larger parent f£loe on
which there were melt-ponds; since the bays are above sea
level, no backcutting has occurred. The presence of large,
flooded and ice-filled bays on the near and far sides of the
floe is probably the result of a merging of two or more bays
which were backcutting at sea level. Since the larger of
the surrounding younger flces do not project into these bays
the suggestion is that there might be underwater rams which
have prevented larger floes from drifting into these areas
during the calm conditions just prior to freezing. The deep
notch indicated by the arrow is a zone where high concentra-
tions of wave energy will accelerate melt, eventually cut-
ting across the peninsula to separate it from the main por-—
tion of the floe. Floe edges are clean and undeformed; the
sides and corners are rounded, indicating that separation
from other pieces of multi-year ice did not recently occur.
Preceuce of scattered rubble indicates that the floe sur-
face has, at sometime, been washed by a passing wave.
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Figure 6:

'"“Jafi . ; 5 ; _ 17 :

Multi-year floe embedded in large agglomeration of ice brec-
cia. The pile-up of ice fragments along the edge of the
multi-year floe is obvious and illustrates how pack compres—
sion leads to these deposits. Although compression might
not have been ongoing at the time of photography, evidence
that it has occurred can be found in the fragmented and
tilted nature of the surrounding younger ice floes. A small
snowdrift is also present, extending partially across the
floe surface from behind a portion ¢f the pile-up. The blue
color of the multi-year floe causes it to visually stand out
from the younger ice types, even in this black and white
photo.
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Figure 7: A group of four multi-year floes photographed in June, 1982

near Groswater Bay.

Floes show varying degrees of melt pat-
tern emergence.

The flce at the extreme right of the photo-
graph is barely recognizable due to lack of a well devel-
oped melt pattern and the presence of snow cover; a few
fragments of younger ice are also present on its surface.
The floe on the extreme left shows an almost fully emerged
melt pattern coinciding with remnants of snow cover.
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Figure & — Multi-year floe showing established melt pattern, partially

covered near the left edge by snow which has collected
behind the edge pile-up. The absence of a pile-up up on the
right edge indicates in this case, along with the truncated
melt depressions, that the floe is a portion of another one
which has recently broken up. A smaller floe is alsoc locat-
ed to the right and, in contrast to the larger, it does not

have a well-developed melt pattern. Photograph was taken
during June, 1982.
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Figure 9 - Multi-year floe in relatively open pack, photographed
in June, 1982. 1In this example, all snow has disap-
peared and the melt-ponds and channels contain water;
bays are at sea level and are flooded. Once more the
color of the floe results in a darker tonal wvalue in
relation to the surrounding ice.
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CHAPTER 4 | N
'MULTILYEAR ICE: FLOE SIZE CHARACTERIZATION

4.1 OQverview |

Analysis of the 1979 data base éroduced 7179 measured floe di-
ameters, the largest sample yet obtgined for multi-year ice in the
Labrador Sea; 31 extra full diameters were al;g‘measured but later
ignoreﬁ effiyse ;E sﬁspicion regarding their agcuracy. As a prelude
to\qu;ial apaliﬁis of occurrénce it was first necessary to investigate
thé statistical Aharacte;istics of the individual floes in order to

. ca .
generate descriptive étqtistics qf the floe size frequency distribution

within the ‘sample. Knowledge Jf this was necessary in leading to a bet-

. ! -~
ter appreciation for the magnitude and proportions of sizes of multi-

-

year floes.occurring as part of the spatial patterns later described. /
Of particular interest was how the ﬁumber_of floes was related to the
actual amount of multi-year ice in a given spatial distribution. This

twas 1mportaﬁt because all subsequent analysis would be based upon the
o . T

assumption that an increase in floe frequency actuvally represented a
’ . .

— proportional increase in the amount of}ice and not simply the occur-

"rence of smaller pieces. Finally, an{examination of the distribution

\

?cell averages-and ranges of floe size was applied to see if any

Y

relationship could be found with variations in distance from the ice

edge.

4.2 Floe size statistics 1979

When-data from the six Elight lings were combined, the mean floe
diameter of the total sample of . 7179 floes was 48.5 m with a standard

deviation of 17.4 m. The median was 46 m and the mode was 38 m; when

) . o

-

-
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collapsed into categories of 10 m the modal class midpoint was 45 m.

The absolute size range was 137 m, extending from a minimum of 10 m
to a maximum 8izé of 147 m; the interquartile ramge was 22 m, falling

between 58 m at the 75th percentile and 36 m at the 25th. The third
. !

moment, skewness (T;) (Norcliffe, 1977), of the frequency distribu-
. Py :

tion curve (Figure 10a) reflecteq'a positive skew with an index value

' -
(Bl) of 0.895, reaponding t'o the position ot ‘tRe.mode and median
which were located to the left of the.mean; the fourth moment, kurtosis

(m,) (Noxcliffe, 1977), was platykurtic having an index value (62)

.of 1.48. The skewness indicates that most of the floe sizes fell towards

the lower end of th%y§%§tﬁjbution and to the left of the mean, near which
. - ’ - ) '.-.ﬁ‘

they were closely. grouped as is indicated when the low’ interquartile

& .
~range (containing 50X of the distribution) is compared to the absolute

range between maximum and minimum. Over the entire sample, the upper

-

threshold of the floe size at the 95% probability level of occurrence was

-

80 m, with only 5% of the floes expected to be of a greatér diameter.
Other leveie of prébability are detailed in Table 2 and illustrated in
Figure 10b, whilst.summary stagistics are listed'in Table 3. By W.M.O.
classification standards, 87.5% of the total sample was composed of floes

in the small category (20~100m), with the remaining 2.5% mide up by 0.9%

v

medium floes (100-500m) and 1.6% ice cakes (<20m).
® .
On an individual basis, the gengﬁal characteristics of the fre-

\ 4

quency ourves (Figure ll) were approximately the sawe, with each having

hyarying degrees of positively-skewed and platykurtic higher-order

moments; Figure 12 graphs the probability levels for floe size occur-
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floe size (m) occurrence by date
N and for 1979 sgeason.
, . _ oo 4 SAMPLE
PROB% APR 25 01 MAY. 12 MAY 26 MAY 31 JUNE 07 TOTAL
MIN 17. 42 _ 11 10 11 12 10
1 19 ', 19 22 17, .16 S 19 19
5 25 25 _ " 28 23 23 25 23
10 30 ° "3 - 32 27 . 26 28 - 28
! . ST ' [ . ‘ . .
- 25 390 - 37, 39 - 35 33 35 . 36
HEA . B $ . - I
50 50 . - 48 . 49 46 42 44 g
75 63 . 61 62 58 < 53 56 58
90 8 s e . 120, 65 T es 72.
- 95 88 84 8 -' 8 .73 75 ""80
99 .108 107 -+ 99 * 97 92 - 91 98 °
MAX 142 142 T, 147 132, 129 134 147
" o »
« .1"
~ TN ! \‘
v v '
[ 4 ‘ N
1, ’
- 3 , N 55 .
’_‘ ‘ ':"‘" ‘ -

TABLE 2 -'Percentile probability levels for
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) . IABLE 3 Floe size Statlstlcs by date
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- APR,.25  NMAY 01 - MAY 12 . MAY 26, \MAY 31 JUNE 07 Total Sample
i ;" FREQ. ..~ . .. . 624 1061 1235 | i957 , 872 1430y 7179
" “MEAN (m) e .- T804 50.6 51.4 - 477 44.0 46.4 48.5
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X

Figure 12 - Probability of occurrence for |:nu1t£—year floe di-

ameters (m).
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rence on each date, while Tables 2 and 3 (pp. 55, 56) summarize prob-—
ability and descriptive statistics respectively. Althah the individ-
ual values for the mean and the other stét‘i_stical pa_r.ameters of a

glven sample date lie near their corresponding values. for the total
sample, a distinct- downward trend emerges when the daily values are com-
pared in a time sequential manner. Referring to Table 3 (p. 56), | '

between April 25 and June Q7 the average floe size decreased from 52.4

to 46.4 m, with an intervening minimum of 44.0 m on May 31; over the

. ) Iy . .
"same period the mode (except for May 12) dropped from 44 m to 38 m ahd

re

LI - -
the modal class midpoint shifted from 45 mto 35 m. Clearly, there was

a decrease in overall floe size towards the end of tge sampling period
but:, in con junction with this, there was also & tightenmg of the size
grodp’ings'%round the mean which was reflected by q_dec-rease in standard

deviation from 19.22 m to 15.71 m and a decrease in the interquartile

range from 24 to 21 m; the maximum and minimum sizes also reflected

this downward trend. - -

Naturally, such a.decrease would alter the sgize limits for percen-

T

tile probability of occurrence; however, when the shape of the percen-

tile distributions are compared in Figure 10c (p. 54), the size limit

L4

change near the 80th percentile appears to be almost twice as much as

that near the 20 percent level. When plotted along a time series in

Figure 10d '(p. 51;), the downward’ trend is evident, but the rate of

“change gradually levels off as the mi;t{(ﬂ{:m probability levels are

approached. Referring to Table 2 (p. 55), decre.as‘ing size limits at

the 90th percentile* ranged from 78 m ofi April 25 to 68 m on June 07,

.

. o
with an intervening low of 65 m and an overall net decrease of 10 m. At .
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'\:he 10th percentile, sizes dropped from 30 to 28 m, with an intervening

low of 26 m, for a net change of 2 m. The 75 th percentile had a nét:
decreasé of 7 m while the 2'5.t:h percentile dropped by 4 m. The greatest
decrease was at the 99th percentile’with a net change of ~l7 m, and the
smallgst was at the 1% level which experienced a net change of 0 m.
Ob.vious.;.lz, therel was a .dif-férential r‘ate’ of floe size decrease Between

the upper and lower percentiles. The result of this would be to c:om—

press the size range as it became effectively caught between greater

rates of decrease at-the higher probability levels and smaller rates at

. . 'Y o
the lower levels; it is this effect which explains the temporal -

decrease in the standard deviation from the mean.. In response to.

. 't:his"t':rend,..' the 'mediy}m floe catégory, 'originqlly making l!l; 2.2% of the

April, 25 sample decreased to containing only'0.3"/o by June 07; con-
B 2 . . ' .
versely, the number of small floes increasey from an initial 96.5% to-

98% while the ice cakes increased from 1.3% to 2.4% on May 31, and 1.7%

—” A

on -June 07.

4.3 Floe frequency vs. amount of ice
To test the relationship between floe frequency and amount of

coverage, a one-tailed test of correlation was performed on the cell

data from each flight. " The null hypothesis was that the amount of ice,

ba"sed-on. the agéregate sum of' digmeters per _c‘ell‘-,_\{aried oniy by chapéé
from c‘éll to cell, so that ti1er'e wés no response to an increase in the
floe frequency which really reflected a cell .re'egiqn in which the. ice

had :been brok into smaller pieces due to ‘dyné'mic;. processes occurring

in the pack. The zlterﬁative hypothesis was that ér} Qu':rease_ in floe

frequency .was positively correlated with a probbi’tional increase 1in th'e_ _
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aggregate sums of di.ameters per cell, and therefore represented an

actual incr'eﬁqe‘in the amount of coverage. A more detailed discussion

of the;e concepts is presented in Appendix A,

' Correlation coefficients were calculated using the non-parametric
Siaearman's rank fo:.'-mu.la (.Norcliffe, 1977 ; Hammond and McCullagh, 197§).
-The coeft‘igieﬁ:s and their respective levels of significance are listed
-in Table 4, wi.r.h ;:he accompanying scattergrams shown in Figutz 13, In
all cases the c;lculated coef'ficients‘are greater than 0.97 and indi-
_c'ate a positive linea;- re_latiopship_ whicli iﬁ significant at 0=0.001.
We can theref;ré‘-rejgct the null hypothesis in each case with 99.9% K

d confidence that the obsef\jed linear rela.t'ionahip was not due to chance
and conclude, vith%quall leyel §f con'fidepcjé, that alo.'ng each.flight
line, vari.;atilto‘ns.in- f}oe '.frequenéy,.' were'.-s-t.rongly -'asaoc':.i.at,ed ‘.ditti,-’a.nd‘

therefore representative of, variations in amount. Table 4 also gives

-~ N . ! :
the slope values describing the rate of change in sums of dismeter -that - . .

is associated with a singygjlar incredse in floe frequency.

o An extension of the original question however, asks if a similar

— relationship also exists. bétween data for different flight dates and’
queries whether an inc'reaae in frequency along a line or 'portion of a ’

T

.l . 3 q - : 3 3 i
line represents an increase in the _amount of ice, which_is equ'ivalent;
to an increase that would occur along another £light line ieggion having

the same frequency. To find if a change in frequency from one data set
. . . . - . ' ' ’ s
DI to another represented a proportional change in amount, the same test
" was applied to data combined from the entire sefrso\}'x'a' sample, using a

1 -

e . ; 2ull and alternative hypothesis incorporating the same logic as before.

‘o . - .
. ' . . ——

?'vr.._ ' : . . 61 . ' o
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CELL TOTAL 597

!

® Slope refers to the change iﬂ‘gﬁm of diameters as a function of a
singular change in floe frequency. Slope value is derived from a

linear least squares fit.

! .
=~
)

- ; - N

*

]
') L
\
- }
' TABLE4 — Spearman rank ¢orrelation between
floe frequency and aggregate sum
of diameters. :

- DATE #CASES COEFF. SIG SLOPE (metres)” INTERCEPT (metres)
APRIL 25 86 0.9754°  0.001  53.00 - 4,54 ;
MAY O1 . 118 0.9794 . 0.001 " 46.70 v 34,24
MAY 12 94 0.986% 0.001 - 49.78 20.51
MAY 26 104 0.9901  0.001 © 49,40 ' ~32.94

A . .
MAY 31 - 89 .0.9852 0.001 T 40.74 31.64
N . . C < J
JUNE 0.7j,. - 106 0.9800 0.001- 43.19 42.25
FLIGHT TOTAL 6 1.000 ' 0.001 W 46.43 . :2367.27
0.9847 0.001 47.07 16.11

i
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of multi-year floes and the aggregate diameter per
photographic cell.
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Two di;'g ferent approaches were takeng; 'one was to simultane.ouseﬁ test for
a linear relationship between all the bivariate pairs of  floe frequency
and sum of diameters. 1In this way, if two esual frequencies verg baired

ith ‘two strongly differing. aggregate dlameter values then they would
contribute to greater variance along the scatter of points, Numerou:;
cases such as this would p‘roduce a greater precentaée of the total vari-
ance which could nc;t be explained by a ﬁnear relat‘ionsh ip, thus
reducing the calculated coefficient. The second method was more dire'ct.:
and simply tested for a lir’;ear re}étionsh ip be_tweer;u the Bivariéte

totals of frequency and éggegrate cell diameters for each date. Figure

10e and 10f (p. 54) illustrate the scatter of these respective relation-

e

ships and the correlation coefficients are given in Table 4, Again,

the relationship is strongly positive ( 0.98) &nd is significant ata =
i AN " - '

0.001 allowing for rejection of‘thé null hyp'othes‘is,,with 99.9% con-

’

fidence that there is a linear relationship.

The final conclusion therefore, is that when making comparisons

f*

get_:ween flight line portions located differently both in space s well
as. time, variations in’ floe freque?:y are an adequate measu‘re of the -
changing amount of ice. ,' -This has beenl dréwh on t.he basis that all

tested cases were capable of attnibuting n;oré than 97% of their tota-l.l

var&an'ce as being due to a linear relationship between the two vari-

ables.

4,4 Floe size variation ys. distance from ice edge

A two-tailed test of correlation was applied to the cell data to

e

determine how the average floe size and range varied,by cell, {f at

\
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0 .

all, with increasing distance from the pack edge. For, this test only
cells conEaining more _than one floe were included in the data set.
Those having onl&' one floe were rejeclted on the basis that any calcu-
lated measure (average or range) wbuld be a deviant observation result-
l\ng- from a formula specification error (Norcliffe, 1977). A.lthough an
a_verage- and range could be mathematically computeé from one observa—
tion, the result would not rzapresent respectively e’ither a measure'c‘)f

central tendency or dispérsal between a set of two or more}(TbServed

- —

values. Attempts were made at collapsing the data into broaderxr distance ’

categories; however, due to the nature of the spatial dist:ri,butio'n_c;f

the ice, single observations still occurred in some classes while a dis-

‘proportionately high percentage of the sample was favoured to fall into

a few other select classes. The test applied was the Spearman ‘'rdank cor-

: »
re[’.tion coefficient with a chosen level of significance at: 0= 0.002.

_The-‘null hypotliesis stated that tlere was no significant _correlat:ion

relating neither cell averages nor: cell ranges to increasing &isténces

from the paék édge the alternative hypothesis was that a signlficant

relationship did exist reléative to the ice edge. The individual cell
averages and’ ranges-for éach date are shown in Figure 14; ‘individual

average flags with no attached range bars denote those single observa-—

- tions which were not 1nc1uded in the test. Table 5 lists the cor’rela—

tion coefficients and relevant statistics obtained.

For the ‘test 'bet;.ween. average size and distancel, the b&ay 12,
ti\e May 31, and June 07 data séts did not show a significanﬁ
relationship at o= 0.002 leading to anh acceptance of the null

A

hypothes'is. ‘The coefficients for April 25, ﬁay 01, and May 26

.
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N

.

DAY

APRIL 25

MAY. 01
MAY 12
MAY 26
MAY 31

JUNE 07
-BTOTAL

DAY
APRIL 25
MAY O1.
MAY 12
‘MAY- 26
MAY 31
JUNE 07
TOTAL

537

TABLE 5 -

- of sizes with distance from ice edge.

CASES

" 70. -

100 -
-89 -
97
9
102

537 2

CASES .

70
100
89
97

79
102 -

- AVERAGE VS. DISTANCE
COEFF. S1G. . SLOPE (m) -
~0.5668  0,001- -0.217 -
-0.4701 0.001 -0.192
-0.1903 0.074 . ~0.076
0.5309 0.001 © 0.227°
0.0199  0.862." - 0.298
0.2874  0.003 0.101'
0.0143 0.740 . =0.022 - -,

'RANGE VS. DISTANCE
COEFF. S1G. . SLOPE (m)
. A - )
. )
., -0.4165"  0.001 -0.388
,-0.1618 0.108 -0.165
-0.0745 . O.AQB ) —O 093
0.3872°  0.001 0.542°
0.0596 0.602 0.009° ¥ .
,0.065° ©  0.513 -0.002 :
-0.0089  0.837 -0.028 -
. .
—
. .8 ’ .
~ ) T

Spearman rank. correlatlon bf cell average and range

i

T

_INTERCEPT (m)

59.54

60.18
55.82
37.98

b

43,58

44,06
49.87

(m)

- INTERCEPT

60.91
53.92
.52.96
30,70
40.94
45.66
48.01
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however, although not strong, were significant and the alterna-

’

tive hypotheses was accepted, conctuding that for these dates

kY

there was a rela:*nshtp. For April 25 and May Ol the correla-
tion was negative, with decrements in average floe size of

0.217 m and (1,192 m per kilometer away from the edge. The rela-

N »

tionship is uriusual in comparison to younger jcé wh?se floe

~

sizes generglly increase wadhams, 1980). For May 26, the rela-

.
t

tiOﬂSth/)wtompleteJy eversed ar@nif icantly positive, with

. »#7an ‘incrqasé in average ffloe size of 07726 m pet kilometer. This

coefficient had a value very close to i:hat: of April 25 and, con-
[ L. t.
sidering the -1ptervéning period of May 12 when there was no cor—
f@
relation, there seems to have been a complete turn around repre—

sentative of a seesaw effect. Iln addition, no significant cor—
o , . : >

" relation was found for the season's total $ample, comprised of a

-combinét ion of the six fldght lines. PRy I

3

. ‘ .
The test comparing cell ranges and distances ‘frim' the {ce
' : : "

edge yielded'res'ult:s.s{gnifi‘cant at the.a= 0.002 level for only °
April 25 and May 26, leading to an acceptapcg of the null hypoth-

esis for all other dates, including the c0mbiﬁed total sample. == _

. For the significant dates, the copffitients, although‘ not as

s

~

» strong, agreed with those obtained on-the same resSpective dates

v

for average size, being negative on April 25 and positive on May
261 , ~. B
o o [ \
When considering the results of these tests, the only con-
, :

} . ;
-¢clusion to be drawn is that thée nature of the distribution of }| '

floe size avez‘agé and range was variable for the 1979.data.

n -

i f -

Pid
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" describe the multi-yeavee' concenttathns as they' actually

o " . CHAPTER 5
SPATIAL ASPECTS. OF MULTI-YEAR ICE -
" DISTRIBUTIONS, 1979

5.1 . Overview . ,
STl ‘ , o
N From the ‘total of eight flight lines flown out’ of Saglek,
Labrador during 1979 only the ‘six sets of photos collected
between-April 25 and June 07 were found to contain sufficient .
data for qutiathanelysis; Durlng the tiue per}od from April :
25, 1025 pbotograpﬂe'were taken, of which some'59§ or 58.&%:were
found to conteiu';utti:year ice; Table 6 lists the number of .
photo:W;y uate3aud their respective peroentegé of data content.'
ithis this 581&%_fo; which the distributionistetistics givon'lu
section 5.2 ‘are calculated; as such, theee aré intended to_ues;
cribe the spatial euatactetistiés of'hulti—jear ice 'only where

it occurred aiong the‘rine. The‘atétisties therefore, do'not
incorporate into their’éalculation.cells which recorded . zero fre-
quencies. Such an approach would otherwise terd to deflete the

!

calculated statietical values and compromise on” their ability to

© ' -existed. Conversely, section 5.3, in an attempt to place the

measured diatributione within a spatial context. relaging to the

overall pack 1ice coVerage, does calculate average occurrenég

values’which take into account the entire photographic liné for

any givew date. ‘
’ First—year and younger ice forms ,are ubiquitous in their.

occurrencnfacross«the entire gabrador M1Z. Brior to this study,

and exeepting vague qualitative assessments based uboﬁ'cakua!
Lot N : : . .

e . . ) L . . i
NS (29 ' ' i . I )



: . ‘Table 6 - Photographic coverage and data content

DATE
APRIL 25
MAY 01
MAY 12
. May 26
_MAY 31
JUNE. 07

TOTAL

# PHOTOS -

236

\

- 242

160

»

121
144
122

»
1025

3
+
.
. 3
3
v
(PR l,4‘<':l R S )
grie, S\ el e 0

¥ WITH RELEVANT DATA

86

71

% OF TOTAL

36.4
48.8
60-0
86.0

6'1.8

86.9

58.4
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observation, there was no hard evidence to indicate that multi-
. )

year floes, while albeit much smaller in number, did not occuir

‘throughout tﬁe pack in a similar Eashion.. Because of this, sec-

~tion 5.3 analyizes the six data sets by comparing the sgatial

patterns actually observed within each to a hypothetical spatial '

distribution of multi-year ice. This theoretical. distribution

[}

is one which is uniformly spread across the pack, covering a dis-

tance equivalent to that of the flight line for the date con-

sidered an incorporating the same number of old floah.

(¥
.

5.2 Description of spatial patterns ' . ’/f

T
-

%ighre'lSa 111ustrates;£he'fe1at1yé magnitudes of multi-

year ice occurrence by cell for each flight, The_floe.OCCur-

1

rences appear highly variaﬁle; both in terms -of frequency and
location along“the~lines; as well as from one line to another.

Referring to the cell frequencies in Table 7a, from 7179 floes
. A

recorded in 597 cells, the mean cell value was 12.0 floes ber

cell, with a standard deviation of 12, 7, and a range. of 84 lying .

between a cell minimum of 1 Eloe and a cell maximum of 85 floe4
For individual dates, all cell minimums wérell but the maximum
values increased from 28 floes onm April 25 to 83 on May 26,.drop-

ped to 48 on May 31 and climbed agafn to 84 on-.June 07; these

/
flpctuations were commexsur te with‘Pimilar trends in fluctuation

for, the total, average and gtandard deviation of cell values for

|

o

each date. Figure 15b illustrates the sum of diameters per cell

. . as measured from these floes, with Table 7bslisting the'summar&

->

72
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o i migsing data). '
(o) . N . .
' . h
<49
S 73 ‘ .ot
it ¢
AN~ . i
JEVRN . . % ,
19 t
,f‘ . ‘ Bl .
L ’ "’ ‘.‘.'-' 1 .- - ‘,-1 1h ‘I’ l; ' * *“' \'l.\ -: ) ¥}




§ T

SuM OF _DlA”ETERS (METRES)

88

BRELE

-

-
]

.

~EBEERERE

0.7

U . "majﬂidhiau_w

. l0tp

g

8.7 n.0 Q2.4 2.7 § ne [EIX Rant

1)e. 3

1.

150,y

ie1.6

173 10

181.4

|t;.‘"

0.0 .8 [ 1] 129.€ "7

CALCULATED C!l..l. DIATANCE OFFSHORE (KM.).

s ' N

192.4

ey

"APRIL 25

MAY O1

MAY 12

MAY 26

MAY 31

JUNE 07

_—

.

Figure 15b - Sum of multi-year floe diamecers occur Lng by phoco

cell along flight line.’
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_ SKEW

. N
N APRIL 25
TOTAL 624
MEAN b 7.3
ST. DEV. ) _ 6.9 .
RANGE v 28
MAX { 29 -
MIN - \ - 1 _
STD. ERR. \\ 0.749
KURT 7 v 1.965
SKEW- - . 1.537

. APRIL 25

" TOTAL 32678.3
MEAN ~ 380.0
ST. DEV. 374.1
RANGE 1599.0
MAX '’ 1628.0
MIN' . 29.2
STD. ERR. 40.35
KURT 2.117
1.567

IS

-

" MAY 12

MAY 01
1061 1235
- 9.0 13.1
8.0 12.5
34 73
35 74
1 1
0.734 -1.287
-1.201 7.515
1.289 2.257

‘Table 7a ~ Floe frequency by cell

Table 7b — Sum of diameters by cell(in metres)

MAY 01

53585.9
454.,1
381,2

1657.2
1686.7
29.5
35.09
0.765
1.143

MAY ‘12

63405.3-
674.5
626.9

"3631.6

3672.3
40.7
64.66
. 6.68

'2.13

MAY 26 MAY 31 JUNE 07
1957 872 1430
_ 188 - 9.8 13.5
17.9 9.1 14.2
83 48 84
84 2 49 85
1 1 1
1.750 0.965 1.383
1.874 5.053 10.93 .
1.385 1.99 2.98
\
MAY 26 MAY 31 'JUNE 07
93244.6 . 38344.3 66241.6 .
896.6 430.8 624.9 -
892..8 375.3 . 621.9
4376.1 2026.0 ¢ 3795.9°
4401.1 2041.52 ‘ 3832.1
31 To15.5 0+ 3642
87.55 39.78 60.41 -
3.17 .3.81 10.13
1.643 1.685 2.765

TOTAL
7179
12.0
12.7
84
85
1
0.520
8.258
2.456

+
»

TOTAL

347500.0

©~582.1 °

. 606.6
4391.6
4407.1

15.5

24.83
9.07
2.50

A

a
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. band near 72.0 km where the densities abruptly'jdmped_frop 1-3

statistics; because of the close correlation between floe fre-

quency and sum of diameters, both sets of bar charts are almost

.idenfical and the descriptive statistics for aggregate -diameters

-

incorporate the.same trends as do those for floe frequepncy.

- Reflecting tLe measured variability from cell to ceil,

'areaI‘Ebncentrations of multi-year*ice also dispiayed'theée same:

variations in density of occurrence per 0 5 square kilometer

" along the line. Referring to Figure 16a for April 25, ‘floe con-

A . —

centrations occurred in a series of grouped fluctuations between

0 and.9 floes/0.5 km2 from 90 to 130 km of fshore, but increased

to between 10 and 18 at 150-158 km, thereafter dropping to floe :

density variations of between 0 and 8 seaward to the ice edge.

May 01 also experienced similar fluctuations but had increased

-

densities, as high as 20 Eloeslo 5 km occurring between 90 and
130 km. However, near 153 km*the values were low, around 4-7,

whereas for April 25 the floe concentration at this point had

been . higher, inversely comparative, near the ice edge at 173 km,

the densit$es for May 01 werg around 10~ 20 but were. only at 2 5

for the previocus flight. Furthermore,,near 93, 7 km (May 01)

there were two very narrow: giopps havin% strong increases, from O

to near 15-20 floes/O.S km2 which are_inoi’htive of the rapig

changes in -the spatial charagteribtics of the distribution. May

'12'also'had extremes of fluctuation, one:occurring in a'na;row

’

to 44 floes/0.5 kmz, and another near 120 km, where concentra-

': : ¢ - Ca
tions increased from between.3 and 16 up to 38 floes per unit

J!
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Figure 16 a - Number of multi-year floes occurning per 0. 5 km

along flight line.
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TOTAL
MEAN
ST. DEV.
RANGE
' HAx .
MIN
SID.
‘KURT -
SKEW

ERR.

TOTAL
MEAN

ST. DEV.
RANGE
MAX

MIN
STD. ERR.
KURT
SKEW

e
APRIL 25

37

- el

M NOO NN P
R

LMODOINOKRW®
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Table 8a ~ Density of floe ocecurrence per 0.5 km

n

MAY 01  MAY 12 MAY 2§ MAY 31
661.3 741.2 1063.7 549.9
5.6 7.5 10.2 6.2
5.0 7.5 . 9.7 5.7
21.2 43.9 45.2 30.3
21.8 44,5 45,7 30.9
0.6 0.6 0.5 0.6
0.458 0.773 0.952 0.609
1.168 7.570 1.875 5.062
1.285 2.265 1.386 1.993
‘ "

2

JUNE 07

859.9
8.1

- 8.6

50.5
51.1
0.6

0.832
. 10.92
2.983

00
50
93

Table 8b - Density of aggregaté diameter occurrence per 0.5 km2 (in metres)

APRIL 25

19436.1
226.0
222.5
951.0
968.4

17.4
23.996
2.117

1.567

MAY 01 MAY 12 MAY 26 7
33444.2 39384.0 50685.8
283.4 405.4 487.4
237.9 376.8 485.3
1034.3 2182.7 2378.7
1052.7 ° 2207.2 2395.6
18.4 24.5 16.9
21.9 38.86 47.59
0.7 6.68 3.17

2.131 1.643

1.153

a -

MAY 31 JUNE 07 TOTAL
*

24199.3  398%6.4 205721.1
271.9 375.9 344.6
236.8 374.1 .1

1272.6 - 2283,3 2385.8
1288.4 2305.1 2395.6°

9.8 21.8 9.8
25.104 36.34 14.286
3.809 10.13 , 8.22
1.685 2.764° 2.37
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area. On May 26 the locational variability was emphasized by

the occurrence of very high concentrations between 40 and 50 km,

a region in which multi-year ide had occurred neither previously

\ .

nor subsequently fo? the dates sampled. Here densities weré )
high, nearing 20 fl?es per 0}5nsz'on;average. with peak occur- . N a
rences of 45 and 40 floes}which dropped off rapidly to 2.2 floés \ o

at 50 km; after thi; point énd out to 78 km, it varied between O |
and 10 floes. Beyond 78 kmaedensitiesllncreased to 23 at 79 km,
dropped to 3 at 82 km, and then increased to fluctuating near 20
floes/0.5 km2, with peak density concentrations of 28 and 31

near 88 km. On May 3l cohcentrations begah near the 71.3 km -
point and fluctuated around 5-10 floes/0.5 kmz; the oniy sigpifi—
‘cant previous occurreﬁce at this point'h;d bée; the 44 floe peak '
on May 12.'.‘Peak occurgences for May 31 were densities of 30 and

25 floes per 0.5 km’ near 102 km, 18.3 Floes at 94 km and 20.8

A 2
floes/0.5 km

at 109 km; between 83 km agg:the ice edge at 122
km, floe concentrations mostly varied between densities of 3 and
8, with occasional drops to 0. On June 07 average dengities

were 8 to 12 floes per 0.5 km2 between 49 and 60 km; and 2 to 7

floes between 60 and 97 km; peaks were 26 and 32 floes per 0.5

.

\

km2 at 98 km, and 49 and 51 floes at 102 km, dropping to 21

floes at 106 Km. - - ' | :
Referring to Table' 8a (p. 79), the average number of flods

‘occurring per 0.5 km2 per da;a‘cell for the entire season's

senple was 7.1 with a standard deviation of 7.3 floes. and a

-

[ - PR * . . . .

l’!l(."_.. . e . e 'i‘ o S "-". S . S S '~.I‘}"
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rangé of 50.6 between the maxiﬁuﬁ and minimum cell densities of |

.51.1,and‘0.5 floes per 0.5 km2 respectively. For individual

E xx - ‘ d;;es theée valués varied'Between a maximum mean ‘concéntration

ofr;0.3‘ﬁloes with.a.gtandard deviaﬁion‘of 9.7 ‘on May %6 and a

_ minimum'meanfcoéééntration 4.3 floes per 0.5 km2 with a stand-

;'F,"' Co | ard déQiatio;IoE 4;1 on Ap¥il 25; 'By;xakinthhese values to

? A | the éecénd'aﬁd third standard deviation and by comparing with
"Figure 16Q,kp: 77), the grouped variability of multi-year-ice

* across the MIZ is obviols. Since severalﬂexampies hhvg shown

(,bhat peak concentrations are not always preceeded spatially by
t ' '

an overall upward trend in floe cohcentratiop to either side,
the occurrence of these groups can be abrupt- and spatially unpre-

dictable. Figufe 16b and Table 8b (pp. 78, -79) deal with vari-

ations in sums of diameter per 6.5 km2, which also varies in fat-

4

terns identical to that of the.floes. Tables 9a and 9b sum-
marize probability levels for floe occurrence per photo cell and

per 0.5 km2; Figure 17 graphs the probability for floe occur-

rence per 0.5 kmz- ' ' "

» Although the presence of floe grouping is constant from

" flight to flight, there emerges two main patterns in which these
g}oups'present themselves relative to the overall distribution.

\ : . .

In some cases, the groups are spatially "discrete",'oFcurring as

a shqu increase from O to a peak magnitude and dropping off

4 .
sharply to O again, wyth intervening regions of multi-year ice
s ;

i ' non-occurrencé, 1In other cases, the beags simply occpr as a

v, L. o o ’ _ . .

&ﬁ _ series of -higher concentrations’ projecting from a surrounding
: , SR ‘ i

wo e | -
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PER 'APR 25
10 1.0
20° 2,0
30 3.0°
40~ 4.0
50 5.0
-60. 6.0
‘-7_,0 900
80 12.6
90 17.3
95 26.0
98 28.3
99 -~
‘ -
PER APR 25
10 0.6
" 20 1.2,
« 30 1.8 '
40 2.4
.50 3.0
O 60 3-6
70 5.4
© 80 2 7.5
90. 10.3
95 _15.5
98 16.8
99 =
e 4.
l_Q3 Ql I

~

L. . i . .
Table 9a - Percentile probability levels for floe frequency

MAY 01

N — =
—
—

N
&
¢
N

Table 9b - Percenciy? probability” lev

by 0.5 km

*MAY O1 ¢ MAY 12! MAY 26 MAY 31
, 0.6 1.5 1.1 0.6
©1.2 1.8 2.2 ~ 1.3
1.9 2.7 2.7 2.5
3.1 4.2 4.9 3.8
44" 6.0 7.4 4.4
5.2 7.8° 10.3 6'.3
6.2 9.6 1 *13.6 6.9

10.0 12.6 . 185 8.8

43,2 16. 22.3 12.6°
15.1 21.6 -~ 30.5 > 19.4
21.0. 39.1 - 40.5 26.9
Q@ . -

: .0: . 3

5.8 ? 0 { 12.9 6

> = *

.
OCOPrO0OO0OOCOO

O @~ W=

by photo% 11

MAY 26

1

~ e

A}

MAY 12- MAY 31
2.5 2.0 1.0
3.0 4.0 2.0
4.5 5.0 4.0
7.0 9.0 6.0

- 10.0 15.5 <« 7.0

13.0 . 19.0 . 10.0
16.0 *  "25.0 11.0
21.0 34.0 14.0
7.0 - 41.0 ¢ 20.0
380 56.0 31.0
65. 74.5 42.6
15.0 23.8 10.0

A

R

JUNE 07
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. . pattern of 10Wer qr average values and é?é“iherefore, spatially -
" ' ) ) - . -
v
B .. "iﬂdiacrete" Since the peaks are of similar shape in terms of

v sharpnese of increase and desrease no matter how they oceur, and

~ ‘ l . since’ they mostly lose thei: spatial discretlon'ffterﬁuay 12, R

o0, ' e 4?, ® . '
. . * the indication'is that coverage by multi-year ice :ngear-ayerf R .

g age concentrations gradually spreads itself outwar ith'timé.

'This incneases the occurrence of low density concentrations of

., =

multi-year ice 1in the spatial voida which would previously con-, .
AP - ) . ! ’ L R
A . tain firgt-year and-yshnger ice types intetvening between the oo !
L ' ' U ) : . T ' :
R ; © .groups. \ A : :
e '. ) ) i . R ~ . . ] . '
This pattern is illystrated by the diagrams in Figure 18. , ;!s; .

These are COmputer-drawn; mathehatically—constructed surfaces
. -F - RS % .
:.<:;‘ . responding‘ih the Z dimension to~the floe diameter measurements,"

which we know by previous correlation to incotpotate\the same

-~

- " ~ cell to cell ‘variations as floe ftequency.
o ' : . (i ) -
N _ The software package utilized was Surface 1I; the procedure

\

o _ 2
ig described in Sampson (1978). "In the init#al stages, a uniform
.0 grid was "placed" over the spatially juxtapositioned data points SN

T , and a value estimated for each point of intersection, or gtid . ‘\

node. Each nodal value was determined from a.distance-weighted

\;‘_'2 ' " average of the nearest eight data points (i.e. nearest eight floe - /,’
“' ~ o ' . \\._\ . |
T positions)s ,-A scaled inverse distance, squared function was used
‘ X - T ' \ ’ ‘.‘: ‘ ' .
. (Sampson, 1978): : o
W= (1 - D/(1.1 x D ))2 / (D/(1.1 fo‘ ))2 C ' .
' . ‘ max’’ . ‘ max ‘

L : : . ,',Ji”\} <
where : W = weight of data point at distance D from grid C.

*

g\i,;f . o .-, node. .

FU

% . B .
.- A ————— L —— N N .
. - \ . . . f .
a
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repeet.ed occurrence of groups \ogmult:i-year floes cross- . R
ing, flight line. Lo b




L?i' - ‘\; -t r . 2
E - N = , ~ ‘
- . -
- ¢ ’ - -
“ o D - distance from the grid node to the farther- ' )4

M8X  most of the eight data points used. :
. . ~

“~ . ) . R 3 , )

-~

. The "cal)culated value of each—node repxese_rrtted the Z dimension
[:‘l . © of the surface at thats point. . 5 « ’
'. ' The surface'was'then;subjected to.d;o smoothings to danpenv ) . ol
: ~ ' small-scale variability.. is,was accomplished by'averaging-each' .
- T - \ ) -
-nodai value with the values of nodes'contained in the nearest .

\
N -

two grid\columns and rows® on each side of Uhe node, In the‘ oy

fiIn: stage, the smoothed grid nodes were scaéed by a loglo N

fogmation (Sampson, 1978) -The resulting ‘dominant v sual '
. \ - r
element is one which disregards differencés}in magnitude of AT

.

.occurrence in favour of producing a ciean separation between .

areas of occurrence and non-occurrerice.” - A ' _ . <

\\ " . . Comparing this to Figute 15a (p. 73), for April 25, several

I “iiscrete groups are seen near the center of the flight line_\-
. . ] . . ' . .
[ = . . -
\ . which are also reflected in Figure 13 for this date. However, S '

. 3

- _near the outer_end of-the iine, where theibar chart shows a
) \ . , . )
relatively high concentration grouped adjacent to a series of

low fluctuations, the loglo—scaied surface indicates that ol S

'
-~ P '

N Lo _instead of being spatially discrete, the group occurs ip.a

~ . 1 p—

region of general multi-year ice coverage (i.e. it is .an indis- . .

! » .

—

}t‘b" . . Grete group) " For May 01 a11 groups are discrete, but on May 12

O ‘ : ta combinhtion of patternB existed. Reference to Figure 153" .

shows a - series of groups along the entire length of the May 12
['r

. ',\ " line, howover Figure 18 shows that while those to the 1eft of -

~ center are spatially discrete, those to the right~are.not, -

Al

N uvae 28 g
P

Py ""l":‘* N .“'
To NN
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having sinstea

pecome \nterspersed with lower densTE?“concgé}ra--

tions contributiig to g Yegion of overall, but variable, multi-

) .
year ice occurrence. For.May 26 the g@ttern is slightly altered

- since there are/t!g/fegions of overa®l multi-year ice occur-
. e > ' “ b .
.rence, themselves representing a grouping of sorts, but within S 5-/(f

which occur several indiscrete examples of spatial grouping., ’ C
o This-car%;fs over to-Msy 31 which, for'the mostypart; has'a”
w .. ’

~ e~

DI ' - series of spatially indiscrete groups in the outer portion of . ~
)

: the distribution, with a single disQrete group making up the ’

' o o
) inner portion.. ﬁ\\gune 07 with the ban charts showing a strong c - s

degree of ‘grouping. near the edge and several smaller groups . o

o

'along the inner portions, the zone of inter-group multi-year ice o s

o . S
- i occurrence as represented by the log10 surface is total, making ‘ ‘ i/

" "all groups-spatially~4ndiscrete.— - - , L - - ' - T
| ‘ " :

- < B o . , K N ' 4

-~ ' The essence of portrayal by Figure 18 is that while such o ) }/.

, _ . i o L
" groups are initially discrete both in'terms of space ‘and magni-. Lt //;'

tude, due to th% apparent dispersal of multi-year iEe across thé

- |: / ) / ,.L’ 3 .’
' ;' Ml%ba the season progresses, their inter—group voids are eventu7 . 4'P \ o
P ! o Co R

Tally infiltrated by occurrences of lower frequency. Therefore, N

- ' . N 7 . -
: _ ' what was- at" first a series of individual st®ips of multi-year '~""{’ B

ice is temporally transposed into efsinglé belt of occurrence
e ‘ !

* within which groups are discrete only by magnitude. The dual . .b

\ ) L _pattern'shoqnwin Figure 18 for May 12 suggests this surface to’
T represent a transitory phase in the dispersal process; since .the ' _‘ . Y

- . . —

. . ' -- T . / B ' . E ' &
. spatial discretion is.lost in the outer portion of this particu- e RS

— (3

lar distribution, the suggestion-is that infiltration by lé;er
- . s R




. V - ot .
-k . . » Vg .:,'
i . - . . hﬁaq ’_}", .

frequencies/riginetes near t‘he peripheral region;tf the pack

'ﬁnd‘spreeds inward. ;- However, while the influence of general'low

e . 2 »

"v

1] o \
-, frequency coverage eventually spreads across the entire spatial

L]

dfstribution of the groups, there seems-to be certain extreme
. .
limits beyond*which the spread does not permeate, s, is sug-

i&- \ gested by the approximately equivalent coverage ‘widths of the

distribution for . May 26 ‘May 31, snd“June 07. Additionally, -

there was a contraction'of the extreme limits between April 25

'_'.anF June 07 indieating ‘that as the strips merged into a belt,.
i N . o - . ;

9 f 4 . : L

'theplimits of coverage by the entire distribution became nar-
rower. T e 't.‘ ' -
lFigure 18 QQ emphasizes the temporal—spatiel variability

£
of the ice, especially with Peference to April 25, May 01, and

-’

e s

LI
QO

A

May 12 di}tribution surfaces/r\?t the innermost portion of each

of these ‘lies two discrete. groups which then the three surface

are compared, are identical in their jdxtsposition to their

) respective distributions, however, because. of a landward shift,

‘D

§,

no one pair is. Eound at the same spatial locettdn as its cohnter-'

part for either of the other two samp&e/ﬁates. In addition, the

“whole of the distribution shifted with a zig—zag motion’ between

'-~w)May 12 and June 07 which accounts psrtially for the spatial var

ability in occurrence of the §roups.

>

5", Anelysis of spatial patterns "

w., o""’ .
To test the signifieance of the obsorved grouping, a runs
s ‘N‘-
test (Hammond &,MeCullagh, 1978 Mccu 3 1974) was applied'

[’ . [
.

t

i-
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4 . . ! . ’ R
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v _ L
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which tested for random variationg in the. spatial order of -occur- R

. . S
® rences of cell frequenghes from the innermost to the outermoet

- - . -

portions of/the flight line." lApplisation of this test iﬁvolved
calculatiné'the.mean‘number of fld:s per cell for the:%;tire dist o
‘f&ibution, taking into account a{so.thoee cells containi‘g no _ .
.multi—year ice. The frequencies-obse ed nere then.isola ed' | N : 4. ’ ,:lﬁﬂ

. J . . . . .
N > P ‘
, irnito runs,.with each run consisting of a: ‘sequence of adjac nt ,\% H Lo
¢ . . N . .

S o malues; or even a'single value, lying'ei her_abdve or-belo the . ' 7_; o
' cutting line of the mean. The totar number of“these sequences, L AU

BT or runs, was then found and transformed into .a z-score describ—.- R ; DT
- N o
'JJ2 ' ing how many standard deviations e total nziber of observed- ' AR

. ( .

runs lay from’ the meanr nyfiber of runs which would be expected to . S z/ﬁ

vt arise from z r{’db quence of occurrences. The'significance . o ~
- . i .

1\_

of the'test is determined by;.finding the probability that the |

calculated z-score could have been obtained°from a random. distri-

1

bution. - o ' - v _ .F

- . The null hypotheei aseumed that the sequence of observed . . : ,55
JEE— - cr

frequencies along ‘the cutting~line was the result of chance,\"hd ‘ o X “f

»
a

therefore, random, the alternative hypothesis stated‘that ‘the - . C !ﬁiﬂ

: 7 :
. *  order of occurrence was significantly clustered. The\te as o
— v . ! )
. one—tailed, with a rejection level for the null hypotheais get

at 0= 0.001, Table 10 (p. 92) details the relevant statistics. 'g' - T

In all cases, after rounding to three.decimal'places, the~calcu- ,‘Q‘

by .

lated probability of having obtained tHe calculated z-scores o ' . '\‘{%

- -

from a random aequence is near 0.000, indicating that we can

3 ~e,

reject the null with at least 99.9% certainty that the observed \




L ] . : .
seqpéﬁces age not random. Since the z-scores are all negative °
o c S g -~ ~ . -
.and lie at between 5 and 10 standard deviations-to the left of |
. 8k ¢ N
&
the/mean random value, we can accept the alternative hypothe§§s,

' concluéing’t?ot the number of runs in each data set was far less

) : N :
than could have occirred for a random distribution,'and there-

= 4,:1, - izfore represents a-significant element of clustering amo.F e
“observe&.frequencies. Figure 19’Tl1ustrate§5the‘sequence of ‘
" -runs: in.most cases each run has.a high degree of cellxcon-- : -
h'eL - _: .tiguity for those values occurring above‘the mean and cfearly

ol N

ﬁisolates the regions ‘of ‘strong clustering. : ' - L ;y

1<

( Further investigation of the observed patterns incorporated'

‘a chi—aquare (X ) goodness—of fit test(Norcliffe, 1977, Hammond l~_..‘;\f
.’E'McCullagh, 1978; Taylor,'1977; McCullagh, 197&). -Rather then ‘ |
A deeiing.with the sequential_order'of occurrence,:this'test com-
coe . ‘paree the‘ehaoe of the observed distribution to the shape of one 7

A N 'dhich is expected or theoretical, and teets for e'significant v o -

fa«'". ‘ difference between the.two. Sinte the‘calculated value is a
s | . i
'meaaure of the differenees between the values observed ang those
P ) —

'expected the larger ¢he value of x -the greater is the differ-

ence betweenifhe two distr butions. To satisfy-the minimuprw - ',

requirements,for'use of the test, the data uere;collapsed into -
' categofies with a chosen class width of 5 km; the test was one- E 4
tailed with a chosen tejection 1eve1 at o= 0 001. The null

hypothesia atated that any difference béetween the observed and

expectdd froquenciea-w sspurely due to ch&acﬁr::riations and

therefore,not:significant; the alternative hypothesis'w s that

v,

the observed distribution uas3significantlz/f}2ferent1

L[4

R L.
e e ‘e
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DATE |

. APRIL 25

'MAY 01
MAY 12,
MAY 26
MAY 31

Table 10 - Results for runs tést of frequency

.

- [}
# TOTAL - —-
MEAN VAL. RUNS CELLS CELLS * Z-SCORE
2.6441 31 175 V 61 -10.303
4.3843 33 - 167 - 15  _A0.777
7.9125 30 103 © 57 - 7.679
16.174- 21 l1s 46 - 7.176
. 6.056 . 23 | 93 51 - 8.026
31 17 45 - 5.2368

[y

" . JUNE 07 ° 117213

)

2,.

L]
- e
- - !
DATE  ° EXPECTED _ CRITICAL:X
e = .
APRIL 25  * 22.29 55.48
MAY 01 37.89 o 55.48
MAY 12 166,63  42.31
MAY 26 ' 130.47 __%  36.12
- MAY 31 48,44 - 40,75
JUNE 07 -~ 95.33 - 36,12
4

Table 11 - R%E!;,for X2 test of fi‘equency

—

0.000-
0.000
0.000’
0.000

0.000
0.000 \)

CALCULATED x2 DiF. . SIG~
' 1866.833 27 0.000
1404.082 27 0.0@
892,106 18 0.000
, 1669.896 - 14 0.000
1076.046 17 0.000
"1360.000 14 0.000

v
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(A | T
S . T T . ,
z: * theoretical dueg to a c}u;tering effect among the floes. -Table.
1 (g. 92) iqztnlthé summary statistiés_caipulated from the te;t
and Figure 20 (é. 93) shows the dIgfributiogtéﬁqthe obserJed frg—
. quéncies around the e?pected mean value, In alﬂlgases, the cal-
e - ,Quiated chi-squaré\kxz) values far excqggéd the critical values .
@ - necgssa;? for a nggificaﬁt difference under the given degress -,
?é, | !N of fteedom, and the tests wgre'calculaﬁed :o have é.le;el of
Eﬁ;’ T‘sigﬁifigance at’ -a- = 0.000 aff;r rohnding:to three Aecimal
e S ' ' ¢ ’

places. We.can(ﬁherefare reject the null hypothesisg with ét

< least 99.9% confidence that the obéerved differences were not

b £

due to gﬁhnce, and acéept the alternative hypothesis concluding

/
e '

tha&lthe observed differences are significant and due to cluste:ﬁ

- (3= .

_Ing effects within the multi-year ice distribution.
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CHAPTER 6 ‘o

- r ' : s .
TEMPORAL CHARACTERISTICS OF MULTI—YEQR ICE,‘1979

. . A ‘
’b‘ - fH~1 Overview . < . ’
P : o : \ : . . . 7 '
: . . . '

s }

R .ﬁ:"—‘:” .. Specific lecapions Jin'the Labrddor offshore'sneu{g.e§per1-

:15“ ‘ ‘  ence varihtioné'in'mdftiryeat cencenttatiens'they receive wn{ch;
are related to the previoeslv;diséuesed epeaial and eemporel;,.
7;~‘\\\‘;)/k_ variations in the occurtence'of multi—year floe g%odﬁs.
e . . To‘!ﬁmmarize these changes in concent;ation, Flgure 24 a
i '..‘ : shows the f%ﬁx of Eloes acro;¥ each Elight line witxln the 10 km

v \

\' - ,intervals establlsheq to :;EEstigate,this; Figure\22 is a sum-\

o e . . L - ) '

IR .  ‘mary of flux by average floe density per Q‘S'kmzdﬁver each 10 km
ﬂ: _ segment . Altheugh Figure‘16a (p. 77) indicates that individual
ce11 eoncehttations can. have maximhxiigher than SQ\Eifes per 0.5

kqb, when flu*es are averaged out over the full distance of each’
. ’ »

S B 10 km section, the average density is much lower. -Average flux .

3. »

Occurred on- May 26 with mean fluxgs of 21. l;c%fjl, and 12.4

-

floes -per O. 5 km at-the 45, 85, and 35 km mtdpotnts respec- __

tively, on May 31 and June 07 respectiué averag

bf 11.8 and 16 3 floes 0. 5 per km2/qanu;red at the“105 km mid-
- Y [ K4
point. For 1979, all other,lo km regions of the flight line‘

¥ .o expetienced “mean mulei~-year flux densittes averaging becween 0
’ N N -t o >

and 10 floes per 0 5 km2 per any aggregate’ 10 km of flighc line

r

D O A S TR AT
LAy R R P T L A TR

‘f;' o ‘_seqcton. There are still however, scrong-vatietiops between all;

' ','}f densieies higher thanqlo floes r 0.5 km? per 10 km segment -
| ¢ &

-
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'with changes in the position of the ice edge.

"closely tied to their respective asssociated ice: edge position_

between 'Mey'v 26 and May 31 when the mean center and ice edge .

'closest shoreward approach of the entire semple.

to changea in wind direction over a-'ﬁew daye, such associationa\

of the- ice edge gnd multi-year coverage centers for the 1979 ice : Tty

. o . . \ B N, » Lo ) L «"r,l‘}

v - .
. \ . '

. intervals and clearly some regions were favoured\\to have consis-

\ ) -, ’ . :
tently higher concehtra%of flux across the line than for \

f .
others during the dce season.

Ve . .
{ ’ - . - - y
6.2 Temporal variations.in coverage '

Referenc'e'—_to Figure 23 indicates that the observed .shifts
in the multi-—year ice distribution corresponded almost exact ly .

There_fore , the

'posi-tions of'the'multi.—year distribution mean centers-were - - .

hY

PN

. and perhaps excepting May -01, did not vary ‘as a_ series of . . R . o

independent movements within the pack. Table 12 details the

relative 1ce edge and rean center locations by ‘daté. Between

April 25 and May 26 both the 1ice edge and t’he mean center fol— .
e

lowed a similtaneous shoreward movement . A variation occurred

.moved slightly seanard, however both Had approached: land -aghin ~ i

by June 07, yet not as’ close as for May 26 which had been the- .

Overall, the . -
A - . -

projected lines of movement Eor both respective points approxi- N e
' y - . . \

, -'mately paralled one- another, and coupled with'eac_hvmo‘vement ‘ ,

» : P
there was ah internal lateral shifting of floe ‘groupings rela- :

tive to shores . RN -‘. ' ceo

While ide edge fluctuvations can “often be closely compared

- . .
Yy

did viot: explain the long-term trends observed in the adjuetment )
M H

. . T AT
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- .- T .7 . ./MEANCENTER . ° < ICE EDGE ‘.
R DATE * . (km_Offshore) - .. Lkm Of £shore).-

april 23 : .3 T L 1744
. Mayo01 ' _ 128.7 ' :" | 1744 . o , ‘
Maye12 .. 101,37 " . 148.3
May 26. 68.6. _ - 109:3
“May 31 . 97.9° ' - h 12222
" June 07 © 82.8
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ing-the location at which -th¢ offshore édgé of the-‘pac_:l{'_'fntetl— L o )

. ‘sected :He .zone of_:'pho't:ographi_c .coverage. The ‘m.ea'h resultant - o

frequency from the total of each individual observation over the

entire period; Figure 24c summarizes 'the resultant geostrophi

N

ceason. Figure 24 is a summary of geostrophic wind é,énditioné “\
between April 25 and June 07, 19793 the data displayed were col-
lected from surface air pressure charts at the —1:10,000 ;000

scale, each of which sumnarl_zed"synoptic weather conditions
based on one of four observations taken at six-hour .intervals

from 0000 hrs GMT on each respective day. -The direction and

. . . N » . . o .
speed of the geostrophic wind was determined from the orienta- Lo .

LY

tion and spacing of the isobars at a point on the map‘:approximat- - -

wind vector for &ach day is shown in Figure 24&;' the resultant.’ .
. . ‘\'&-‘ . . . . ..o

vector represents the ‘direction and speed obt:ained by-.addition

of t:he’ component vector from each-\of the four dail’y\qbserva- ‘ )

‘tions. Figuré 24b is a summary of wind direct ions by percent of

wind vegtor'obtainéq from éveragin’é the wind direction over';Z A
ods of 1 to 6 days' p;'ioz: {;o/the flight, .as well as over thé‘
entire period'iir'xtervé;\ing betweén a given flight:' and the bre'—
vious one. Figures 2ba and, 24c give djirections relative to

shoreline which, near ‘Saglek, 1s oriented at 30 -west of Trye

North, while 24b relates dfre,ctly to True Nort:h.

I8

movement of ice over the time b'et:ween-"flights. During tHe aver-
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aging périod prier to Ma); 12 W/ophic flow was onshore,

albeit at a sharply acute angle from ihg southeast, and the ice ;

/ . - v
had“also moved shoreward relative to its May 01 posltio\r’\'.//'l-'or; >

May 31 wien the ice had moved offshore. all avez:aging' peri.ods_
between this da'te\ and May 26. also indlcat:_ed an approxin;ate off—
shore geostrc';phic.'wind.. However f£or both May 01 and M'ay. 26,
when the ‘mean center had movclad shoreward ré.lative to its pre-

vious flight® position, there was ﬁd"agreément.since,the £eo- .

strophic wind vectors f%i' their fespective preceeding averaging

petiods clearly. indicated an offshore flow. June 07: also

reveals contradictory ice movements since the averaged geo-
strophic vector resultants either paralled the coast or indi-

cated an off shore wind, neither of which support the shorewarci {\ .

shift of ice which occurred. Although Figure 24a shows a da'y'of

sﬁrong onshore flow three days before June 07, it Is not

v ‘a

expected fhat this would have been signif icant in influencing °

this shoreward'movement for the same reason that several days of

' prior offshore flow (also, shown {n Figure' 24a) did not alter the

shore_w,ard movemerits of thé mean centers for May 01 or May 26.

Finally, considering the overall shoreward mavement through the

study period, when a line is drawn through Figure 24b, rgbre-'
.sen't:ing ’the coast at an angle.30° west of True Nor’t:h, we' see
that the dist.'rli._bt_at ion of all wind. fre;.quency percentages, t:;>
either side of the line, fé\)i{ur:s an onshore ’f'low by 8 net |
"frequency of only 2% - a negligible amount ,

1

Conclusively, w/};ile —“there mighi: be some agreement between
/ " - .

the \:vind direction ,Iand'icer‘novemer_lg: (e.g. May 31), s‘uqh arela”
. . . &

o "“&03 t B . : -

\

. : . o ' . P " . . . - .; A . . 1.
. e R, Pt L T LoV
T U TR TN WA S S TR A T SR [ T TN AR I

L



P
. H
PR
R
—_ ~
- -
Lo
» -
v ~
-~ . -
Ty .
o —
PRy
!
1§
.
. -
-
)

‘about 5° to the rig};t of the geostrophic wind during Pal1,

4 -
" tionship appears to be weak and suggests tha®™ long-term ice move-*

ments during't«he study period were the product of other influ—
encing factors. This tends to agree with the findings of Thorn-
dike and Colony (1462) who estimate th'at:', in the absence of a

steady ocean current, Arctic pack. ice moves in a direction of

winter, and .spring, and 18° to the right .in summer. T éir.

results suggested that over several months, only about: half of"

_ the ice motion could be explained by geostrophic wind, with t:he

other jO'Z, bein\g due ,'to ocean circulation; over shorter 1nte_r—-_

vals, about 70% of the ice .motion was explajned by yariati'pr;__'iln-' '

- P

geostrophic wind. However, within 400 km of t:tie coast the.cor-

‘rélat:io_n was only about 50% effective in explai\.ing ice veloci-

ties and in™no case could any of the divergegce be explained

by .geostrophic forces. Given these findings, coupled with the

fact that the Labrador pack is within only 200 km of the coast
and lies under the influence of a dominant southward flowing cur- °

* rent, it is unlikely that any dire‘ét)relationship would have

exist:ed for the 1979 data, even ~hen the 5 - 18 variation from

the true geostrophic direction is taken into dccount,

6._3 \ Temporal va&‘iati\ons in flux

Reference to Figure 25 indicates the relative variation,
' o . //"‘\ . L
produced by shift:s in diatﬂbution, of cumulative flux values
across each 10 km segment of the Saglek flight 1line for 1979.

Generally, no’ region from the point g%otographic sover-
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age -was begun, té 80 km ‘of£shore, 'tecei\{ed‘/' ang multi-year ice -

until midway through_the se.ason, after May O1.

This initial//‘hon-

ccurrgnce was due t.o the maximum offshore distance of the mean

center of the distribution for May 01 and April 25. I_ns‘/h'cre of

4

-

w

;

this 80 km line, whilelthe 60-70 and 70-80 km zones ex):’aétienced

different up‘ward‘trends thtough May 12, the 40-5Q anfl/ 30-60 km

——

. L / et
zones did not receive any multi-year ice unti}\ near/Mdy 26. The

3060 km zone experienced a'sporadicit-y of - flux related to the

May 26 and June 07 distribuc{ohs; the inner portions of th'ese

crossed landward into this zone, respectively\ preceeding and

following a seawatd movement out of the area, which occurred on

May,.3—l.

i

T.he 40-50. km zone expetienced a simillar single pulse

whén the May 26 distribution shifted landward but experienced

no measured significant occyrrences thereafter,

. For, ehe seg—

ments between 80 and 120 km, - the 80-90 and 90- 100 km zones

experienced an approximately constant upward trend in cumulat ive

frequéncy of ' flux beginning April 25.

Howevet ,

-

the 100—110 km

graph reflects'!the absence of hulti-year ice within thi s“region

for May 26, even 'though younger ice types were prese;\t; For

. this date, a plateau had been reached in the cumulative flux.

which was to preceed a second upward\trend within tlyis zone for

g . L Que tw.o subsequent dates.

L]

-
The area betwken 110 a'nd 120 km was

r_tioet sensit(ive to the fluctuating ice edge which had alter-

e ' . . ’
natively moved shoreward and seaward from this region between -

May 26 and June 07,

/

'.Thi's produce'd a series of steps on the

curve which indicate a/pulsating effect of flux southward 4CTOSS

this _zone.

106
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Outside of 120 km, mult:i -year ice concentrations had
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begun by April 25 Mnd increased until around May 12 (actual flux

\

betwfen 130 and 150 kM £ May 12 is urver?fiable due to missing
data), after which there was no further flux. An excep-gtlon to

__the Apra’.'i 25 occurrence was in the 130-140 km zone which lay
--Lﬁggween major groupings for this date hence prolonging the non-
receipt of multi-year ice for this area ynt il near May Ol. The

.

region. beyond’ 120 kn is also geflective of the shift ing ice edge

[

which had moved inside of 120 km EL.May 26 andJune 07, and only

s-iight‘ly’ ex‘n"uded (122 km) on May 31. As a result; all measured
multi—year'fiux after May 12 occurred to the landward of this S t

point so- that the observed season flux pattern for regions to

seaward of.120 ..km co.ns is.t.ed of _Ia}_;si:\gle pulse, increasing .
: Sharpv'ly f;'om April 25 and levelling off?) near zero after May
12. ' - : , ‘
) 'Fo_r fhe i9j9 seasor‘\, r.hreg apparent zones of multi-year ice
"flux dominated the offs hore region near Sag lek. More specifi-
cally: - ' -

(i) Regions inside of 80 km which e xperienced initial .
: .occurrence approximately midway through the season,
. hear May 12, and which had continued flux thereafter. .
(ii) Regions between 80 and 120 km which experienced vary- .
ing degrees of flux throughout the entire sample R
period -after sometime prior to April 25. . : .

(iii) Regions beyond 120 km which experienced flux early
~in the season, prior to April 2‘5, but none after May
12. . ! 'Y

4 .
icity of flux which resulted in alternating periods’ of occur-

Within these reg iqn.s, zones sometimes experienced a sporad—

o

rence and non—occur‘ren}dof multi-year floes..: This phenomeneon * /
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’, 2

.

was due to fluctuations in the ice edge position which were \‘

t

" coupled with a synchronous shifting of the multi—year ice dis—

(tribuqions' within the pack.
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B CHAPTER 7 - 2 v

= " - - £ . ‘ T,'

! " MULTI-YEAR 1CE D TSTRIBUTJONS OFFSHORE SACLEK , LADRADOR, 1979: . ° . e
- ) A SUMMARY RFVTEW - _ . -
- 7.1 Total datly. flux® - e o - , -

>

LY . Wy . .
In 1939, measured multi—y,eqr-ice concentrations began enter— .

s .
ing the region near Saglek Bank in significant proportions some-—
- - [
t ime after March &9 and increased in an apparently constant up- -
Ly 4

ward trend through April 25\\ Mai 01, and May 12, reaching a peak
. octurren_ce somet ime nead May 26. -—Referénce to Figures 26e at?d\ T
) _' ) 26f lndicétes th‘at'aft:;r May 26, concentrat ions began a downward °. - : ’
= S . ' ¢ '

trend which incorporated an tipward fluctuation between May 31

i and June 07, ind icative of a pulsating effect in'the actual rate -~  _.- L

of delivery of the mult i- —year tice to the study area- between
N L N .
. these dates. Whether t:h1s upward fluctuat’i‘on reached a greater / '

—

aimplitude, after Jure 07 is utfknown since no data exist. How-
. e

ever, foryhe data available, the overall doypward trend after

»  the May 26'peak is in agreement with Markham (1980b) and Nordco ° ,
. . . " s L3 , > ~

. N\ . -

(1979) who also document similar downward trends after a central .

! -

peak in séasonal multi—year ice flux. The actual shape of .the e

'

curve betwehen May 01 and May J6 is alsd unclear owing to miss-

- ‘ ing da{t:.a for a portion of the May 12 flight line, and occur-

. 4

rences were'proi:ably higher for this date than a,ﬂil'able' data
éugges’t. A j ‘ N\’ . S
While the 1979 data might not be representative of thd

/

mulct—year ice concenCration occurring in the Tegion over a

’ - o

'perlod of years , 1t: is 1nteresting to note that the 1979 peak

- - ]
- - R

. N . . .
) . flg_x perioﬁ occurred sometime near the middle 4f May, approxi-
. e P ‘ 7 . .
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142 Total of sampled Elux by distance category ) C C ot

7.concentrations oE sampled multi year ice flux for the season e L 11; E

"decrease is ‘'more rapid in the region seaward of 110 km—due €0 . '.l' ST
© . the- spatially—cynamic nature of the ice edge, the progressive
; “the multi—fear ice. distribution approximately coincidedxwith the

-'those'dates;than°had occurred at .the outer'edge during the lower -

L Y : <t . ¢ PR .
.'flux rates of April 25 and May 01. - Again,.the true shape .of the e

0 . ’ . . O ot ‘: A

mately one month prior to a multi-yeat flux. peak which occurs

of f Groswater EQY in mid-June as repoated.by Nordco (1979), o

Such a time difference might be  tndicative of the temporal lag - ° g L
occurring between the arrival of multi-year ice in the_northern 1

region and Its eventual transpoért to the southern'areas of the

-

pack. s , . ~

+ " . . R N v

: - o N L P

', . . . - e

Reference to Figure5126a ahd 26c indicates that the main : .J o s .

- . . 3 RS

-
1,

o occurred in- a central core between 80 and 110 kilometres off—. e T

N |.o' , ‘. '
shore, a zone which accounted Eor 43, 5% of all sampled vaLues, '

with total flux values decreasing to, either side. However, the
. 3 M .

shoreward movement of which increasingly lessened the probabil~

ity of mu1ti+year'ice occurring in tkis regiOn later in.the sea-,

t
-

“ som: For a similar reason, the totaL values inside the 80 km . L

'._, »

A
"region drop- of £ more slowly because the shoreward movement of : . ' \\

““

‘1. . (

. season s=twq“highest—recorded flux.values'on May 26 an June 7. : - - {"

Thﬁs_resulted'in much higher‘flux rates in'the inner regions on.

. - N . . . T e e
. - -, - N <.

s ’ N

d: tribution 18 obscured by;the'absence,of complete;data for "the

e, N ’ . - . - . D - N
tw

regidn'between3l30 and 150 ‘km oft May 12..- - o "f’gg‘:\-’fl
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o Compar- son of the shape of Figure 26a with the shape oﬁlthe

distributions in Figure 21 (p..96), indicates that as the concen-

“‘.,l N trations shifted from the outer offshore region to the inner off-

V& w (\' .* - ghore, this central core represented a’'common zone shared
initially by the inner ‘edge of the distribution Huring April 25

and May 01, and'later‘pyfthe outer edge of the distribution dur-
, ' ing-ﬁay 26 and June 07. During the apparent period of;spatiar‘
A transition surrounding May 12, and the seawardjshift of May 31,°

! . " : . . o " v N -
' ’ -

'ffli multi-year ice'OCCufrencee. L e Y

;?f“-ﬂfi'l: h , L Furthermore, Figure 26d ihdicetes that despite the lower

_g' - o frequency of Eloes which occurred in. regions seaward of the .

f:”y-'- ' f - core, the mean concentration in floe density Per 0.5 km “(based -

A only - on the dates‘when these areas were inside of the ice edge),

' LH

" . was'qlose to‘and sometimes'exceeged the'average'denstties occur-

' ring within the -80-110 km zone. With the-exceptgon.of the 160+

: “». e 170 km ;one, the average seaward densjlies were actually higher

- N

) than the ayerage seasonal densitiea occurring'landward of 90 km.

8 . T B . ¢ . Pl v
. ]

. - -Reference t6 Figure 27a reweals that “most -of the sampled

v N . flhx was foonqllandwarq,of'the-200 m depth contour which 1is

'locatea at'the Seaward'edgeﬂof.Saglek Bank. . Therefore, a far,

e

. greater portion of the multi-year ice for - the season was drift—

ing in the shallower waters over the bank rather than in the -

' deeper‘water albng the continental slope. Exceptionsqto this'

- ' ' were the April 25 and May 01 flights when approximately 75% pnd

:

55% of’ the respective 1ndividua1 dist butions lay seaward of *

- thisdzoné nearIytcoincided'With the center of'theispread of o
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.+ = this line,.as*shown in Figure.27b.
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- 743 Temporal clustering of multi-year flux

5

To test the significance of the apparent grouping in the

total flux values, a.chi-square test was applied to seasonal
Co , : )’ :

:data at the 5 km interval, using the same null and alternative
' hypothesis as in section 5.3. Again, the test was one-tailed

, with a chosen level of significance at-dﬁ{0.00I; incomplete:datal

Q 1 . - )
from the-130—150 km region were not included because they_would

have resulted dn an inflated value for Xz.' Testing of the

observed frequencies against the expected mean category vaLue of
\ b

295 17 yielded .a X2 va lue of 2316 88 which at 23 degrees of

. ? ( -

freedom, exceeded the critical value of 441. 6& with a calculated

level of significance at o= O. 000 The resulting decision was
to reject the null hypothesis with at least 99 9% confidence
»

that the observed differences were not due to chance variations,

3

\ . ' e a

' concluding therefore that there was a rignificant clustering of

total flux values for the season. Figure 26b shows the distribu--
tion of observed frequencies around the expected mean value and
clearly isolates the central core of seasonal multi-year ice
flux which was observed at 80 to 110 km in Figure 26a (p. ]10)
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CHAPTER 8

OCEANOGRAPHIC lNFLUENCES ON MULTI-YEAR ICE DTSTRIBUTIONS DURING
1979

-

- N
- -

.

jgéheral oceanographic conditions in the Labrador
Current . .

8.1 Qverview:

While little information exists. regarding the exact nature

of water ci:culation and transport in the,Labrador Current gBob-

A ~

bitt, 1983; Fissel and Lemon, 1982), the general pattern of cur-
rent distribition has been’well-documented-

Northern Davts Strait is a mixing area for the Cold Baffln

Current and the westward-flowing warm West Greenland Current

q

'whlch join and flow south along the east coast of Baffin Island.

v

west, on- both sides of the Island, into Hudson Strait (LeBlond,

et al., 1981; Bailey and Hachey, 1950). The eastern branch con-~

tinues flowing southward with.warm.Wgst Greentand water in its
eastern section and some: cold water of the Baffin current.in the

western section. The water entering Hudson Stralt penetrates

INOrth of Reaolution lsland-this flow splits, wﬂth a branch moving

west for about 250 km (Matthews, 1976) before recurving and even—h'

ly exiting along the south side of the strait after having
thKen °P the brackish and cold characteristics of Polar Basin
water. Mn the northern region of Saglek Bank this joins with

the eastﬁard branch to form the Labrador Current. which flows

southward in two main bands along a direction’ parallel to the

1sobaths (Matthews, 1976; Lazier, 19?9). g

The outer band s comprised of warm west -Greenland water,

.fnjexcess of 4%, along its eastern side and colder east Green-

" 115
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.up of.ﬁaffin'water~and_Hudson Strait water which follows the
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land water of less than 36C along its western aide: The inmer
band is made dp of cold.water from Hudson Strait and Baffin Bay
and has a temperature of less than -iOC; it flows over the Labra—
édorlshelf.along Saglek Bank (Allen, 1980). _Froméagkimilation of
historical records, Matthews (1976) eoncluded that ‘the innébf‘
band actually consisted of tdo qub;component bands which made
for a total ot}three southward-flowing  bands as shown in Figure
. 28. Of-these.tWO, the inner cemponent band follows the maréinal
“depression along the‘inner edge of ‘the banks, and it is composed

I

of water from Hudson Strait as well as local run-off from the

codst, The outer cqmponent band of the main inner‘band’is made

outer edge of the banks along the 200 m isobath (Matthews, 1976).

Lgcated wit’in these water masses, Fissel and Lemon (1982)

‘
',

identified four main circulation regimes in the Labrador offshore

region: : - ' .
. e .

‘

(1)~ Regions on or near the continental. siope where strong, .

+ very steady flow exists, having moderate vertical
. shear between water types.

(ii) Regions in the marginal treugh where flow ig
slightly less stronger than on the slope, with large
vertical shear. ' o

J,(Tiii) Regions over the banks where flow is unsteady and weak
with low vertical shear and moderate energy.
(iv) Regions in the saddles, between banks, where flows
are unsteady with high energy .and moderate vertical
shear. .

7

A strong flow situated over the continental slope was also

identified by Smith, Soule and Mosby (1937), and Lazier (1982)
¢
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Figure 28 -~ Ceneral patterns of flow within the qutador.'Current \;;(
‘as described by Matthews- (1976). 200 m isobath has . --
- e ' " .+ been added for purposes of this report. _
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indicates that near-surface velocities here are 0.5 to 0.8 mg_l.

The fLow‘in”fﬁis-ione is thefefore much faster than over the

shelf where average speeds of 0.17 msbé have been recorded

_" (Petro~Canada, 1982). This strong flow acts as a boundary’ N
between the water of the-shelf and the offshore water mass

(Lazier, 1982). . -

I Salinities\in the Tsyh outer band are between 34.7 and .

3&.90/00 while th'é main inner band has values of b'etven 32.6

\ - and 3"3.70/00 (Fissel and Lemon, 1982). .Lazier (1982) feund a"

strong positive gradient for both temperature and salinity with
. 4 . - ) ', . v‘

1ﬁcreaéing.diSCances from shore across the shelf,; slope and ) ’
outer areas. However, the sharpest temp;faturé and salinity gra- -
.dients occur alohg the boundagf sepérating the cold water of the
shelf from.the warmer Greenland waﬁe: farther offshore. This ‘
demarks the location of a thermal front across which Islen
(1927) noted a temperatlure change of 5°F (2;8°C).over a distance
" of 15 miles (24 km). The frontal zone between the two main
water masses has.beén iIlusfratéd by Leéeck;s (1978a) and
ﬁ;Blond (1982), from interpretation.of satellite imagery,'and .
- lies along the edge of the confinenéal‘shglfﬂ(LeBlond, et al.,
1981).

Large scale spatial perturbations usually occur along such

" frontal zones and are well-documented for other regions of the

i

world having an eastern coastal current similar to that of Labra- LT /

~dor. For examﬁle,-meanderg have been observed in the front of

-the.Gulf Stream (Flagg and Beardsley, 1978), .and Niller and Mysak

¢ : . -
s Lo
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(1971) predict that for-the southeastern coast of the U.S., )

unstable waves in this front can have wavelengths of near-ljo-km
with periods of 10 days; propagation in either erectio;_along
the eurrent axis is considered possible. Large—seafe.undula- . -
t ions have aldo be#n observed in the Gaspe Current. Over a 3-}

day period during '1978,.th;e. axis of .the curént moved offshore . :
- - for several days and, when it again began to approach its ﬁtar— N

shore bosition, a wavelike étrpcture developed which eventually

‘ } . . o : S . ",. o

s brokeé after reachiyg a wavelength of 60 km (Tang, 1980). 1In = . Co

' . ' < i

ice—free'waters ar:§g§:the United.Kingdom meanders. have been ' o= :z

) observed to,evolve, over a fohr day period, .ihto full acale * \..“ : K

- . eddies which then separated from the fronti} zone and moved of £ ' - ;
-

into the warm water zone as a cell of cooler water (Simpson;

-

Allen,. and Morris,.1978). Formation of cold-core eddies is also
known to occur in the Kamchatka Currept (Solomon and Ahlo;;, ‘
i978) and warm-core eddies have been observed in the Gulf Stream . . ': {
(Halliwgll, and Mootes, 1979) where they are thought to be the
driving foree behind topographic Rossby waves observed.at erth
. (Thompson, 1971). . |
. o Bane'and_Brooks (1979), Brooks and Bane (1978) agﬂ;&ggeckia

(1979) all indiéate that, for the‘Gulf Stream, -such frontal undu- ' Fgg

lations are capable of propagating warmnwater up onto the conti-

nental shelf and into shallower depths landward of the 200 m iso-

bath. Associated wiqh these Gulf S‘Leam meanders, Vukovich, et

El (1979), Lee ‘and Mayer (1977), Legeckis (1975) and Lee (1975)

119 : T -
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all note that watm-core eddies formed along the front spin off"

{( - ;;20 the continental shelf and extend Into regions inside of the . . .T
100 m isobath. While séveral of these authors consider Lom
topograp#y to be the instigating fprce behind eddy and wave
{ — ; £ormation,‘Huthnance,(198Y) suggests that the agtﬁal movements
?' - _ are compeﬁsatory occurrences intended to conserve mass by draving N
- ‘ - wup water from thé slop;s tofyeplace thatiwhich'has been 1o§t fFom ..'
the.shelf. .-
theshelf. .y .

1n the Labrador Current, meanders and eddies are seen in

e et \

' Legecﬁls? (1978) illustratioA of ﬁ)e frontal zone and meanders
31 L ;'have als; been\broduéed in Tee's (1978) numerical model of a.
homogeneous Labrador Sea. Leélond (19§?{ 51;; presspts evidence
of frontal uqdulations in the Labtador-Current which-he observed
. ‘Erpm a thermal infrared satellite image. This image Is shown-in- .
Figure 29, and the wave-like features along the front are
", clearly visiblev Near the porthern part of Labrador we see a
N ; finger ofiwarmﬂ&ater (see arrow) extending as a southward curve
;i;u}“\ ' into the'cold water gone.viThis stxucture {s almost identical to o . _.;
| t he config;tation of eddies as des%ribed byMthe previous authors _- :
. studying the Gulf Stream, and in this case 1ndicacés the forma- ) ’ o
tion of a éimilarvfeaCUte along‘the Labrador Current'frontai - -
zone near Sagiek,gank..

. . ' N .
Evidence of meanders based on direct measurement in 'the Lab-

rador Current has been given by wqii (1979) who, using'thtee

'.5‘3.).:‘ o . . . . v
W L . 120




NOAA-5 infrared image showing meanders in the frontal
zone of the Labrador Current as seen at 1355Z omn
September 3, 1977; lighter tones denote colder water.
For explanation of arrow, see page 120. (Photograph
courtesy of Dr. P.H. LeBlond)
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“year's of data from satellite-tracked buoys also found undula-

tions in the current; the crests of these waves varied east to.

west overJdistances of up to 90 km during a period of 2-4 days.
Other evidence is given by Fissel and Lemon (1982) who observed
larg‘hwafiagions in chrent‘directiogGover periods of 7-to 30"
days, with shorter variations also otcurriﬁé.over 4 to 7 days.\
At the'4-7 day interval,‘meandé;; were detected along the main
core of the current at‘thg shelf brgak (f.;. near the continen;
tal sloge in the region'of the 200m isobath), as well as in the
Ca;twright,Saddle. These meanders occurred on the inner edge of
the main-bapa and werélidentif?ed by an increase in current
séega as well a8 temﬁerﬁtbré and'sglinity.. Temperature énd
salfﬁlty rehdinés were. also strongiy 1ndioat;ve of warm-core
eddies gpun off from the main current band. The distence of
penetration by such formations onto the shelf was.not‘kno;?J ﬂow—
ever comparison with tﬁe Gukf Stream examples suggests that land-
wafd penetration Seyond the‘ZbO m isobath might be ;ossible.
Similar Oariability in current has been described by Allen
(1979, 1980) and Allen and Huntley.(£677). U;fng two current
meter sets at 2600 ﬁ and 3000 m in the Hopedale Séﬂézf, Allén

and Huntley“fqound a‘mean southward flow 6f 0.20 - 0.40 ms-l with

"~the occurrence of four northward reversals over a 27.9 day peri-"

* {

_od. During”this’study, temperature records indicated the advec-

tion of warm prrcels of water past'the recording instruments.

Initial analyai§.0f~these results indicated possible causes as

. being due to eiphér a meander, a net counter-current flow in the

offshore'sgpcion of the current, or eddie% propagatin& along the

122
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-~ throughout the water column and were responsible for majer cur-

outer edge of the Labrador Current.” Later reports (Allen, 1979; > e
—
: 14
Allen, 1980) revealed the influence of bottom-trapped Rossby
. ) .
waves occurring in the frogtal zone. Over 4 to 8 day periods

these waves produced g¢ross~slope movements aqply in the Bottom

flow, however during 8 to 10 day periods, the waves extended

: SV

rent_fluctuations at the surface. Other instances of vortical !
flow can be found in Anderson (1968) who observed at least two . o
vorticies near Southern Labrador which he tbought were produced(\

'by depressions in the bottom topography near Hamilton Bank.

N o o
The relationgbip between spatial variations in sea®ice pat- 1% x
> . . ) . +
terns and fluctuations in the southward flow of the Labrador . ) -

Current has been studied by LeBlond (1982). From interpretation
of satellite images, meanders were observed in the outer qué
. ~A

of the marginal ice zone which corresponded well with the mean-

ders observed in the oceanic front from infrared imageri. These

ice edge meanders moved southward with an amplitude of 13 km and

<

a wavelength of 75 km, however it was“not possible to determine
if the thermal front meandered synchronously. Petipheral evil

dence of sea ice relationships with the Labrador Current: has

) ¢ - : . ’
been given' by MES, (1974) who observed that the edge of the pack

probably nfarked the boundary between the cold and~warm sections 7~

of the current; drift measurements taken inside and outside of ° o
i Y - - . . ‘.

the edge yielded distinctly different patterns of movement.

-

] In the marginal ice zone of eastern G eesland, similar eddy ° -
\ : o
.motions have been observed along the,ice ejpe by Johannessen, et ’ - }
® 9’ '5\ "\.
A

’ » ’ via
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al., (1983) “These were small eddies of 5 to 15 km seen as rota-
‘tional ‘patternf.extending out from, the edge of the icey ,at least

\ ' i Y one was embedded in the oceanic front. Additionally, ice edge

( meandering was greatly’ enhanced during peridds of off-ice wind
- or calm while ‘an on-ice dr down—ict'ie (blowing parallel to the edge
e . { .

,

R _ wtth ice ‘on’ t:he right) wind caused floe convergence émd straight-' N B ;'5.,:;_?\
ening of g:he edge. . _ ° . . .. ‘i‘ '. N
- J e _ Wadhams and Squire (1983) also report a large scale eddy of '

about 60 km ‘diameter in t:he cast Greenland. MIZ. w:uhin*this

feature, ‘lenses of warm water having tempe;at.ures of up to M3 C _' o

[ s ¢ - .

s were found centereﬁd at the 40 m depth at ~_a. distance of 60 km .
. . 4 ' . . '

. ingide the ;i’;o'l'er Rront. Within the eddy, zones of reduced ice
. ‘% . -.{s . \ . ’." )
concentration wT,re‘ closely related to thewarm water region. g

L R Submarine transects of the Greenland M1Z by Wadhams,'Gill and -

Linden (1979) during 1976 "also reveale'd"‘pacch_es of waim water
o 3 N = \ . . ‘ '.\ . i
¢ contained within the polar water beh{nd' the frontal zone. These . h
g A : pat:ches were alSQ considered to be thé re5ult of eddles, and - o

"""*') ' "_,, while one eddy MVe a aignificantly thinner ice cover’ lying . k

LY

.~ over it, no cauaal relationship could be established..

: Descrlptlons provlded by these sciengists indicate that P ‘

,.frontal. anders and the associat:ved eddy formation do "have am . o '

effect uf on the distr’ibqtionx og: 1ce ;vly:hin -a marginal i.c'e\zone."
° . In the slmplest-ces_e such eddies arellc_apab,le-o’f 'drawl'ng.'t".'lo_es -
| | laterally across .the ‘bgiz Lrom one" slle'ction' éo en.og:her' and, c:an .al'so

' . advect warm .par'cels' of water into the MIZ leading to 'accelerat:ed"

8

'melta:ﬁrat':es‘ (Wadhams, 1981). However, few data a;é;_z';,;u,m’g w




[

'-regarding the properties of eddv production, .their resulting

'.internal..structure, or how such features eventually deteriorate - ", '

’ (Wadhams,'1981) ’ - : R
o Y . i
, . (. 85‘2 A theory on the grouping of multi-—year ice in the Labrador :
S ) S __gErent . T ) . , . -

, ' - Whee.ler (“1981) ‘suggests that for Art:tic regions the occur—

—

rence of multi-&ear floes in groups is a result of the weakening‘ o a

e . a 4

* - . ~

et o=f larger floes during the summer which are then broken apart

during storm conditions in the fall.' F}oe fracture is undoubt—' - o

N, e . (

e , ) e‘dly responsible for« the smaller overaltmulti—s'ear Eloe sizes
o i B RIS ] A o . oo
. _.‘. : N C A

e W ocpurring off"i,abrador. However, the phenomenon of. spatial '

P , ¢ ¢

. separaf;ion in which relatiVely 1ower or zero magnitudes of occur- o

e -, rence are fo‘und between- groups of high concentratibn appears to ' .

- '
> a . N . . . Ja
-

A

be coupled with oceanographic conditions.A
v oo Figure 30 is a plot of individual mulei- year floe positions
recorded Erom the 1979 flight lines. Owing to the extremely nar- o

row nature of the actual flight 11ne relative to: its length the ~ o ...
- \ ! " .
. width oE th\e plotted flight line is severely exaggerated in ' ' ' )

’

ind1vidua1 Eloe positions, distinguishable. Because

N NN
. of this, the pa\tterns they depict are not literal representa-

‘order to mal;e\

Lo ‘~" tions of the ac-tua pat?terns observed. however, v;hen_making .comr' ‘('
parisons'from~one_i'£light;to—another the"relative.changes obsexrv-
"u' e . .. i ed in pa,ttern are. real and the di.agrams are t-herefore ugeful in
g | high lighting the extent ofjr change from one dat‘:ie to- another. l,

A . .

e ) L The positions of multi—year floes in both discrete and non~

[ - N ~
.- N "u -

e - d,iscrete spatiel patterns are clearly visible. The strongly '

. - . .

linear nature of the pattern_s is due mostly to the exaggeration
. . : ' Y. . ‘ S

o
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of the Y~axis and as such must- be interpreted with care (although
_ some linearties in E‘loe distributions across the f1light linee ’

weré actually observed from the photographs?) . What is real and
- PN v . ’ )

constant from f£light to flight however, i{s that the groups are
- ) .

- seen a5 extending from the top of the coverage .regi'on to the

° . ' 1 ) ’ e -,
- bottom. On the basis of this observation, an extrapolatlon of

these patterns beyond the’ regxon of coverage would suggest that
t he observ.egi groups are actual 1,)( bands of multi-year fce crossing

_.ti;e-:flight fi:'le, with Similar 'banded_regions'. ofireduced or zero-
. \

-~ 'mult:i-year 1ce occurrence 1ying bet:ween ‘them. This {s aiso sup-
_ port:ed by Figuré 18 (p. 85) which consistently shows a pair 1of

bands on the innermost portion of t:he multi—yeer floe distxribu-
: : . : - , . + ’ -
tions for the first three flights. The recurrence of these fea-

tures;suggests that flux of multi-year ice was constant Ln “this

area, albeit with some landward deflection, and that a more or ' \
-less continuous band of old f loes crossed this zone during the
time period between £ lights; similar recurrencas of bands can be

observed from Figure 30'.' ,

Lepparanta and Hibler {1984) hadicate ‘that variatlons in

\ ——

floe thickness will produce banding effects in a marginal ice

zone. Tfl basis of their explanation is that heavier floes will

dtiflt: slower and mor'e to the right of the wind direction than \

| /

will smaller -f_?loez;.~ Clusters occur in‘situations where 1ighter
floes efther catch up with the heavier ones, or drift apart from

t.hem, ’f‘hese auth'ors, note that originally-adjacent first-year

wrh

and mul.ti—.yea‘r floes .can drift apart by several kilometers i'n
a single day. The assumptton is that the .differential dri ft of

the heavier 13 loes wi 11 eventually separate them from the younger .

/ _ : , :
- S types. - ' L - S }
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<. Two considerations make this an unlikely mechanism for
< .explaining the grouping of multi-year floes observed-during 1979.
/ . .

First , the clustering phenomenon observed by Lepparanta and Hib—
ler (1984) occurred mainly near the ice edge, whereas many of ) -
the exampoles of Qiscrete grouping seén during 1979 occurred well

landward of the ice edge. Secom;, for 1979, the observed bands

Sy e , crossed the photographs from the top to 'botton; for all days sam-— /
pled. S'ince the sorting mechanism described by Lep'paranta' and
Hibler. assumes a diffete:tial drift of floes nwhich is . relative

. to t.bhe wind direction then in order for wind effects to have
. - |
BN caused the phenomenon observed during, 1979, the wind would need

to have blown from a constant direction in order to maintain |
the same orientation of the bands from day - to day. Reference
to the wind data shown in Figure 24 (p. 101) show§ this was not

the case. Moreover, - Lepparanta and Hibler observed the best o

. differential drift between two floes to have occurzed during a
. -»
several-day period of offshore wind; reference to Figure 24 shows
. that the period of st:rongest offshore wind occurred just prior

t

to Mey 26, a day on which the occurrence of discrete gfoups of

multi—year ice was minimized. Therefore, it seems unlikely that

. T
- wind ef.fevcts could have been the dominating factor. control ling )
the 1979.mu1t i-year ice gr'ou'ping phenomenon. )
x : _ ., Howéver , if the explanat:“;on given by Leprparanta and Hibler ' T
j is modified to conside’r effects of -t—:he Labwpador Current, 1nstead : -
of the wiqd, _then 1t becomes more pl.ausible. In ti-lﬁs case t‘he‘

‘current becomes the forcing mechanism, act ing with greater

influence on the deeper mult i-yesr £loes than on the shallower

first—year f£loes.+ Since the Labrador Current flows in a mean

Na vt n [y
P ) . o ,
, . .
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area, this -stfucture has been observed by Scobie (1972) and by

‘of water moving through the shelf water which is . slower-moving

.- as depicted by Fissel and Lemon (1982) for specif;c ‘dates of

ever, in other situations, there exists three distinct flow’

. oy

southward direction, then this could explain why the bands of

multi-year floes wm have retained the same orientation from ' =
< ‘ -

one flight to another.

’ . .-

3

Sttucturally, the Labrador Current has usually been des—
cribed as a series of bands (see Figu.re 28, pe 117Dy wtth each
band tepresenting a core of flow Within which velocity 15 great-
e'st near th'é Center:'and decreases towards :tﬁe peripheral anhuli-.
For the Saglek Bank region, this banding ig evident in the find-

Q

1ngs o~f Smith, Soule, and Mosby (1937). E‘or the lamilton Bank :

Anderson (1‘568) who noted a'band,ihg:based on temperatur‘e data.

Kollmeyer, McGill, and Corwin (1965) further suggest that cold
cores of the Labrador Current are actually intrusive filaments

-

and considered to be a.resident water mass. Figure.31 illu's--.

: . ~» .
trates the geostrophic velocity structure of the cold core of

the Current at the.seaward margin of Makkovik and Hamilton Banks -

_ observag;ion during the summer o f 1980. Since most fi\gdings tend

;:ofsupporl: this banded cold core structure then, in the simplest

-~ v

terms, the flow of water within the current can bgh 1ikened'to

the flow of water within a pipe or a trough. In _thi.s case, the

a
L

wall of the pipe would be r‘epresented by the zone of contact
between the core of flow and the slower-moving shelf water.

For some cases, ‘the floy of water in a'pipe is laminar. How-

.
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regimes as described by Duckworth (1977):

(i) a laminar flow region next to the pipe wall where flow
width (y) is 0< y <§; whereb isgthe thickness of this
1 aminar sublayer.

- ' (ii) a transition region where §<y <66

(iii) a turbulent region of 6<Sy<R, where R is the radius

of the pipe. : e

—_— »

For all situations, the onset of turbulent flow is predict;ed
by the Reynolds number, Re (Fox and McDonald, 1973): . . _

‘Re = P DV/U where:p is density of the fluid
- . D is pipe diameter
- , V is average flow velocity :
. ' o ' M ,is viscosity‘of the fluid. . .

It is generally accepted that for Re <2300 flow is usually turbu-
lent and for Re> 2300 it is laminar. However, no single value
‘of Re is taken .as representing the cutting line between laminar

and turbulent flow (Fox and"McDoJ}ald, 1973) .

Holding density and viscgosity constant for'the.Reyno'las for—

.

mula, it is éeen that in a pipe of small diameter, a high veloc-
ity 1is required for turbulent flow. Howeveygy if the diameter

is extended to a value approximating tens of kilometers, hence

W

corresponding to the scale of Labrader Current cores, then very

‘small velocities can induce turbulent flow. There is therefore

—

a basis for intuitively-assuming the posfibl'e existence of turbu-

lent £low in the Labrador Current. |

]

) For purposes of sginplification only, consjder a flow condi-
' . tion during which laminar and turbulent flow"coexist as shown

-

in Figure 32. This diagram illustratee the ‘change in flow veloc-

ity as distance increases seaward from the.inner boundary of the: -

— e

e
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current core. Using the analogy of vater flowing in a pipe at
“Re < 2300, the velocity curve rises steeply in the laminar flow \
reg ion, but flattens out -to‘a slope of zero in the zone of turbu-

lent flow. For the .turbulent zone, where 6<fy <R, this means

that the axial velocity ccmponent {s roughly constant at any dis-

tance (d-from the pipe wall, assuming d >68; however, in the

laminar zone, where 0 (y<6 and d <_\6 , velocity decreases rapidly

as. d_apptoa.ches 0. . This brodluces high rates of axial shear .
athss:thg zone.of laminaz fl&_. o - T B . L
. Cohsideriinitiélly, two ;xnifomly—shé-ped fields oﬁ;' mult i~ .

yea;r floes, ‘fields A and 'B:(Fié\.lte 32)'7'.gxlst£ng at a time ty» .

and located at-an undefined distance upstream £rom the Saglek - Py

flight l'ine; both fields are assumed to be in a state of free

drift. Field A is located within the region of laminar flow in’
the peripheral region of the current core, whi field B is

J
drifting southward within the region of turbulent flow. Rela-

L

tive to the zone of contact between the shelf water and the cur-
" rent core, the pl_'omeal Sides of fields A and B are denoted SAp o

and SBp teSpeétively;:whi le the distal sides are SAd and SB s

each field is also given a X and Y axis as illustrated.

»

Taking field A, by the time it has reached 1its t, locat ion, ' Ty

the higher current velocity at SA, relat ive to the velocity at

d
SAp \_411,1 have resulted ;in shear deformat ifon of the field, prb-

ducing an ellipse which now has a major axis denoted x . A con- .
tinued highef rate of drift at SAd_uLM»‘ca,use-i-t: to mbve even
. farther downstream rqi'ative to SAP. This further elonéates field

A 'so that by cime.t: ,'che ,orie_nt,at:ion of axis Xm will have -beégun

3
to app'ro&ch the orientat fon of the Y axis. Additionally, since

I3 -

Fa

1.33 . '\‘ ‘ ' | ' > ’ . N ":
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SAd has a higher velocity cofnponént than SA,p, it will corres-

-

' pondingly have a higher Coriolis component. This would cause

" s the floes at SAd to drift to the right of the direction of flow

" at a faster rate than those in SAp, further aiding X in ‘its

approach to Y. Continued elongation due to differences in '(.irilft ‘

-and -Coriolis. deflection _betweep SAp and SAd will have caused x}n

to assume the same orientation as Y by time t,. Hypothet ically N

‘ ' therefore, an originally circular field of multi-year floes can

SV
X

be temproz'ally' tra.néposed into a narrow, elongated strip due to

PRI

g FEE shear stresses ih?i_t.lcgd across the regton of laminar flow.

. uF'or"field; B, lying in the region of turlgﬁlent flow, the

* effects ‘would be different and severe elor'\g-atioh would not occur.
Sth;e' the relat_i_vé velocity between SBp and SBd would be roughly

equal and constant across the X axis of B, then there would be

<no deformat ion from shear - thougim the fie.ld might be slightly - .
2 | ) affected by the slower drift of heavier floes. In. a tﬁrb;xlen.t
flow condition, however, there are trans-axial velocity conm-
ponents (Duck\lorch, 1977) which transfer momentum and mass

i, : ,' . across the_ axis of flow. The effect. of these ‘cross-—flo__w c<;m- ) .
! o ’ .po'rﬁnts udt;ld be to disperse g:hE floes, causing field B to |

g . broaden its perimeter between times t,and £, as is shown in

Figqre 32._ The turbulence'which produces this dispersal effect

of a- small-scale nature wher; compared to the latge-scale tur—

Gt o Bgle ce iahic_h. produceé,, the a'tructute which ‘18 shown 'in Figure 29
(pe 121). _ . . c_é/

aet 'I‘he occurrence of cross—flow cornponents in turbulence is
SO ‘ . A
’ random (Fox and McDonuld 1973), and approximately equal over

I
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" cross-flow components in an' isotropic turbulent flow acting upon S

" sian density.

is supported by Cousteix, Desopper and Houdeville (1977) who - \

find chat ’

'muI.ti-yeat ice field B (Figure 32) would cause the dispersal of

time as defined by the equality (Davies, 1972):

/ . F d

~ e ~ / b
V =V <V where: “Vrepresents the root mean square
X y z
fluctuation velocity iti the x, y, and -
Tz dimensioris..
This equality defines isotropic turbulence, in which there are S

ngmerous small eddies of random orientaiiom having no preferred
di:gccibn of f.,1°"’ within- their. population,'but_ which are all (Vi
t°r.a\;e1'lir_\g as a'turb;:lent: envel'é:p&.in a down-stream direction.. ": . _
a Since turbilence is a st.och&s_tic process, then _lt.ke'md'st. ) .
stoéﬁpstic processes, the freﬁuency’distrlbucio_n oAf .\i.t:s fltlnc-'
tuations- should approximate a' Gaussian densiCy function. This

“for CUrbulent flow in' a boundary layer, fluctuations’
in the axial veloc icy g:o‘mponeni: do indegd tend to a Gaussian dis-
trib.ucion.' l

It has also been shown from lab studies, that when a

" dye tracer is injected into a turbulent flow, the cross-flow or"

vrthogonal dispersal of the tracer also approximates a Gaussian . )
' . -~ . . N
curve which is initially -narrow and peaked, but becomes wider

and flatter as distance —i.néreases downstream (Davies, 1972).

In a similar manner, the random intensity and duration of .

floes relativé to tl":—ej-ce_nter of the field to approkimate a Gaus-

In this case, floes near t.he edge of the fleld
"L

. would have a lower spatial concynttation than-those near the cen- C,

‘the center of ir.s X axis wpuld hypothetically approximate a uni-

“since there ‘are no cross—flow componem:n to act as a mechanism

ter, Fot;/ield A however, t.he distribut ion of f loes, relat,ive to

YR ] ",

Eorm dens ity dhtribution which 1s box—shaped and has, no tails, o L

-

-~ e . N - * tr

‘of dispersal. L L Coe _ L

. * . . . . re
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1f severa'l uniform fields of multi-year 1¢I:e exist, each

located -an equal, undefined distance upstream and i the zone of

) . laminar flow, then by time tl‘ each will ideally proﬁuce a\ dig— .

-

cretJ box-shaped curve which is separated from its heighbéur by

o , some undefined dutance D. 1f, however, the fiqlds|a:e in the

region of isottopic turbul‘ent: flow at time t, they will have |
T egch produced a Gaussian-shaped distribution by ta.\ Due to thc.z
" dispersal procésses in curbulence, as the ‘Gaussian _c'rVes become
flatc.er and wid%'che tails of adj'aoKt: curyl'ea' willleventually- . ‘\"
meet'a‘nd overlliap. This pr.oduces a regiorr having a more or less-
coﬁsi:_atit: pr.esence of' r}lulci—ye;r floes within wﬁicii t:hélré are
peﬂ.( and crough-.variat'ions in magnituae. R . - -
N , : ' : -
Un‘formnatelly, the concept of laminar and turbulenﬁ flow
coexisting as ideallyy illustrated in Figure 32 does not properly
éxpﬁh\ the April 25 and May 01 distributions. On these. aays,
the gréups were a)} spatially discrete (see Figure 15a, p. 73
| Ta | . and .Figure 18, p. 85),. and the mergirjg ‘whiéh is expected \duting
-igotropic turbulence is r;ot: api;.arent:‘., A better explanagi“on is
that for these two dates t:he flow was. complet:ely laminar.l

et thure 33 111uktrates the haﬂ;zwta'l—ve-]:cc'tty—profi Le for N

‘a fully-developed laminarilow as described by Bober and [Kedyon

_(1980) . The chanée in velocity is less rapid close to the wall’
" - (i.e., the z‘onej_o‘f co'ntac_t: between the current core and the shelf
water) than for the turbulent cas-e’. ’In fact, it increasjes in an
almost linur fashion, but the slope again becomes very ge’htle'
) lt a distance from the wall, roughly equal to 1/3 of che di-

. ameter. Refdrence to multi-—yeat ice fields A and B in Figure
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33, shows that the difference in velocity between SAp and SAd
would Qe greeter than the differences between- SB and SBd The

~

outcome is that field A would be subject to'a higher rate'of - i . I
shear deformation thar field B, causing A to form a much nar- e ‘

—_—

~

« ' rower bandﬂthan B. These’ differences would. explain why the S
bands located in the 1andward half of the April 25 and Hay 01
" . ;.. diatributions in Figure 18 {p. 85) are generally narrower than ;
) ‘thoae to the seaward. Howev;;, for the. seaward half of the May . C :.
" 4. .12.distribution, the discrete banding phehomenon is less : o .
’ evident 'as it ia.also for May 26, May 31, and most of the June )
07 distribution. The indication, therefore, is that the laminar ),
S g ’ ,'.‘ fldb condit}:ns Gf April 25 and May 01 became less dominant
during subsequent days. { ‘ L
’ . Referring again to the case of water’ flowing in a pipe, it - {?-
" - 1s possible to have a flow condition whigh-is in a state of : |
transition Betyeen the totally laminar mode. and the fully devel-~
'oped turbulent mode (heynolds, 1974; Stuart, 1639).'Under these

i conditions, periode of laminar flow are intenz;ttently”alter-’

v " nated with'a'period of'fully-de eloped ieotropic turbulence, : T

fo - t : teferted to\as a turbulent el 8 (Teitgen, 1979) The change
‘ ¢ between-the ite~1brupt, generalgy a frontal zone
v - at the’ leeding and treiling edges of the slug marke the chenge'A
- from laminar to tu:bulent and back to laminar'once more as the
ii” ) . - turbulent aection propagatee'dounstreah'past a.fi;ed point'(Teit—.
;32.»- ,;' .. gen, 1979)._ The leading edge of the slug is bullet-shaped, o ;
:& . while the trailing edge has a cavitation of the same ehape. Any '

': aﬁch turbulent flow will coneiet of a epectrum of eddy lengths,

.h'\ cL . LT . : L R
. ' . . . '
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. period,»then it might be possible to schematically explain the

the distribution patterns of hulti-year floes observed during

'shear stregseés as {llustrated in Figure 33 (p. 137) Therefore.

with the. largest eddy being approximately equal to the diameter = . , .
of the pipe (Davies, 1972). Interaction between large eddies

will generate intermediate eddies, bﬁich in turn generate small

L - o (I .
eddies, hence developing a w:;§<zghge_of sizes. If it is

assumed that the Labrador Current was flowing .in a similar stote

of transition, with alternating modes of flow during the stﬁdy

9

"changes which were observed in the .multi~year floe distribution

-
.

patterns during 1979, . | ) o ' '

’

8. 3 Reconstruction of events during 1979 multi-year ice flux
across Sapglek 097 magnetic. o :

> N ‘i! .
F;gure 34 reconstructs.the time series of events-thought

to have occurred in’the Labrador Current as extrapolated from

»

the 1979 ' study period. Study of the distribution patterns for

April 25 and May 01 from Figure 34 (also shown in Figure 30;_

p.126) suggests that most of the flow within the current was

nomineliy laminar on these dates. <Under these conditions,
L )

1nd1vidual fields of multi-year floes would have’ responded to

- At is the decrease in differential shear aczoss the hotlzontal

laminar velocity gradient wh,'h leads to wider bands of ald

v

floes as distance increases seaward on these days. 1f the posi-‘

L]

tion. of the dce edge also coincides with the seaward margin of ' B
. the current core, where the cold core water makes.contact with ' . \\M

© the warmer water . offshore, then according to F{gure 33 (p 137),

one would-afoo expect -to find the occurrence of narrow-bnnds

- e : . : oo .

ji:ery close to the ice edge..'Tnig, ho@eyetl;doeo not ‘occur for o N

r
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April 25'and May O1. Reference to Figure 29 (p. 121) Suggeats
that there is usually a zone of turbulence near the seaward

margin of che core. 'it is posadble that the existence of a ,
similar zone on April 25 and May 01 nrevented the occurrence»of

narrow bands of old floes along the seaward edge of the d{stribu-

tion. The effects of such a turbulent zone, plus .swells and

. waves from the open ocean, would have caused the dtspersal of

~ any band of multi-year floes which passed through fe.

The landward ahift of the dis&mibutions after April 25 was.

probably due to a wave structure (meander) propagating along the

. thermal front. -This would have caused the curren;~to be deflec- -

- ted shoreward.. Evidence for east-west variations in tyé'qurrent -
. Ve

near the seaward edge of Saglek Bank is shown {n'Figure 35 - -
. . : ~

(after Seaconsult, 1977). Shown‘are paths taken by satellite-

.tracked drogue buoys which were released on two separate -

’

"occasions during August and September, 1977. The diagram is a

. Y ,
composite plot of drift trajectories following the releases;

east-west meanders in the mean southward track are clearly

. evident. - /

. P .
: CoL : , . 8 . .

Because of the‘frontal meandering, the zone.of turbulenée

along the front would have been widened and forced landward as

—————

t he Froatal zone meandered in this direction; for the pipe

=
]

scenario, the turbuleht intrusion would be analogous to an. ifo~ °
tropically-turbulent slug.l {His would have occurred at a time

after Hay 01, 80 chat the leading edge of the turbulence would

haye begun to approach the study.region as shown, in Figure 34,

-

By May 12,.the leading edge would have intruded into the

atudy region nhear the seaward margin, but had not yet extended

\
\ . .
———— - . I
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Figure 35 - Composite plot s'hpwling ‘drift tra jectories of buoys,
. released during August and September, 1977 by Sea- P
consult Ltd. (Seaconsult, 1978). -
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sufficiently landward to incorporate the entire region of multi- .
year floe_occurrenp;. As a resulr of thi;, Figure 34 shows a .
frontal zone passing through the May 12 distribution, probsPly
located near 93 km offshore. Seayard of 93 km, turbulent flow
conditiéns would exist; the random nature of cross-élow compo—:
nents woufﬁ have caused each previously Qiscrete group of floes
.to'drSperse in 5'p9:£§rn approximating the Gaussian dénsity func-
tion which is characteristlc.of dispersal in isotropic turbu-
lence. In-rhe analogue sense, the 6UCWarh Sprgading floes caused
the tails of adjacent Caussihn curves to onrlap.so that the
.groups merged‘sp form a zone of csntinuous coverage (wirh.refer-_
ence to the 90 km point, see Figure 30, p. 126). witnin thisk
ﬁone, the'formerly spatially discrete group; were now identified
only -by positive departures ?rom the mean magnitude of floe cdk_
) centraqisn for May 12 (Figuse 19, p. 91). Landward of 93 km,
flow would remain noﬁinally laminar. The absence of significant
‘ cross—flow comnonents, and the presence of differential rates
of shesr across the laminar velocity gradient in this region,
kept the groups separate and spatially sistrete in the form of - '
bandss The distinction betwgen the laminar snd turbulent flow.
regimes relative to the 93 km point for May 12 is better 111us-
trated n; reference to Figure 15a (p. 73) and Figure 18 (p. 85)

‘Because of the two week period in:ervening between the May . -,
12 and May 26 flights, it is difficult to evaluate the sctual

sequence of events occurring beCWeen photo missions. Perhaps

the turbulent section receded downstream, allowtng laminar flow

e et —

to return for a short period, before béing 1nterrupted by a.

o7

A

. second such zone just prior to Hay 26, Alternatively, the rur;
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_imag

been deflected shoreward over Saglek Bank in the region. denoted

'Ale{;;;of the authors cited in Section 8.1 indicate that water

. . ‘bulence might have persisted thtoughout the entire period. . .

Referring to Figure 33 (p.137), an interpretation of the
flde'dietrihution pattern for May 26 would suggest the presence
of-a large eddy encompassing most of the‘distribution. Since
we know that a large spectrum of eddy sizes exists within a tur- .

bulent section, then the transition from numerous emall eddies,

. which could have produced dispersal on May 12, to a large eddy

on May 26.1s not implausible. . _ . R /

The suspected configuration oé this feature is repgiSented

_by the eddy shown at ‘arrow A in Figdre 29 (p. 121) In this

'we see a lobe of - cold water extending northward along the .

——

edge ofxghe’ thermal front; coupled with this is a finger.of warm

water which has penetrated southward into the cold 'wvater zone,

and thus separatﬁs'the cold northward lobe from the mai™cold
water mass. 'Note that, due to the presence of the eddy as it is

'S
shown in Fi&ure 29, a large portion of the cold water stream has

by‘arrow A. By Nay 26, the multi-year ice distribution had

achieved its farthest shoreward advance of the study period, and

the distribution in its entirety lay to the landward of the -

- 200 m isobeth which is at 117 km offshore, along flight line

]

097. meg. from Suglek. 1t is thought that this ahoreward

advence wag -due to a portion of the current having been

deflected shoreward by the eddy as it folded ovet3 in much the rt
. A
same manner as the eddy which appears in Figure Yo~

| .121).  Sev-
\ »

inating along the shelf break can. be propagated o
\,

tinenth{\:helf into depths of less than 200. m due;.o the occur~

Lo e -

ey
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rence of an eddy. Furthermore, an ice-water vortex messuring

60 km in diame;ef, and‘similai in structure to ths one suggested
here, was observed at the edge of the.East Greenland MIZ by
wa$hams and Squire (1983). Referende.to‘Figure 30 (p. 126) indi--

cates bhat the eddy suggested by the distribution of old'f{:es @

.on May 26 )is also on the order of 60 km in diameter. ~ ) -~

- o ¢

- Comparison of the May 26 distribution in Figure 30 (p. }26)' -
4 . ‘ <
with the structure illustrated in Figure 29 (p.121) suggests

S . . , : _
.that the region of very low multi-year ice occurrence located at

) betwe>¥«60 and 70 km actually represents an intrusion of warm

{ -

water, ‘perhaps from the north, simifar to that which is ghown in.
f S : .

) * - . " L
" Figure 29. Delivery of multi-year ice to this warm water\zone

would probably not occur owing to the shoreward deflection of
the current caused by its intrdsion. ' o . o

Referring to Figure 15b : for May 267, we see that the
. : [ '

g&spe of the:barchart in the region seaward of this void zone

is in sharp.contrast to all oqher.distribut{ons since there are

no sharp flggtuntions along a series of narrow groups as is
usually the case, while two groups exist in this outer region,
the outermost is broad and low, suggesting the occurrence of a

dispersal process. Reference to the pattern of indivddual floes
: )

v

in Figure 30 (p. 126) seems t:ol‘ confirm thig 1nterp:eta’on. The-

' floes in the seaward'porsion of the distribution'appia: as non-

linear clusters which are.relatively different from any pattern
observed either in cthe landward 20ne of May 26 or on any other

flight' lines prior or subsequant tothis date. The pstten-sug- o

—

. gests drift which is confused in relatton to all other patterns \d

and does not suggest movement 1n‘%ny pteferred,digection.. . . "Atg
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G Study of the ﬁértion of the May ?6 distribution which is
landward of 65 km (FigureYJO, p. 126) suggests the presence of
two sub-regions. Between 42 and 48 km, the floes are tightly
’ banded,* similar to patterns from previous flights. From 48 to
63 km; the floes éppear somewhat didpersed; however, a close
scrutiny qf tﬁe~pattern suggests that fine stteame;s of old floes
might bé_excending across the fligﬁc line froT top ;? bottom in
this region also.

. . ¢ 7- - .
'sidered for thg May_26,distr1butlon'probably repfesgnts the maxi-
mum size whicﬂ can o:cusvin thejspect;um - i.e., . 4in thisléase it

approximates chefdiameter of the conduit through which it

paqs;;:";s defined in Davies (1972). For isotropic turbulence,
f : ' K§ﬁch ag on May 12, the flow within each small eddy 15_;3 a pre-
ferred, spiralling direction. Only when the vector velocity com-
poﬁgngﬂ of the numerous tiny eddies in the turbulent envelope

are averaged err time does the flow become truly isotropic.:

. : Therefore, since we are dealing with what appears to be a single
- ’ ‘ ’

——

chis case, the flow of water in the eddy is southward fot
regionﬁftiﬁaward of.apprpximately the 65 km point, and.nom*nally
“ . ~northward for regions c0‘the seaward (see Figure 34, p.l&b).
%he banding phenomenon oBQeive& in the landward zone (i.e.

_40-63 km9 probably represents an elongation of fields of old

floes due to differential shear induced across a horizontal ve-

OO - locity grndient. “The gradient might be caused by contact i
B T . ) . T - ;

betwean the faster-moving core water and the - slower shelf whter.

7
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' This -can be explained when it is realized that the eddy con-

1arge eddy for May 26, the flow is actually anisotropic. In -—~

) -/‘--.

B
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Given that the most intense banding is found at the innermost
edge of the multi-year floe distribution, then this is actuaily
) R
where it would be expected o occur if the zone of contact
befween the core and the .shelf water was located here aiso. The
dynamics of shear would then be és illustrated in-Figu:e 33
(9,151); the less-concentratpa_gapdiné_henueeh 50 and 63 km
would.he—duéito a decreas;'in di}feptihi.sheag,as'a function,gf

‘flattening in the slope of the velacity gradient.

The dispersal process.observed in the zone seaward (70-100 .

km)hsf ﬁhe warm water inttu;toa-is prpbgbly due t6 some of tbg
.watef in the main, sopthwardaf}bwing'éoze (at 40L63 km) haviﬁgf‘l
been recurved into the northward-extending ‘lobe of cpld'watgr;
‘Due to' a decrease in velocity and:le;s"shéar, movement of ;ater
~in such a.lobe would be d#fferené from the main‘core andﬂmpte
varjable, leading to a scattering of floes. |

Further evidence for a warm watér intrusion is also‘fouqd
in the relatively strong positive ;orrelaCion,between lncreastné
'qverage.ffbé diaﬁetér and distance from the ice edge for May 26,
as.de;cribed in Chapfer 4. The .northward extension of'a'cold
lobe in the manner described wofld rqgQYttin this cold water
bejng effectively located withié_afregion of ambient Qarm water,
1f interchange occurred between se water masses along their
zones of contact,.then mélt rates in th;‘ouigr ?ggion Qould have
been accelerated dqe to increasing témpératures within the lobe.
: This would produce smaller flo; sizes thaanOuiﬁ écdhr in the
inne;mostIiegioﬁ.of'coidﬁyatef, a ﬁétgern which is consisgent

with the spatial diséribution and correlation of average floe

sizes observed for_ng 26 (Figure 14, p. 66). The'occurrence of
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drop ip'f_r'equency which is observed on May 31.

a zone of younger ice betwee: the multi—yenr distribution and
the.ice edge for this date is probably due to this area having
been farthest from the main zone of delivery on the‘shorewatd
side of the wnt;rvater intrusion; becauee of the high vari-
ablility of curtent in the lobe, floes whichldepart from the -
main zone (it‘40465 km) are not advected all.the way to the ice.
edge. First-year ice thus ptedomiﬁates here because its occur-

rence does not depend upon advection. by current and therefore .

could have formed in titu. Similarly, the'absence or dccurrence

of younger ice’ types in the suspected warm water zone is like-
o
wise not important since such ice could still exist over .a ',

[ e [ .

region of warm water. This would be similar to’ examples of sea
) . . R . [ - . .

ice known to overlie parcels of warm water in the Greenland MI1Z
(Wadhams, Gill, and_Linden, 1979).

For May 31 tne total number.of floes (B72) is l&as than half

.of the total count for May'26 (1957). 1f an eddy had existed

—

"during the‘time.surtounding May 26, it would have tended to col-

lect any transient multi-year ice wiinn its vortex, thereby

oy

‘preventing it from continuing/southwqtd; and hence lea$ing to

an ovetall increase in floe concentration in the study area.
A strong eddy ex sting in the thetmocl{ne will tepd to retain- -

its internal wafer mass, albeit with some entrainment and mixing 4

as the eddy moved. sout hward

after May 15, those floes lying within.its perimeter would heve

been transported out of the;&tudyearea, caueiné the subsequent
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'Study of the May 31 distribution pattern (Figure 30, p.¢
126) reveals the floes to be sca;tered, with no pronounced Band-
ing apparent. A pessibye reason is that most of the eulti-year
floes now lte over Saglek Bank where current flow i{s known to

—

be variable (Fissel and Lemon, 1982). However, the existence of

two faint bands ‘at 102 and 110 km indicates that banded flux is

- beginning to re-occur. The seaward deflection of the.ice edge . - -

for May 31 might represent the passage of another meander along

the therma} fzone, or it migﬁe‘possibly Be.ceupled wtththe of f-
shore wind vhieh'existed.at this time (Figure 24, p.’lOl)f

The dietribution‘for June 07 is sf?tﬂ'strongly scattezed, ‘
with low magnitude eoneentrationé for about 80% bé the region
covered by old floes. Again, this 15 probably duento their loca-
tion,within the variable current regfhe over the Bank where rem-
nants oﬁ isotropie turbulence hdve not yet been attenuated. How:
ever, at 98 and'ﬂ02 km, the recovery of banded flux which was
hinted at 1n;the.May 31 pateern i now obvious and 1ndicaee§ a
return to laminar'flog/in this~eegion as illustrated in Figure

=

34 (p.140). The juxtaposition of these two bands is very

similar to the two weaker bands observed on May 31 and Suggests‘l o

that flux of old floes through.this region might have been’ con- ,
stant since that date; however, actual floe concentrations have
increased. An interesting observation is that evidence of a »

return to laminar flow has appeared firht at the extreme seaward’ N

edge of the distribution, which is closest to the edge of Saglek '

Bank. This is’ where a return to the original f lux pattern

\

" ghould 1n1t1811{\occut since it is clefest to the current core

Which runs southwn:d along the shelf break. Given that an eddy

- ) -

-

' . . . - e . R ’ PR f N ., w el



o on May 26 forced some ¢old-core water onto Saglek Bank inside of
the 200 m isobath, then it is likely that as the eddy moved
Q; aéuthward, a trail of isotropic turbulence would have occurred

behind it, atcounting for the dispersed pattern of most of the

33 floes in the Ma& 31 and June 07 distributions. However, after ;

lf.. ' " the oca:rrsxce of the May 26 eddf, the carrent core probably ..
?{s - " moved seaward and stabi-tized once more at the ;dge of the BAnk. ‘

;;;_ - Since velocities are higher closar to the currentnéore, aaen“the

%E . frgntal zonelwhich marks the change from the turbulent back‘to

?3} “. '; the laminar modé;af £ low would haJEﬁEaase&_;érosg;the flight

75”4 "line near the sea@ﬁfﬁ'edge first, allowing laminar flow to CTes ;

" ’ In . l”‘

o ' return first near the ice edgq&as illustrated in Figure 34.

short, return to a banded flux of old floes has occurred approxi-

mately where one would expect it, based upon the position of tie

B current core relative to the edge of Saglek Bank ag it is shown

in Figure 28 (p. 117), and Figure 29 (p. 121). | .
?1 . An interesting featura-pf,the overall patrern of mu?ti—y;grj/

%&' ’ ice occurreaces'for 1979 is the landward e&%e of the disﬁriﬁu—"

f: . '

g{*A ' —- tign. This is seen on all Flight lines 1F18"§f 30, p. 126) as

o ° i N - '
T -an abrupt zone where coverage by conggntrations consisting

v .
- . .

entirely of first-year ice ends-and coverage containing é portion

";; * of multi-year ice beings. This lend¥ good support to the idea
éi \ that the multi-year floes are drifting s;uthward :nder the influ-
2? -ence of. the ;;id core of the Labrador Currenc. Referancé to ~T—-- .
%5",, . eﬁe"Figura 29 (p. 121) indicates that the’ separation between: éke .
éi” ‘ water of the cold core and _the relatively warmer water of the” ‘ @
%: shelf is VGfY diattnct near Saglak. "1f one accepta_thatﬂmulti-
E:. . * yaar?tloaslara_baing transportad sout hward wichtn-tha COLd-core O 'if"
%'.,' 'fi'.‘ : . K o ; T ' iy »F . '
VL'J”T:’ TP e ﬁ-'.-.: . }50'. ‘Qiﬁﬁu‘. F \ L
o RS i ~~-a.“‘ﬂkgnnrﬁvﬁd;lxgjhﬁﬁé RN G e kT
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of the Labigdor Current then it seems likely that the landward

Ve

'_.3 point at which the presence of multi-year ice ends would also
mark the lgﬁdward limit of the flow regime dominate: by waters

of this cold core. ' P - -
. < )
The implications for the occurrence of multi-year ice are

now clear. The co!d.sectgbn of the clirrent which delivers old

ice to the Labrado}‘Coast generally stays well offshore in the -

.
<?

'Saglek Bank fégion. Therefore, the occurrence of mdlci-yqar ice: ' [;
in the nearshore area of the Bank is not normélly expected,
owing t6 the presénce of a different and variable flow regime.
which does not h;ve 1P§ origin in a multi-~year ice soﬁrce

region. This is supported by %igure}35 (p. 142); in all cases,

. the péthq followed by the drifting drogue buoys lay well off-

shore along the northern Labrador coast and did not penetrate -~
close to land. Variability in the east-west location of the

multi-year ice distribution however, can occur when the current
Lt N »

is deflected shoreward by a meander or eddy structure in the

thermal front which separates the cold core from the warmer

i L water to seaward. - . - L.

E Reference to Figure 29 kp. EZI) suggests that, near_Saglek,
4
the cold current stays well offshore due to the topographic '

influence of Saglek Bank.' Farther south, the cold portion of s <
- . / -
the current spreads out and moves much closer to land; ft is pos- : .

. ' - /A&.;-
sible therefore that south of Saglek Bank, the mulbi-year floes . . '

- ' (23, .

might also behave in a 8imilar manner. ’ T _ t..

The sequence of events and interaction of controlling fac- . v A
. ) ' .:\.

tors as described in this section and illustrated in Figure 34 A
‘ (p.140) regarding the 1979 multf—year ice distribution are )
e - .\‘-. " - Q' ) ' - B ,"; . Co— - :‘ \’ﬂ"
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' : surely nominal. 1t 1s felt, however, that the events_and

mechanis}ns discussed are, in principle, reflected in the actual
. * -t -

distributions observed during 1979. Discrepancies between con-

ditions accually observed and those hypothesized can be quali-

L
« X
T

fied by realizing tha other, undefined,‘environmental factors — . v

(e.g. tidal influen £s) might also have affected the distribu-

tion of multi-year floes during the study period..- The oceano-

gtaphic 'envitonment and current regime of the seawa'rd edge of

the Labrador Shelf are’ intricate and not capable of full explana—' L.
\ ' - Co . k tion using simple models'.. Howevet, i,t is otten ‘the, utilization
_‘// ) of an analogue mh provides the key to underst;nding ‘ ’ | . A
T )[ ‘the complexiciea’of macro—scale stochastic phenomena. ' ,' "i; Lo : Q
T _ . 5 lo Flee size variat;ione and oeeanographic— influences during L _‘
f‘ - - "/ .AnalyAsiscoE.. m;xlt;i-yea..r £loe diameters in cnept'e‘r- 4 indt- ‘ | »
cated thdt 'the' ex;;ec::ed floe sizes for a given‘ptebability level . N
- of occurrencé’ expetieneed a greatez rate of decrease at the. . R
higher ptobability ‘levels than at thevlower. \Vith tefetencé. to o o

;\ Table 2 (p. 55), the 9Qth petcentile multi—year floe size for | ‘
: ‘ Aptil 25 was 78 m, while for i)une 07 the 90th petcenfiie”size ' 3
" C was 68 m.- Simpl)i‘stated,- t‘.his means that on A'pr'il 25; 90% of .~-—'
' : __ '__ _'_;__tye multi-‘)_rean floes were less ‘than or equal to 78 My’ while on ) o .
; , ' JunE 07 90% were less than 61: equal to 68 m. _For t:he 1;.)th per- o B

- centile dn April 25, 10'/. of the’ multi-year floes were. less _than "\ :
{ A or cquql to 30 _m,lwhi'le‘ on June 07 10% we_i'e__le_ss than or equgl o ’1 ' i
; ' ltchBm. . ' PRI ' g _— L E e
i:‘ . . ) 'I‘h'e_l i"nd'icat.:ien is t‘lmai:' as.the: season p'z;ogteesed and tlempe‘r‘:a—’ S ,- K
lL“’ | . B tures"increaeed“wthe m:\'xltil-yenr floes qedkened aii we'r'e now - .

wa' PN . = e S : oo
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more susceptible to being broken into smallexr pleces. However

. : it is apparent” that the large f£loes ({.e. those above the-50th - |

‘ perqentile) were disappearing at a faster hrate than,the smaller °

ones (below the 50th Sercentile‘); Figure 10d (p. 54) reaffirms e

. ’

' this possibility. This suggests a tw‘o,—It‘age proce‘ss of deterior-

ice zone. Large floes

-

ation for multi-year*floes in a mazgina)

. . ‘are initially broken into smaller pieces by .mechanical processes . T

'y * . -

involving the tensile streases-produced by fie‘xure (Weeks and =
" Assur, 1967 Goodman, 1978), especially if cracka are already

o present (Parmerter, 1‘175) However, the probability for fracture

4

from these proceeses becomes incteasingly less as a lowet size S
i

S limit 19 -approached below which flbe flexure is not sufficient

- for ind,uc\ing_-,.the _necessary- f-ra.cture stress. This would account - o

for th,e_-.f.loe siz_e freouenc}y_:‘distribution being skewed to the": R L :" .

oy ST 'left'of the.meaﬁ (Figure 10a, ';5. 5&), with the majority of old

E_gg_s__l_:g_ing,smaller tham, the average, yet greater than a certain A

Ra

louest 1% size limit of approximately 20° m in diameter (Table 2 _ . .""

T - .- .o

' P 55) Beyond tﬁe Iower size limit for flexura induced frac- . \'

s -~ .

. turing, the dominant deterioration procegs is thei'modynamic and S
4 . iy L : ’
depends ugbn l:he ambient water and air temperatures as well as.

_.'"-,. e the degree of pack-ice compactness. This would control the - ‘rate .

v of lateral melt which generally occurs al,ongrthe 'floe edge in
i ' >
) the upper 1-2 m J,ayer of waz‘mer wate‘r, a8 well as the degree of '

S - . ' wave-induced melt cauSed by, oscillating ahear currents at the

‘ o
‘ . R

ice/water interface, as. deacribed by Wadhamé (1981)

e s Iy s \ .”'”..: ".'f."
‘ In open water, an, ihdividual floe would deteriorate quite '

. Ll .. A
- = - ) . . 1 N " ~'n~
. L e . N toa b, e st

L. v . . = - A

! L rapidly, however in ‘a marginal ica zone where lower temperaturea




i Tt

D e ' diameters were much lower. Ddriﬁg 1979,.the £1oe size expect:ed L

* Greenland MIZ where Wadhams (1980) indicates that larger di-

IV
1% 8

. 1

“‘ .

.are perpetuated by the *sence of other ice floes (especially

during conditions of pack-ice compression), deterioration by ’ .

melt processes would be slbw'. ) Therefore,'for multi-year floes

_in pack ice,_the net difference between the number of 20-30 m

multi-—year floes created by mechanical fracture and the number

destroyed by melt processes is 1arge, and produces nb}e skewed

' floe size frequency distributions observed in the 1979 data.

When compar,ed-,g;,o the Arctic, qt a given 1eye1 of * prob-

'ability for floé-size occurrenées', ,i.abrador.Sea multi~year floe : .

at the 50‘341 probability level oE occurrencé\for the entire sampl’e - ,

was &6 m, in contrast to this, Wheeler (1981) predicts a 152 m ) ' w
"\

diameter ‘et the 50%. level for Arctic,regions. Addit'ionally, the

maximum measured diameter of 147 m for - Labrador during 1979 is

much lower than the size for large multi-year floes in the east
: , : ; : east

ameters sometimes exceed 400 m; maximum diameters near 3000 m -

have been measured in the Arctic (Wheeler, 1981).. This .overall

.

smaller size found in Labrador Sea mu'lti-)}ear iéé is due to f£1loe

—

- . fracture occurring during transport both from the Arctic sou_i'ce.

region as w 11'~és within the dynamic ‘enviro"nmlen of the marginal.

ice 2de S ~ 2 o
. & — l\
%
-
[ 9 ’
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_of multi—year floes found in t:he Arctic; this is due to fracr

.rences suggests that larger floes are broken into smaller pleces ’

processes. _ . . . .

" ice types which are approximately homogenously distributed. These

v

CHAPTER 9
| CONCLUS10S
Multi-year ice distrlbuti.ons. recorded‘dfrom‘air p'hotographs
taken daring six overflights of the Labrador Sea marginal ice
zone, 'during the ‘ice season of 1979, have been analyzed for the
region of the pack overlying Saglek 'Bank. The average floe size
diameter for the season was‘48 5 mwith the dismeter -expected

at thé 50th percentile probabl_llty level of:‘ occurrence being t

46 me Floe diameters on the whole ate much smaller than those
tsuring durlng t:ransport. Study of trends in the floe siz8 occur—_

by fracturing which does not” oceur below a’ certaln slze' beyond o

this size limit, _floe deterlora;ion is mainly the result.of. melt- | ‘ \
S.tatistical analysis shows thaE, within the pack, thbse .

floes have a slgnifl'cant tendency to ‘occur in groups which have \

high c'oncentraitiong, with voids of f/gw or zero multi-year £ loe

occyrrences intervening; this is in contrast with younger sea

. - ’ : ’ X
groups appeared as bands, crossing the photographs from top to . .
o .
bottom; relative to True North, the bands occurred with; an

-

approximate NW/SE orientation.
An application of the general principles of £1luid dynamics

shows that such bands can be produced when an hypothetically cir—
[ I . . .
cular field of multi-year floes undergoes deformation due to

-shear stresses. When these stresses are applied differentially

o



across a horizontal veloci.ty gradient“:in a current dominated by
laminar flow, the field of Ifloes expe&hcles progressive elonga-
ti‘ox). This is dué to differences.in velocit'y act;o.ss‘ the axis
which 18 orthogonal to the direction of flow.

Interpretation of the distribution patterns of old floes
f;om’flight to flight suggests that periods of laminar flow
foccurred within the Labrador Current; it also appears that these
periods were interrupted by conditions of turbulent flow. - The
_turbulen;:e altered the floe -dist;ibution pattern‘s-.és'sociated with
laminar flow by _de.é't'roy:in‘g' the banding effect; The most severe
disturbance of -pét_i;etn'ia t:,llought t;'o_ h;we l:)__eeﬁ dlue to a laxrge
eddy in the thermal .frontiwhich séparates ;tl.aé'l"co"fd current .c_<.>re

-

from-yarme'r ‘water of £shore. This eddy might have propagated. .

cold-core water onto .the continental shelf irlside the 200 m iso—

bath.

'

FER -
The mean center of the multi-year floe distribution also

varied from date to date. Flucfuations in its position are .

4.

thougfn: to_ha.'ve been partially due to the p'ropalga’tion of mean-
der:s Alohg_ the thermal front; an eddy wh%ch' existed on Méy 26
also contributed. While evidence can be found to support the
occurrence o_f. meanders g'nd eddies in the ‘,La.brador Cﬁrrent, theiF
intens'i'ty and poteﬁtial for propagation onto the Shelf are"

uhknown . Comparison with other regions of the world, such as

(9

the Gulf Stream, indicates that frontal wave and eddy propaga-

tion into depths less than 200 m does occur and is therefore
] . S

highl)‘f likely for the Labrador Shelf.
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"m'ult?i——year floe groups temporally changed p'ositiop, [ﬁoving.
g . . ' , o 2

vlar"iably east—west, into aJd out of these zones. A summation of

The continual east-west shifting of floe groups in respox\se
i
to these influences resulted in a core region which had a con-

s(‘nt delivery, and hence a high concentration of total flux

_value's for the season, while areas to either $ide experienced

lower and sporadic degrees of flux. ."This central region showed

a statistically significant ciustering of old floes when the

sampled values for ‘the season were totalled and tested. This '
is because it. represented a zome of coverage common to all of

the observed multi- year floe distributions, regardless of their
|

spatial fluctuations. Regions to eitherside were’ more sensitive-~'

~

t‘lo the fluctuations and therefore received overall less 1ce as

i

season flux values revealed three main zones of multi-year ice

occurrence for the 1979 season:

(1) " Reglons between ‘approximately 40 km and 80 km offshore . it
which experienced initial oeccurrences approximately midway

through the season, near May 12, and which had. conttnued. '

f1lux thereafter.
4 - — ' .. ’

(11) Regions between 80 and.120 km whyich .e\xperienced varying,

degrees of flux throughout the gtudy period after a time:

‘prior to April 25.. : T : o :
(1i1) Regions beyond 120 km which experignced flux early in the .
) season, prior to April 25, but none after May 12 as the
’ ice edge moved landward of this area.’ :

-—

While no photographic” coverage exists -for areas landward

oi:i_AO-kn;—of-fshore it 1is thought that multi-year ice .might not

i

.usually occur here. Study of the inner edge of the multi-year

i

floe distribution for the sampled daQes stxongly suggests that

,it did not mMove shoreward of this point. “This is p'r'obably' due

to the nature of currents delivering multi-year ice to-the

. . )
i . . . ' . v
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. ' Labrador Sea; which tend to remain of fshore near the edge of the §
SO C
Z« - " continantal shelf. Exceptions to this might be expected when
.+ perturbations along the frontal zone cause shorewald deflect ion
' - of the transporting currents.
\ , .. B . . . “ ) e
_ Although many of the conclusions presented here are original
in their suggeation and verification, an interpretation oz t he
-~ . . : -
, » :
o] patterns observed in the distribution of multi-year floes
H
:j N . strongly supports them. Clearly, more detailed oceanograph1c e
i
. T su::veys are needed, preferably during t:he ice season, before - ‘
“ o relationships between the occurxence of multi year 1ce (and
e .
% - ., ..~ Tpossibly younger 1ice types Iin‘genera‘l.) and the mo\{ement_, as well
T . as distribution, of currents in' the Labrador offshore .is under-
. ; stood, ' .
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- Appendix A
A Comparison of Criteria for Describing Multi-Year
Iff. 1ce Occurrence During 1979

t
[

A lntroduction o , o . -

As a supplement to the analysis described in Section 4. 5,

, an investigation was conductea‘to determihe-the relative powerL~

2

.' ‘iciency of three criteria which can be used to describe the .

.
amount of multi-year ‘ice occurring in a region. -The comparison

-

_ was made between the sum of floe diameters, the sum of fioe sur— .

L)

face areas, and the number of flges.
Ultimately, it is the sum of floe surface areas which 1is
the absolute descriptor of coverage, hénce amount, of multi-year

ice in terms of surface area (m2 or kmz). However, calculation

- pf floe surface area is laborious and not always justifiable in

light of the information-which ie'eought. Moreover, the amount °

'

-

of 2u1ti—year ice as described by aUm of surface areas or sum of

‘fdiameters is really of eecondary importance in the operational.

sense because such an aggregate value is not an intuitively

tangible concept. Hhile it ia conventional to describe sea 1ce

R

in terms of ita'proportion of to' oncentration (usually as a
. ¥ "

fr’ction'of 10)-it .would be more apbropriate 1f each multi-year

'floe‘coufd be treated ae an individual hazard, much in the aame'

manner as ere iceberga. Therefore, for operational purpoaea, it

ie important to deecribe multi-year ice in terme of ite floe N

frequency . which ind4catea the concentration of such hazards in a -

A} ‘
region; of course, stetistics deacribing the size frequency dia-
!
tribution are a velueble eupplement. .

‘ T ¥ [

»
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\ evaluating both, parameters in drawing conclusions can be illus-

_ absence of significant covariance is due‘to multi-year_ice (in

.propagating swells or an advection landward into the pack by’

‘i,& the Labrador éuz;ront, then the grouping. can be considered a ,

regult of dynamics'of flow within the current core. lhg con- ‘ ' N

} ¢
For'interpretation of spatial trends as'they-rélate to

environmental influences the relationship of multi-year ice

[

coverage to itﬁ frequency musc be known. .The importance of
A2 D )

)

trated with reference to the original tase™stated in Section b.3.:'j~" R '_ﬁ
1f the correlation between frequency and auh of diameters

is not significant, then the only conclusion must be that the ‘

~

terms of % coverage) being approximately homogeneously dis-

tributed throughout the MIZ. Logically, therefore, variations:

in floe frequency represented by regions of very large qu;FBF?~\\b¥*

. S asantntiin VN
must be due to the dynamic environment of the MIZ which tegﬁlfﬁr‘ ' oY

t

in the disintegration of multi-year floes into thller pieces in
\ . ) -. . -
some regions. Possible processes accounting for this include
. ‘ . N R B

- ' FJ ‘3 .
fragments created from the destru&tion of old floes along the

seaward margin of the'MIZ. o ; ' ” -
Alternat{vely, a strong correlation would lead to the con-

clusion that as the number of.floes increased, 80 did the frac-

[}

tion of coverage;by.multi-year ice, indicating that the variation

in % coverage of multi-year ice was heterogeneoua:and confined , j .
to groups. Neither of the two okplanations given for the uncor- &
related case above would account for this phenonenon;'rather,' -\\g;. x BRI

. \ , s
given that ghe principal mode of transport for multi-year ice C Sy

- .. . - . o . e ) s, . « . . S - ¢
el R . Aot e 3, R ks s . Wi : = Plod
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e : clusion now derived is that the grouping is due to shear deforma- '

- T tion and elongation ofnoriginally:homogeneous fieldseof old - e RN

floes‘drifting southward-in a current stream, where velocities
progressively decrease away from the centre of the’ current core.

Once this initial conclusion has been established urther

3

.investigation would suggest the occurrence of alternating
‘?'“ _ : laminar and turbulent modes of flow as described in Section.8.3
Therefore, while-the'distribution of multi-year ‘fice

:EQ;' T hazards can be verified simply by providing a frequency count, 54 - g

.the underlying cause of the distribution can only be determined . -

o
by looking at the variation in coverage. 1f variation in cover-

age is linearly associated with floe frequency, then only one . 0 4

variable (i.e. number qf floes) is needed to describe both para-—

meters. - It. is this hypothesis which is'investigated here.

- . ) . - : . Al . —‘
o : .. A2 Methodology g
o - HekLhodo ogy .

S ’ Data used'in the analysis was obtained from maps which had

been drawn of the multi—year'floe distributions occurring in the

Lk ‘ . e ‘
Petro-Canada data set. Since the maps had been drawn with the
o ’ = : '

S ' ¢ intertion of performing subsequent analysis involving surface . oo

" area calculations, the outlines of individual floes were repro-

diced with great care. The photographs were backiit, and'the~

\.“ floesﬂ)et“‘traced onto- drafting“paper using Rapidograph techni-

)/.,p—-i‘-

A}

-
ﬁ cal drawing pens nos. 0 and OO.D S _— _ TN
P S A sample -of photOgraphiégcells from each flight line was v
. *
{ L then chosen,for analysis. Within each selected cell, the floes
N . ] . " . ) ' ' - , . 3
. . } ¢ . 172
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- "were counted, their dia@eters measured, -and their surface areas

calculated. Thtee npmbers'were.produced from each cells‘repre-

:".,, L senting:the individual sums 6f these descriptive variables:
N -'. I The relationships were investigated in two stages. In the

first, non-parametric Spearman's rank cerrelatipn analysis Qas

.apﬁfgedfto the three main permutatiens_of‘che sampléd data set, |
specificaily, sum of diameters with number of floes, sem'of suf -
face areas yith number of floes, end sum of surface areas with

sum of diameters.

a

1n the second stage,llinear regression was uged to describe

the strength of the sum of diameters as a predictor of the sum

of surface areas: The purpose here was to prodee gross esti-

v

‘mates of the sum of sdrface areas, and not the area of an
indivddual floe; any cells containing only one:floe were there-
‘fore net 1nc1eded in the enalysis} 1n order to'eliminate hetero-
# . , scedasticity and to make the two samples significently normal,l
the data were transformed to values of 10810 ‘lAfter transforma-

tion, the Kofhogorov-Smirnov goodness-of - fit test (Ebdon, 1977)

P -

. was applied to both sets of data to test for significant nor-

mality. " The &rocedure 1s to test the null hypothesis that tl{s,'
L 3 ot

sample data has been drawnffrom a normally distributed popula—

tion, - Significance of the test is based on the K-S statistic

which represents the absolute maximum difference measured between o

e " the theoretical and'observed distributions. : .
& . . . e .
Gl 5\ .-, When regression analysis was performed, the residualssta-

o A tistics revealed five of the paired velues to be signlficant out-’

1 liers at more than three standard devistions from the mean; the
‘.!,'I_'. o ¢ T
-,‘ . I,’ ' ) B ' 173 l_ ) '
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procedure_used to test their significar®e is described more fully :

e . in'¥ounger-(1979)} After the initial regression analysis, sus- '

s

e pected outliers were deleted from the data set and the regression ‘ )
'uas performed again. -When the second regresaion equation was’ d.' . :

SHCTERS AR e
RN PMaIE N SR
S S

A

established the 99% confidence limits for its estimate of Y
baeed on an individual observation of X were calculated If the}
Y value of ‘the suspected outlier lay outside eie—99% confidence
.limit ofthe predicted Y for that‘Value‘of Y then it dis deemed

._,vv\,g\\\M to be a etetistically signifiq\:t outlier and remained in exclu-

7 ) sion from the data set.) The points were only deleifd after it

Y

LT:“*‘ was impossible to conclude with any confidence that they had not
occurred due ‘to error in measurement. In total, 2‘points were
deleted fromithe April 25.aet,.and 1 from each of the May 01,

May fﬂ; and May ?1 sets. The sices of the samples used in the . ' -
SJi - ‘j> non-parahetric,analysia techniques and in the\{::ression are - |

b ’ |

detailed in Table 13.
’ -

A.3 Results N .-

A.3.lf Correlation

”~

Y S

Figure 36 shows the scattergrams of the bivariate pairs

&
E

CAEY

telted in the correlation analysis. -Data presented in Figures

T

. L4
e . .
. 22

> Aba, c, ‘and e are acaled as a percentage of the maximum value

A

- h D y

( Hn tbeir reepective set° Figure 36 b, d, and f.show'the data

PR " engeeeed as’ z-s&ores. S - o . 7 : , -
N . - . * v

L

.- !
-

& For correlation, the null hypothesis stated that for each
RN ] I-"

tected pait of variableo, no aignificantly linear relationshipl

~ff S exiatqﬂ lhe\alternative hypothesis stated that eech 0ariab1e "
I : - . p SR
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S

- and a s;lope of 0.94554 g

’lglightly by. 4.6%. However, in both cases thé‘relationships are!

T oo EE A P T s gy g
. . : . ] - o e

pair was gigﬂificantly correlated 19 a linear manner; the lavel

of siénificaﬁce-fot rejecting the null hypothesis was set at

o = 0.001. The results of the Spearman's rank correlatiﬁn'are
pgegentéd in Tablg'gb; in all cases, the alternative‘hypoghesiq o

—
-

can be accepted. For sum of surface areas vs. sum of diameters,,

‘the gorrglaiion‘is very highi(0.9823); with at least 99.9% con-

fidence that a Type 1 error was not commitd®d; the slope is also

‘close to 1.0, indicating a near-perfect relationship. For sum

of diameters vs. floe frequency, the.correlation is also very, .
high (0.9834) with at least 99.9% confidence and a slope also

-

clo i\to 1.0, For the correlation between sum of surface areas
floe frequency, the relationship is siightly less linear,’ S

and
with a coefficient of 0.93]6.at a miniq:r confidence of 99.9%

. This slight decreage in gorrelation i§ also evident {n the
scattefgtahs, with Figurga 36c and 36d showing ; slightly wider
scatter than is apéarent in the otherlkeste§ relgﬂiohships. '
Since the sum of surface areas is to be taken as the absolute
measure of amount, then it would seem that the usé of sum of : -
diameters vs. fregueQCy_as a de;cript6r of éhe,varying;amgunt
'produces a‘;lightly inflgtéd statistic ;ince it yields a
stronger correlation coeffiéient. The difference‘betwqgg_;be
calcﬁlated coefficients is 0.0653, indicating that thg sum of

diameters method over-estimates tﬁz_strength of the relationship -

-

" e e

|

linear and statistically significadt at better than o = 0.001.
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Data Set
\ -

April 25
May 01

May 12

May 26

May 31

June 07

Total Set

Variable Pair:

" Coefficient:

Significancer
N. of Cases:

Slope:

N
F ) . .
! ¥ T -
Table 13 - Sample size for correlation and regression, s o
used to comTare sampling distributions produced ~
~ from numberlof floes, sum of diameters, and sum® ...°. .. -~
of surface areas. ‘ ! ,
- « ’ § - ..
For Regression.
For .Correlation Analysis -
-1
. . R
ficells #£floes ficells #£loes ' o
69 470 52 446"
92 738 73 711
3
75 . 961 ‘ 72 955 '
’ N
75 1046 69 1040 s i
57 458 Y w1 .. C,
92 1058 . 88 1054
%60 4731 401 653
) | ’
Table 14 - Results for Spearman rank
correlations analysis of number
of floes, sum of diameters - .
and sum of surface areas.

Sum of surface
areas/sums of
‘ diameters

Sum of surface
areas/floe frequency

Sum of diameters
/floe frequency

0.9834 0.9376, ' o0.9823
' P

“0.000 0.000. ' 0.000 -
{060 ‘ (0 60 ’ . 460 0
0.98644 0.94554. 0.98456
N L
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Y. .. Al 3.2- ‘Regression analysis: sum of surface areas predictioh as
e a function of sum of diameters. :

D '-, o "Results of thq K-§ Cest for normality are summarized in

~ . { . i R . B
“ Table 15. 1In all~c$hes“ for a rejection level of
v . L .
nq.signﬂéfcaﬂt difference is found between the o
e fhebreticél distribﬁtionsL hende'aflowing"for acceptance” of tife
[ v ) L

null hypothésis Qith the conclusion that the data are ﬁorm%}ly

- . e

distributed. For the sample with-the largest absélute difference
. W - N " 3

{f P Befween the two distributions (May 31; sum of surface areas)

l there was -still a 15% probability of committing a’ Type 1 drror - -

in rejecting the null hypothesis. ‘ . A X T

The null_hypothesis for the regression procedure stated that

sum of ‘diameters was ungble'to significantly predict occurrence
-2

.for thé sum of surface areas with confidence.. The research

hypothesis stated that the sum of"diameteré was a statistically - S
g”f' qignificapt predictor of thé sum of surface areas pe; cell. The
n B ~ test was applied with a level of signtficance sgh_at o= 0.001
 for accépting the research hypothesis. Test resqlts are listged \
in Tables 16'and 17. S

» , - For the regression, significance is determined on the basis .%

of the F-statistic. This statistic evaluates the F-ratio by 5_"

\

comparing the variation produced in Y, as a direct function of

X, with the Variatign'pf?duced due_to error (i.e., variance not

©

pOU . , v
Eﬁ. : _ eXpldined by the regression equation). The computed F statistic s

* ! . 5o r . L

A ) '; T s sufficiant}y signifiéént for rejeétion of the null jhypothesis - ' .

L]




L - . Table 15: Results of Kolmogdrov—Smirnov-'test for
' . normality on' log data. *
L - ‘ . 0 l
— For Sum of Surface Areas: ’ s
. . : . ‘ "7 Absolute .
. Date . #Cases ~ Difference - K-S 2 "~ A+Tailed P
o April 25 52 . 0.07226~ , 0,521 0.949
o - . S e .
S : 4 . : LY . ’ 4
(3 - . May-0l . 73 0,07065 £ 0.606 % 7 -0.8589
¥ ’ ' L ' ' . : ¥
May. 12 . 72- '0.09709. - .. 0.824 0.506
\;\\' ] N . . e . ' . o
e May.26 - 69 0.11449  *  '0.951 04326
May 11/ . 417 0.16656 1.142 0.147
" June 07 88 0.05075 04476 0.977
Total Sample 401 - '0.04441 . 0.889 0.408
- ) | . . .
For Sum of Diameters: .. i /
‘ Absolute -
" Date JCases , Difference - K-S 2 2-Tailed P
_ April 25 . 52 0.07530 0.543. 0.930
" &  May Q1 .13 0.06677 0.570 ... -, 0.901
\ i ' » - ) ' 1 a *
o May 12 72 - 0.08713" 0,739 04645
May 26 ) 69 - 0.09714 _ 0.807 0.533
. May 31 47 0.13431 0.921 0.365
' A -
. June 07 . 88 0.06729 * , 0.631 /' 0.820
Total Sample o1 . 0.036%2 . 0.727 ' 0.665
o . \ ]
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April 25

)gay dl.
ey 12
e
V&Ay-ai

:june 07fi"

Iotai;
‘Sample

/' Regression . /

y o o
‘ - Table 16:* Results of ‘analysis of variance
. // ’used to test significance of sum . »
«/ - of diameters as predictor of sum T
. of surface areas. in regres 1on o
A . [

: analysis.

-
3

‘e Regression . .-

" Error

. .
X "Regression.
.t Error

Error ' a

_“Regression

y  Error -~ ¢

* Regression
Error

Regreagion o
-~ Error . .

ecRegresgiqn
Error .

e
‘ 7
_ .
A
L ew
- .
v/
- - —~ .- ._

Source of Variation-

h .
- ' - \ /

. 0.26198

7.82452
‘. 0.39488 °

-7.99061 -

0.46219

9,86421
V&

16.61038

0.42819

6.31954
" 0.19040 .

“8:F7510 .

0.38726.. -

59.75488 -
2.39063
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f% . (if the relationship beCWeen Y and X is stronger than variation

”f : s due to error (Younger, 1979). Referfﬂﬁg to the’ analysis of ;:
u ' . ) -" y N

o \ - *\Yariance in Table‘lb, for all tested cases the Eglculated F N \
\ ’ / . . 4

: ' o t .
statistic has a degree of significance of at }east a= 0.001.
. . I : \.
. For April*25, the data set with the smallest F-statistic at '

N ‘f?. 990474, the yariatdon due to tegression 18 about 990.7.times "
\\ : _greater théﬁ’thit due°tor error (Younger, 1979).. fherefore; in
i //,//zaff/tested cases it'is.oossible to reject‘theinull‘hypothésis,
—_— L T e . .
\\;\;' L iand conclude that.the refationshin between X and Y is_significant.::
fh: rv%w* auch that sunr?f d%pmeters is a significant predictor of the_sums
- 'of‘surface‘areas. The coefficient of determination (R )y listed
— 1~in'Tab1e 18 is quite high for all data sets, for the combined
- _'_ sample from all individual days, the R2 is:0. ;diSS indicag}ng
.;? I that 96% of the variance 1n-Y.(sum of surface areas)'is explained
— ' by a, l1near regression on X (sum of diameters) 0f the indi;idual

days, May 01 has the weakest coefficient, crflu1atea at 0. 94512.
_—_— The standardized regression coefficient, Beta ig§ also’ very
'high for the combined sa ple with a value of 0,98058 This

. --~means that a change of ong standard deﬂiﬁtion in the sampling
‘ ALY
' distribution of X, produces a change of 0,98 (% 0. 0982) standard

S

deviations in "the- sampling distribution of Y, a near—perfect

Ye

relationship. For individual days, the minimum standardized
.. . .

regression coefficient was 0k97228 (yay 01). The computed t-

, -

cases ithhas'a level of significance 'f\:t%lea:? a= 0.001. For

-

~individual days, the least-squares'fit;of. eta\is shown in Figure

37; for the.combined'total sample refer to Figlpe 39.°

L.

" L .statistic for significance.%f Be.a\iiglisted in Table 17; 'in all _:»l




¢ me AR g L"’b
NENE
. .
3 .
: . re
. R
‘.
A |
s -
.l “~
EEEN
g
.. .
’»
A
-
A .
»
-
f
’ —-—e
R P
1 .
"
. Y .
.
B
- - .
., -\
o .
',-'*‘4 e
¢
LI -
-
N
e ’
4
.
. v .
. \
—
‘(-
r

3 . ¢ - g TPTETL D <
. - L - . LR A ! I
: . oy .
e ; LA TR a' W . —
PR . .
) .
— .
. 4 -

N

4 " . f ' 44 .
n . R, v . ¢ .
lﬁ: L . :
Mo s "' - . —
£
g <] ‘. * ] "
; - '
§ |7 , RE I
T . _ ~
3 , .
. -4 T ] -4 ﬁ T 1
» -4 ..-2 o] ? a -4 y <2 v 2 4 - .
. : Dlameter {m.;-Z~Score) ) ! - L _
. Y | S ' . . ‘ . \
. | MAY 12, 1979 : ' . MAY -26, 1979 .
) w— ’ - N : \
o=
) K
g

i

.
-

|’~t

Surfacs, ;\rea (sq. m.-
o .

.

»
L3

T . T - L ." —r

- -2 o 2 b - -2 2 .
‘ Diameter (m.; Z—Scom)l . . ' B
LR MAY 31, 1979 ° D ) o .
@] : N LR
? I‘;”‘ ! vt T
o N r
. l‘fll 2 ’ - 2 ~
£, :
0 . .0
>t e .
° ' . ’ : [}
s -:J.‘ a ‘ -2'1
P . 8
gc \ ' -~
3 ; . . K
-4 T T i T -4 T T ¥
-4 . =2 '] 2 I - -4 ~2_ ) 2 4
\\ . Didmatar {m.; Z-Score) Co. Y . ) .
v o - . e . - - i - . . " .y
' Ne ' o . o ' .
— Figure 37 - Sum cf\multi-year floe- surface areas per ce11 as a S
N function of sum of’ diameters (based on beta - ' i

coefficient from standardized data) o ' v J

s

RO R “"‘1 ,‘”

RV




B N T RIS e e,
: T .
: ot ) . (;ﬂ - » v
v — ’ ; ":'.
\ o “ 0y LB n. . ‘(‘;:
- L oo . ‘ . R
t , ' ) .' . ' “ ' L / . ’. \ C, . ~ ‘/:’:
Based on the»regression analysis, the prﬁHicted value of ' :
- ] . e
. » . tew
o Y for any/d;Z:.set can be determined accordiné'to the following - Cw
L " T gormula: ' . . =
K ) Rt ’
B o where: 10y is the anti- l',g10 of the product .
-, S y 7 from the right side oflthe equa— . :
’ o D T s . tion, i.e. the.sUm of-surface . 3\\:- - ¥
- - . . [ C. \ o \\' , ‘ . "."
- . - . \\ . -1l.1.
areas. . = _ .. o ' NPT
e Lo e . a is the constant .or intercept'qf the ' T
. : leagt Squares fit. | ' l ’ﬁ
. . I is the regressi%p coefficient or - 3 ;
..' IZ ' :T) lepe of the least _squares fit.
LN . ; IS TR N e
S Since a and b have been calculated on the ‘basis of log1 values, oL T
d che predicting X value (sum of diameters) must alsobe 'trans- Cot ‘ "%
N [ . N . ‘
e , - : o . 4 o
- formed to log10 before entry into the equation. The actual vaer .
— ! ' .o T
o . "of Y 1d terms of square metres, is found.by taking the product o R
] , - L
- of.thedright side of the equation-aS'an exponent of 10. : e
o R The slope—and intercept values, as well as. their respective - ;,u' L '-fwg
’ f.
o ] values of standard error are listed in Table 17 for each data
S T set. The'ﬁvstatistic and ibs significance for each value is
,_;> , : e also given, in all cases, both the slope and intercept are
' _\‘ SR significant at a 1eve1 of at least a 0.001. For each data .

»

set, the sum of surface @reas can be eStimated from the sum of

-

diameters by inserting the relevant values of intercept (a) and

slope (b) into the formula. The regression line, its residuals,




ot - ’ . . B
. . . ’

SO and its 95% confidence intervals for estimation 'of 'an individual

. / .
: value of Y based on X are plotted in.Figure 38 for each day; the
A . . ) ) p . .

'cqmbipé +gample is shown in Figure 39. 1N B
b . : : o Y. -
« . 'The final coﬁj}usion-drawn from the;regression‘analysis is

[ 4 .
that, on a per cell basis, sum of d!ameters (m) is a strJ%g and,~

statistic&lly significant predictor of the :ﬁh of éurface areas

ﬁmz) when- the data a;e subjected to a loglo transformation.
A . ' - . ' -
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Norcliffe (19

sample chi -square

ae 3

may be“!dplied to

is theoretical.

where:

FO(X) is the

null h pothesis.

s
S.N(-x.)n

' ) : !

.The st&\}stic
7 D = max

. where.

?o}hpply'this

:le e shown in.Figq

is an observed dist ibution being tested under the
alter at tve hypothesis.

ve expected value for any given cell was then. .-

or each cell which precéeded it along the line

PR

77? stﬁtes that, as an altetnative to tﬁe one-

test, the one-sample Kolmogorov-Smirnov test - - , :}
A - .

comparq an observed distrihution to one which ' .

.
. . e

test measwres the maximum difference o,

“

K . .
..“-,

theoretical istribution expected'ondeg_the‘

.'_\

?ﬂ) is calculatii\as (Norcliffe, 19?7)" . 2 - -;
b Ais the ‘absolute value of the maximum differ- ) S .o
nce between the t ? disttibutions. .

SN (X) - F (X)

test to the multi-year ice'distzibutions 8 .' L

- : L <

79, the odmulative distributdon under'the null -
ermined by assuming tth all cells along a S \
contained an equal number of multi—yeat floes' o ]

ed’ number pé: cell is listed in Table 10 (p.~

ng its-expected value tofthe\soh"of the

cell.no. 1. Th?s produced the straight, dashed

L4

re 46. The cumulative observed distribution L '{.'




' = wgs obt:ained in a similar manner, by calculat: ng the cumulat:ive T ,«'
,', ° , - \ y

s '3 o 8um of obsetved ftequenc!es up to and including each respective . -
. \ - - ' .

e cell dn, the sequence, this is shown b’y the.solid, curved line. ’ e
«,‘ - g The nuli and altez’ﬁativ.e hypctheses were the same as speci- ' '
\ 7i;d..on p.90; t\lie fest was-_two—itaile‘,d', with'e rejection level ° ) }/

( ) set at 0.; 6,001, ‘Test resultsvare listed in -T;blie 18; in all. . R

I . - ' » i . ‘ -
e cases the differences betwéen the observeqd and theoretical dis- '
. [ - ”
.A - tribut iona are significant at: better thanu—o 001, thus allowing )
T for, acceptance of the .altetnative hypot:hei&is for all ‘flight - ' e

.
N : ot - - s .
< .. _ Y-
& dateso N ., [ .
Sy . 8 " . .o
“:r [ R v
e
3 - M ’ [
. . . K
8 . . . ) P— g
- . ) \
- . - .
. ' . . f
. . / )
”~ 0 o »
«
. . | « . om
. R L . .
. ! - ‘ . . Sy
[ . .
‘ . : ' . ’ R o
i .- \' . . .
Ao L . ) L.
“ [ ¢ I - B s . N L
. ' - )
’ - ¢ i (‘, [
' . ., .
Ja N , - [ 4 R A
R a - .. ’ '- :
. .t -
?:. ’ < ' : .
: .
: e
2 . 7 - . ot S
N ' .
A : v :
oo . o o o
‘a . - . .
. b4 : .
. . .
A ’ . . o
. - ' . A :
- ) .
B L
P . ' ’ * T
- . . : .
’ ' .
T T S

\ . . :
. . ” .
- Q "./ .
L i T _ ':
/ | ‘ -
' N , - ;,f:
. . e
'

i N ‘i../ ’ e - & .

S et DR LA
A S TR ,.?_ R F T

O i S T I ST Y L A L I
2. ALY P S Y [ A X fe .
' PRV I Bpeaen - ) ey




‘.
N “//
.o
3
.h
i
o
-
»
.
\-
2
. . )
. ' -
N [ -
B ;-.
LT,
et
w
. ot sApy
"
'." .
. L
3
s .-
-,
.
- ..
T
v
L4
.
' .
.
!
¢ R i
. ¢ '
4 .
-

0. 01 o4 - 08 \
. “NORMALIZED DISTANCE 10 xc:“:oc:

Figure 40 - Cunulative ohserved distribution (solid line) compared

“with cumulative* theoretical disttibution for each Elight'
date during 1979. .-

L3 ; ~‘ 1

e f s
. '
N
’
- °
a
N
L 190 ' 2 S
y, 0" P . R B
. ’ 2 [ ' . ! E
' ’ . . JL
. : . [ s RV 2 N
" e Fraset oy : et e e by o SRR ISR
v 3 S =0 R B LY e T TR 4 \
- ¥ I3 -
o

.

R R : A RN Ty B (LS (LT N
+ { Lo N / . L RN T Sy
¢ z ¥ . L J‘-.'u . - L ' ;.. 2
" - K | 5
i ! [ l :fl
vy A} "'flJ
- L ' -
BFAN , 138
- s, : ' = b
-
'.,oo. :ﬁ
€0 ) 3
z "
%] ) 5
! g 0 “‘
v 9 :
g X
< a0 "
S -
b B
2 N
O 20
\ . .o T L) T L] + 1} L)
e 0.2 0.4 0.6 0.8 L . 0.2 - 0.4 0.8 0.8 \
/ . NORMAUZED DISTANCE TO ICE EDGE s e p
. . . v
.f L. MAY 26,1979 ‘_‘.
* 100 + ¢ Y00+ N o 7
’ E 80+ . sa-| B // 4 . -
“U Lo ' - ) .
0.’: g €0+ 04 . a .

" . —

-3 ) . . .. e -
- .wW o . 401 // N oo
' é . . , A -

w{ - /7 wl [ R
= / = ' . SRR
. / " .. '. ! ) . - “' ) N
0 : - . . ] T T T T v o - ' 5
, b2 0.4 0 A A L L 02 o4 os © a8~ 3 . \
© < NORMALZED DISTANGE T0 xcz EDGE - c - . LA
o - 2 ' .
, MAY 31, 1979 :



P ~eapg Q‘:
. (U o W e
\(_.,—:‘,".'r'_vg WA ot - Jerd] .
i . N :
- . -1
Y et -
- v ; T, °
B ; 1
» ’ .; - 4
” L } . .
’ .
ED J -
- - 14
0y — Py ,
R .
- B
DA [ ' 1
G b LS
R .
.t‘: - . - .
- +
AR — .
b .
PN ! "\ T :

Wl ] - ' ’ ] . .
Thblg 18 - Results of Kolmogorov-Smirnov one-
- sample test on multi-year floe .

’

. . e distribgytions. e

§
Jo
rﬁj:)ll . .. . | ’ .‘. ) l ) ) f: -
i o Most Extreme Differenées = .°

o , ..
8 . . [ 4

'
¢ J

o ApFil 25 C 0.741% - 0.7415 .. -0.2585  8.05§

-~ .o~

L RN . : . "
Flew o May O, 0.6901  0.6901 - -0.309%"  7.591 ¢
" ‘May T2 0.6519  0.6519 . -0i3481  5.79%

0v6198 -0.3802  4.821

" é&ayxo 0.6198 -

May 31 .,

046458 - 'Q-o.SS_‘pi &+ 5,480

*

06312+ - 013689 4,929

a jﬁhe'O?f
' y . R

: T LI
, ]
! Ll >
.\- - ' M
“ . .
. ' )
. . . R ~ . .
S R ‘ -
: , N » - ' d
° . . . o~ L . Iy ‘.' . A\
: - :
ek ' . ’ M .
N\ a
. . P . .
) . . . . -
* . ' AN
\—a . . a
. \ - \
1
N '

ot

04000 - .

. 0.000

0.000
0.000

0.000
v

4 .

10.000.,

’

i
[}
{
- .
t
o _../P'
.

o ' Date ©  Absolute ~ Positive ' Negative '  K-52 2-Tailed Prob..

¢

4.















