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The Occurrence ~f Secand-year and Multiyear Ice’ -in-the Eastern Beaufort Sea

Introduction

The strength of sea ice is highty dependent upon its salt content,

increasing with decreasing salinity. At freeze-up, considerable salt is

trapped within sea ice in the form of’brine which cotTects in small

pockets. Ice which has survived smelt season usually has a markedly

d~reas@ -salt canteti&muse witti increased temperatures the brine  - -

pockets migrate to the under surface af the ice where they drain, leaving

the host-icammiderahiy  free af’salt. -Although most af-the salt is

usually drained

subsequent melt

Because of

a d~sttnctiaff  +s

salt content and

the change in the properties of ice reTated to its age,

made between first-year ice, which should have a high

ice which has survived a melt season and should have a

., <

low salt content. Generally, ice which has survived one melt season is

called ‘mUltiYear-iCe.= However, there iS a bit of-ccmfuficRT  in tem”nology

currently in use. The Norlcf Meteorological Organization (1981 ) disting-

uishes between ‘secand-year ice”. and “multiyear ice”; multiyear  ice

being ice which has survived at least.2 melt seasons.:

This distinction fs difficult to make

pussihle ta distinguish  betweert aqnuaT_i~

physical appearance, it is not possible to

uperatianally.  While it is

~.-older icean the basis of- ____ __ . . . .

clearly distinguish between

second-year and multiyear ice by that method. In

content of sea ice changes most during its first

difficuit tQ distinguish between second-year and

fact, because the salt

melt season, it is very

multiyear ice even by



!.,

conducting

by current

the change

salinity tests & physical specimens. Therefore, it is impossible

remote sensing methods to distinguish between them. Finally,

in the property of ’interest to’this  report,

undergoes its greatest change fuTTowirtg the first melt

ice strength,

season - Therefore,

throughout this report “multiyear  ice” will refer to.ice which has

undergone one melt seasotti

.2



*

Background .

Multiyear ice is relevant to environmental assessment in terms of

the potential hazard of stress to rrian-made structures and subsequent

petroleum spilTage resultlng  frant structural falTure. In generaT, it is

presumed that greater stresses can be transmitted from the surrounding -

ice field, hy multiyeari c~.thfttiyear Ice when in contactw~tk  a

structure. Furthermore, multiyear ice tends to be .tiicker than most.

first year ‘ice because Vtoften originated from hummocked ar ridged ice.};.

As a resuTt, not onTy is the ice stronger than first year fee, but it

often possess a larger vertical crass section for the transmission of

furce.. ‘

kcause.the presence of multiyeari~cauld  Canstitutea hazard to

man-made structures beyond that imposed by first-year fee, its rate of

mxxrrenc~ shauld.be.considered when assessing the environments? impact ”..

which may occur as a result of destruction of man-made structures related

to offshore

estimate of

the eastern

petroleum activities.

th~ rate af recurrence

Beaufort Sea region of

This report is intended to provide an

ad conmtratiarr of multiyeay ice in

the Alaskan Coast.

3



Detection and Mapping of Multiyear Ice,’,

Mul~iyear  ice is usually distinguished  visually by its smooth,

,undulating surface created by uridergRing  1 or mare melt seasons. If it

ts sncw-frees it is often somewhat transparent and blue-green in appearances

while first-year ice tends to be either very flat or piled intu.irregular

shapes’and is gray-white in appearance. Bemuse seaice. isusualTy

snw-cwerecl, multiyear ice is most often detected by its surface topography.

Detection af multiyear ice by visua~ band sateTTite fmagery’is generalTy’

ruled out because the snow-cover obscures differing reflectance qualities

and the resulutian mquired.to  Identify its surface. characteristics

would be 3 orders af magnitude srrta?Ter  than practical by imaging satellites.

Some successha~ been claimed (see Gray, 1977] at detecting multiyear

ice by airborne radar. This is made passihlehy  &difference in

conductivity  between- first-year and multlyear Tce due to thetr differing-

salinities. Regardless of the reliability of radar imagery for detecting

multiyear ice, there is very little radar imagery of the eastern Beaufort

Sea study area.

Progress has been made toward detection of multiyear ice by means

of passive microwave imagery (Meeks et al,

thfs nature is available daily by means of

Microwave Radiometer (SMMR) carried aboard

1 974). Furthermore, data of -

the Scanning Multichannel

the Nimbus/NOAA series of

satellites+..  This data is used regubrl.y.by #e.N(MA/Navy  JoiTIt IC~..L . . . . .._. _. . . . . . .

Analysis Center in the preparation of their weekly ice analysis charts.

Unfortunate y, the SMMR’s resolution elements are on the order of 100 km

on a side and, therefore, the imagery is most useful for ice analysis on

a glaba? scale rather than in rather limited study areas such as considered

here.

4



One of the methods utilized by the Joint Ice Analysis Center to map

multiyear ice (at least-at the beginning uf’th~ ice year) is to keep

track of previously existing pack ice at the initiation of freeze-up.

Analysis of satellite imagery indicates that shortly after freeze-up

takes place, the former pack ice is immobilized in a matrix of first-
.

yearice ami,therefare,  remains at the location It-was last observed.

Thus, a region of pack ice before freeze-up becomes a regicm of multiyear

ice after freeze-up:

Because of its 80-meter spatial resolution, Landsat imagery would

.bemastusefu~  for this afla~y~i~. However, the Landsat 18-day frequency,

coupled with the additional statistical handicap resulting from the
!. $

chance Qf cloudiness during the opportunities for observation, ruled out

Landsat imagery in terms of producing a statistical data base.

The best compromise between. resolution and frequency $s prawfded &

the NOAA and Defense Meteorological Satellite Program (DMSP) series of

satellites which provide imagery on a frequency of 2 to 3 times daily .,<

and with a spatial resolution of around 250 m. - . -

5



Data Analysis

TheNavy/NOAAJaint Ice Analysis Center pubTlshes maps of sea ice

occurrence on a weekly frequency. These maps are compiled on the basis

of NOAA and DMSP imagery, SMMR data, aircraft observations and surface

observations, the

the centerof the

based an the NOAA

latter including regular reports from Barter Island in -

eastern Beaufort Sea study area.

and DMSP imagery, other data sets

produce the weekTy ice analys7snmps.  As a result;

Hence, white largely

are also used to

these maps a r e  the

most dependable source of information on ice presence at specified

times, such as,at time of freeze-up. .-*

Icema?ysis charts were obtained for the years between 1971 and

1981 (197T being the date which satellite imagery became generally

available for ice surveillance). Once the map containing freeze-up was

lacated~ ti. prev.iau mpms..retiiud-.fQr analysis. In.7, afthe 11

years, pack ice was present in the study area at the time of freeze-up.
.

The eastern Beaufort Sea region of each of these maps has been reproduced “-

here as figures 1 tipygh 7. In these figures the concentration of pack

+ce just before freeze-up (concentration of multiyear ice just after

freeze-up) is indicated. Whenever available, Landsat imagery was used :

to verify ice location and density shown an the ice analysismaps.  The

concentration-format ts dictated by the increments in concentration

cantairrei. .im..the  origtnal titi_set:a. *.lce An*lysis Center maps pres~t . . . . . ______

ice concentration in fractions and 2 additional categories: open water

and ice-free. Ice-free indicates an ocean absolutely free of ice while

open water indicates an ocean containing ice at concentrations less than

.1. ~
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In figures 8 through 12, these yearly multiyear ice.concentrations

have been combined in order to give the frequency of occurrence of

multiyear ice.at various concentratims..  . .

Fallowing

concentrations

be iriterpreted

this, the data have been rearranged to show maximum ice

at given levels Qf probability. These. figures can also

as showing the average extreme-ice cunditicms  to be

expected at freeze-up over a specified perid af time. (The 2Q% probability

map becomes the average 5-year maximum ’ multiyear ice event.)

Fina?ly,  5 zones were identified to have generally uniform ice

statistics within each zme. Upon analysis> these statistics were found

to exhibit an-exponential relationship between probability and ice

concentration. These relationships have been usedto determine the.

average interval between 100% multiyear ice concentration events fcw the

identified zones. (ar thaprobahiltty  that.tO.Q% multiyear  ice concentration

will occur in any given year).
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Yearly Ice Concentration Prio~to. Freeze-up (Figures 1-7)

On the following pages, maps of Tate season pack ice.in the. eastern

BeaufwtSea  at the initiation of freeze-up ara presented for the period

197T-?98T. It is assumed that this ice became frozen intQ newly formed

ice, becoming multiyear  ice. There are no maps for the years 1972,

1973, 1977,’ and 1979 because .themultiyear’  icecancentration .in the

regim was O an these years.

.

,... ..—— . .— —.— .-
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Figure T. Ice Cancentratian  PriQr b Freeze-up (September 13) for 1971- ~

A = 50 to 60% concentration

B = 10 to 40% concentration

.

Mhile, there was multiyear ice in the vicinity of the study area this

year, it was probably not sufficiently close to the nearshore area to be

of innnediate  concern in terms of hazard to man-made. structures.
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Figure2. Ice Concentration Prior to Freeze-up (September 17) for 1974.
. . . .

A = 100% cortcentratjon  ’

B = 40 to 60% concentrat~on

C = 10 to 40% concentra$!gg.:  . . . . . . ____ . . .-

D = ice-free

The area of interest

adjacent to.shore east of

here is the region of 10-40% concentration

Barter IsIan& There was a Landsat image
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obtained on September”19,  1974 which shows the portion of coast between

Camden Bay and Demarcation Point. This image is in substantial agreement

with the ice analysis map except that the Landsat image shows additional

ice in the form cif a narrow band of scattered floes extending westward

just off the coast from Barter island. I+ence, the analysis map is a

conservative measure of fce present. However, it is possible that

easterly winds would have removed these floes by the time ice formed.

Host of-the flues present are-quite small (<.0Zkm2)i

e

Tl-
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Figure 3. “Ice Concentration Prior to Freeze-up (September 2) for 1975.

--n

.,

,.
~ 70’

h = 100% concentration

B = 50-75% concentration ‘-

.. . . . . . . . . . . . .— ------ ——- ----
C = open water :-( G-l O% concentration ) -

..-. .—. . . . . .

This year is generally recognized-as”a  “heavy” ice year with pack

ice remaining close to shore the entire summer. This map certainly

12
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agrees with that characterization. Landsat images were obtained cm

September 9 and 24 showing portions of the stucty area.. These images

agree substantially with the.map in the regions shown on the Landsat

images, with the exception that the concentration shown for zone B may

be a bit high, arid the ccmcentration  in the pcwtion of zcme C, including -

Demarcation Point may be a bit TCIW. However, in order to maintairi  the

consistency of the data base, these concentrations were not modified..

13
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Figure 4. Ice Concentration Prior to Freeze-up (September 21) for

1976-.

A = 60-90% concentration

B = 25-50% concentratifin  -

C = open water (0-10% concentration)

D = ice free

This map shows a quite different situation from the previous year.

In1975;’.the. pack ice edge remairteda  djacer&tms  hap wfth ice concentration

increasing steeply with distance from store. In this case, we have a

14
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naprow band of” relatively dense floes .adjacent to shore> with-open water

and even ice-free conditions seaward. One Landsat image was found

showing a portion of the study area csn September 21. This image StIOWS
.

the region west from the Canning River delta. The image shows agreement

with zcye C. However, the” concentration is 90% in zone A (the high end

of the indicated range] and the smaTT portion of zone E’which canbe

seen is”at the IQW end of.the range given for that zQrte.

. . . ,.. . . .,. ~
>

. .

----

?5
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-~=
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E =
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Concentration Prior to Freeze-up (September 19) for 1978.

75-TOO% concentration

40-60% concentmtian

?0-40% conciintrattan  ~
— -.

O-25% concentration

open water (0-10% concentration)

ice free
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This map shows a situation somewhat similar to the previous year’s

ice configuration. It appears that retreating nearshore ice tends to

concentrate off the Canning River delta, most Tikely as’a result of

westward, wind-driven advection. A Landsat image is available for

September T7 showing Camden “Bay and incTuding  the Canning River delt~<”on ‘L

its western edge. This image shows a band of high ice concentration
. .

S.tart*HCJ at the (knning cfeTta and extemii.ng westwarct: Hence, far the ‘.

small area covered by Landsat imagery, agreement is indicated.

,.

.

,.,,

..-. —

?7
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Figure 6. Ice C&centration  Priorto Freeze-up (September 16) for T980.

100% concentrationA=

80% concentration
— —

70% concentrationc.

D=
~=

30% concentration

open water (O-TO% concentration) .
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Here a rrearshore ice configuration shiTar tu that seen in ?975 and

1976 is found: the pack ice edge is ‘located near shore as winter approaches.

A Landsat image was acquired showing the portion of the study area west

of the Kongakut Rjver on September 25, after-freeze-up had. begurr.

However, it is possible to distinguish between new ice an~”the whiter, “

thicker pack ice survivingthe Previousmelt  season. .This-iirIagE shows- .

gdod

that

agreement with the ice analysis map with the possible except~on

zone 0, showing 30% ice concentration in a band lying 15 to 20 km

dffsho~.shcwld,  perhaps; be.a Tittle closer tu shore in places; and “ “’

zone E characterized as open water might actually contain a concentration

somewhat higher than the upper Timlt of 10% characterized by that zone

designation.

.

19
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Figure 70 ‘Ice Concentition  Prfol.-

A ~ 70% concentration

8 = 20% concentration

C = 10% concentration

. . ..-_ . ..- -

. -—— . .. ___
D = open wa-~er-(o-jo%--concm~atfonj-

—,-- .—--— -- .—_____ ___
E = fce free . . ...’

t

~

The ?ate season fce this year ‘is.large?y  ?ocated  far offshore,

;although accasiona.1  floes can be found Wer’’.a Mi& portion Of the- studY.

area. No Landsat imagery was found wfth which to compare this data.

20
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-Discussion: Yearly .Ice Concentratim Prior ta.Freeze-up

These maps show

ice was found within

(ln 5 of these years;

that on 7 out of the IT observation ”years,  multiyear

the eastern Beaufort Sea study area at freeze-up.

muTtlyear ice was found in

the study area in some concentration, including

“Openwater” category. Comparison with-t.andsat

in the cases where Landsat data were available,

found. between those maps based orI the Joint Ice

the nearshore zone of

that implied by the

imagery has shown that

general agreement was

ArfaTysTs- Center maps-and

Landsat imagery. However, in some cases it appeared that the mapped

, concentrations may have been higher or lower than ‘ice actually found in

:“ particutararea~ mapped: ‘ . . . .

“We were tempted, at first, to correct the maps which are based

themselves largely on the Tower resolutiam NOAA satellite image data, to

correspond with the high resoluticin  Landsat imagery. However, this’ was- -

not carried out for the following reason: in generaT, only partial

corrections could be made, since the Landsat scenes usually only covered.

a particfn  of the_ stuct)f area. The result wouldbe maps which-varted

considerably in quality-from one region to another. As a result, the

‘uniformity of the data base would be destroyed. Review of the individual

comparisons will show that in same cases the mapped.concentrations. “-.”

aqpearect  high, while an others they appeared tow. It is just possibTe

that.by persisting with one data base random errors in ice concentration
. -— -. — -—-—. .

estimates w*I? tend ta cancel, leaving the combined results (to

presented next) reasonably accurate. On the other hand, making

here and there based on another, partial data set might destroy

this error-cancelling  effect. However, it should be cJear that

be

corrections

or skew

the data

21
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ice concentration estimates

preted only in the broadest

and, therefore, the results should’be 5nter-

sense.

Because of the well known tendency toward severe ice conditicms in

the Beaufort Sea approximately every 5years (particularly in teams of

navigation in the western Beaufort), the data were examined to dctmnine

. whether nearshore-ice concentrations that were.Tikely ta.kcame riultiyea~

ice followed the same sort of cycle, at least within this shot-t ctiservation

perfcd.

Late summer ice is found in the nearshore area in two ways: {1) as

pirt of the Beaufort Sea pack ice~hich extends.tu shcsrewarci luczt%oris

arrd(2) aice mnnants-:bordered  ta:the seaward by open water or %ce-

free. water. The first model was observed in 1975 and 1980, while the

other model was observed in 1974, 1976, 1978, and 1981. As mentimwd

earlier, there was ncr Tate. season fce found in the area far the .v=ars

197;, 1973, 1977, or 1979. In 1971, while late season ice exist~d in

the study area, it was far offshore. In terms of western Beaufc~t Sea

Navigation problems, 1975 has been characterized as an extremely wavy

ice year, while 1980 has been characterized as a moderately-heavy %ce

year. The Ice Analysis Center map for 1975 showed a high concen:ratiori

of late season ice in the nearshore Zcme,but in comparison with iwuilable

Landsat imagery, perhapsthe  concentration just adjacent. ta shore. was

actually lower than mapped. In 1980, moderately h“igh ice concentrations
.- — -. -.

were found just offshure with open water just adjacent to shore, but

Landsat imagery suggests actual concentrations were higher than the

upper limit of TO% concentration imposed by this classification. Overal ?,

nearshore ice conditions during the freeze-up period were reason~bly

. .

similar in lWi and 1980 and resulted.nat arrly in some’multfyear.  ice in

22



. . . the nearshure area, but also’very heavy multiyear  fce.15 to20’kmoffsh~re.

Ice”conditions in years characterized by the secandmodel’ resulted

in the TikeTihood of moderately heavy multiyear ice along particular

areas of the nearshare zone, but lower concentrations in the area 15 to

20 km offshore. In this respect, the years following this second model

were characterized bythe worst multtyear ice conditions in termsof

highest concentration in the nearshore area at the time of freeze-up

while 1975 and. VW passessed the highest chance of muTtlyear’fce being””. -

engaged in dynamic ice events in the shear zone throughout the winter.
. . .

The data base is tau small to draw, strong conclusi~ns.” However, it

. . is safe to say that ttis not validfx. assume thatcmly the 5-year . . . . . . ,,,’

period heavy ice years are fallowed. hy high multiyqa~ ice concentrations

in nearshore areas.

:.,:
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. .
- Frequency af Occurrence ‘of Specified Ice Concentration (Figures” 3LI 2}

.
The TT years of ice concentration data caribecombined  to yield

maps of the relative frequency of a specified concentration. Here, we

have combined the data to produce the foTlowing maps:

Fig. 8 Frequency of Ice Concentration greater

“Zones on this map include occasions  of. .

cmcentratim less than 10%.

Fig. 9 Frequency of Ice Concentration greater

‘Fig. 10 Frequency of Ice Concentration greater

Fig...Tl Frequen~” of’Im”Concmhation  greater

Fig. 12 Frequency of 100% Ice Concentration...

than

open

than

than

than

Ice-Free category.

water with ice

25% “

50%

75% .

When examining these maps it should be recalled that the original

frequencies determined by means of combining these maps should be viewed=
.,

for the most part as a general indica~r of the frequency of multiyear ~

ice Et a specific location. Hwever, some general trends--might”tie

expected t~ emerge. .

24
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Figure’ 8. F r e q u e n c y  of Multtyear Ice Concentration Greater than Ice-

FreeCategory:” -

.Thik map s h o w s  t h e  number of years cwtof a total ofll

.r--- concentratiwcategcu=les  greate~--tha~tce-free-were  found-fn

t h a t  i c e

~--gfvm ______

area at  f reeze-up. The frequency shown includes open water occurrences,

which contain ice concentrations between a-few percent up to10 percent.

Therefore, this map shouldbe taken as the relat’

multiyear ice will be faund.in  the.vicinity of a

afrycuncentrattorrg reater thant).

ve f requency that

specified .Iocatian  at...

25
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This map shows that within the nearshore zone, multiyear ice is

found from 3 to 5years out of 11. This corresponds to a.probability of

30 to 45% in any given year. However. it must ~emphastzd that this

is the probability of multiyear ice in any concentration greater than O.

Although it is not justified to place great emphasis on the precise -

ccmfiguratton of the boundaries of these zones-of relative ice frequency,

it is probably warth noting that the eastward-facing coasts appear to

passess a greater chance af betng frequented bymuTtiyear ice thart west- ~

facing coasts. A possible explanation for this is-that the predominantly

weitward-drifting  ice.tends to accumulate on eastward-facing coasts. .

This trend can alsa be seen on later figures.
. .,4
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Figure9. Frequency of Multiyear Ice Concentration greater than 25%.

The frequency of ice concentrations greater than 25% ranges from 3

to O o c c u r r e n c e s  i n  1 1  y e a r s ,  c o r r e s p o n d i n g  t o  a  p r o b a b i l i t y  r a n g i n g

f r o m  0  ta. raugbly 30%. .Plast.ti. the caastal..area..appears ta.have a
.

probability afifraunc! 20% far-ice at.this. cancentratian,  with the exception. .
of an urea of.lawer probability east af Barter Island and an area of

. . –. ——- —- ..— —— —.-————  ---- .. —-. ..— .— __ ..-. --— .- —.—. -.

higher probabi’Tity  just.off the :Cannfng River delta.. khfle the data set

is probably too small to place any great significance an these zones, .
subsequentmaps of greater concentrations will continue to show a high

frequency in the Camden Bay region and an increase in the size of the

zone af law frequency &st uf. ~*r IsT.and.lmding’  sm. credthilttyta- 1

this trend-
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Figure 10. Frequency of Multiyear Ice Concentration Greater than~50%.

Trends in frequency appear mare systematic an th~s map than on the .

previous 2, with parallel contours of frequency increasing with distance .

from shore fm.md extending across the study area. (he glaring exception

to this trendcan be seen extending westward from the Canning River.
. . ——.—-—.

Here we find a band-like zone more likeTy to contain multiyear ice than

waters to the shoreward or seaward.

on the next map (75% concentration)

there. Also notable on this map is

Iceeast of Bar&r lsTand..

This band becomes even more pronounced

and”will be dtscussed  in detail
. .

the zone of Q frequency of multiyear

28
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At this concentration, we see a multiye~r ice frequency trend .

ranging from o occurrences in 11 years at the east of Barter IsTand to 1

along the eastern shore of Camden Bay to 2 along the western shore of

Camden Bay, then quickly decreasing through 1 ta O in the very western

portion of the study area. This pattern suggests a westerly flow of

late season ice to ths west, away fran the MacKenzie  Bay region” (lacatec!

to the eastaf the study area). This flow tends to cleanse.the eastern

partion af the study area and accumulate fce fish-e from barrier

islands in th~ western portion of the study area,

-..

.,.
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Fjgure ??. Frequency of Multiyear Ice Concentration greater than 75%.

..

,

Most ufthe nearshore regionsoft hestudy  area havea lowar O

frequency ofmulttyear ice of’75% mltiyeari ~.ancen~tioni However; :

the band oflrigh frequency occurrence offsha.re.  from,the western barrier

observation years, a band ofhigh ice concentration was found here. It

would.appear  very likely that this is not mere coincidence and these ..:

accumulations here represent a systematic trend. These observations
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were in 1976 and 1978. Therefore, these high concentraticmsdid not

occur during heavy ice years,but rather years when ice accuniuTatecf as a

resultaf slang-shure drift while the bulk of the pack ice was located

far offshore. As was noted in the discussion of each year’s ice”concen-

tration map, these 2 observations ’were confirmed on the basis of Landsat

imagery which showed dense bands of fcefloes of at least 75% ”concentratian.

(In the basis of this, we must conclude that there isa. high likelihood

of finding c@te dense multiyear ice off these barrier islands on approx-

imatately one out of 5 years. .

,.

.
. .

----
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Figure ~2. ‘Frequency of Hultiyear  Ice Concentration of-100%.

This map. is quite similar ta the previous map except that the band

of ice.extendicig wes.tward.from  the Canning River delta .is. gone. It does,.

show that:at Ieastonce during the 11 year ub+e~ation period, multiyear. .

jc~..at.l(!o..co~wtratignyafound,drelativelyly.  close .ta shore.in tlIic . ..__._._-

study..area.
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Discussim:.  Frequency ’of Occurrence of Specified Ice “Concentration

This set of camposite mapsshuwsthat  multiyear ice is found in-the

eastern Beaufart Sea nearshore study area in measurable concentrat~ons

(greater thana few percent) at the beginning of any given ice season

at a yearly frequency between 30% ta 40%. At this concentration, strongly  -

TocaTized trenck are mtvery evident. However, there is a slight

tendency for higher ccmentrations to he found an eastward-facing

coasts .

Increasing the multiyear  ice concentration threshold to 25% results

in”much lower-frequencies  thanfcsund  using ttiethreslmld.define  ~by the.

‘open water category. GeneraTly speaki;g, the frecfuemyc ifmultiyear ice

over the whole nearshcre area at this concentration is around 20%.” This

resuTt reflects data largeTy from 1975 and 1976. Categorized as a heavy -

ice year, 1975 was characterized by Beaufort Sea pack ice remaining

close to shore the whole summer. In 1976 the pack ice retreated westward

and northward from the

high concentratio~  ice

we see that at the 25%

MacKenzie Bay area, leaving a band of relatively

just seaward of much of the coastal area. Therefore,

concentration level, uiultiyear ice in the study

area can result from heavy ?ce-yems or years when

ice leaves a handaf remnant ice along the coast.

At the 50% concentration leveT, multiyear ice

Westwarcf-moving padc ‘ .

again shows a frequency

va~iability~f from 0% to roughTy 20% along the-near~h~r~ regim O-F- ~=-—--- --- –-—--

study area. A large area of the eastern portion of the study area shows

no occurrence. af multiyear ice at this concentration, while in the west,’

just off the barrier islands is a linear band showing the highest frequency

of multiyear ice. ‘The 2occasians  responsible fortbis band ~f high ice
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concentration were in 1976 and 1978 when westward-retreating pack ice

left a band of ice here, apparently concentrated beyond the adjacent

pack ice by interaction with the barrier isTands west of the Canning

River. Significantly, just tnshore from these islands the frequency of

multiyear ice even at 25% concentration drops to O. Between Camden Bay

and Barter lsTand there is a region of-5Q% concentration at the 10%

frequency level. This resulted from data obtained during the heavy ice

yearof 7975. (Note: “The other heavy ?ce year during- the pertoti of

observation did not contribute in this case.)

The major change in the probability pattern from 50!% to 75Z.coricen-

tration is’that-  the reg~on &O abseriiations  af”muTtiyear  $ce in the
. . -~

eastern portion af-the study area has.imw progressed westward, cr~ssing

the entire study area. However, it leaves the coast west of Camden Bay

and continues offshore from the band of high ice concentration noted ,

earlier. In a later section of this report, the observed frequency vs.

concentration data will be used to extrapolate the frequency at which
,

high. co~ceritrations  might be expected at-locations where high frequencies . -. =--

were not observed during the relatively short period covered by this

report. .-
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Mult$year Ice Concentration at Specified’ Probabilities--~Figures  13-17)-

Data of this nature-lend themselves mast easily to the type of

analysis just presented: the frequency with which specified mu~tiyear

ice concentrations are found. However, rraturalTy-occurring  events are

often analyzed in terms of the average “size” of maximum event to be

antt.cipated  at-a specified frequen~”or probabiTityi Thus, floods are

designated as “hundred-year flood” or “thousand-year flooL” What is

meant in these cases ‘is that a hundred-year fToQ&wuuTd be eqriva?ent-in - -

extent to the average of the maximum floods occurring in a large number

of 1(10-year peri~ds. Therefore, the.hundred-year  event is.the average

makhnum event to be expected durjng a hutidred year period. By this

reasoning, the longer the period involved, the greater the size of the

average maximum event to be anticipated because aver a greater span of

time, chances are that a greater event wiT’T be experienced. ATternativeTy,

in terms of what event can be expected during any particular period, the

hundred-year event, for instance, has a 1% chance of occurripg in any .

given year. .

In order to be able tu discuss the multiyear ice datain these .

termsz jtwould be useful to invert the data displayed on figures 8

thrcrugh 12 from cantours. of frequency (if-ice  at spec~fi~. concwtiations:.  ~~

to contours of average maximum concentrationto  be anticipated at specified

frequency cr propabil ity.. _. ___ --- _

IrI order to perform this inversion, it is necessary to construct a

new set of maps, each potentially containing data from several maps of

the previous set. For instance, one might desire a map ofmpximum ice

concentraticms.to be expected ante every 11 years (or maximum concentrations
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some of the maps

occurrence and 2

of frequency of specified concentration, regions of 1

occurrences in 11 years can be found. . The boundary

between these 2areas delineates the location where ice frequency at the

specified concentration changes from once to twice in TT years. Looking

at the next map in the series will show changes in frequency boundaries

resulting from increasing the .cartcentratiun  criteria, and therefore, the

boundaryof 10% probability for the concentration range between the two

frequency map criteria (T.e. 25%-50%] wiTT he defimxL The area between

the boundary of ?-2 occurrences at 25% and the 1-2 occurrences boundary

at Ml% has as amximwn cmcentration the higher of the two (50%) and a

minimum concentration isthe’ Tower of the two (25%). TMrefiwe, wft;fn

the area between these two boundaries, one would expect the eancentration

for a 10-year period to 1 ie between 25% and 50%.

‘ By fallow~fig this method and identifying alltbe boundaries between

1 a;d 2 events per 11 years, the roughly 10% probability map can be

compiled, Similarly, other maps can be compiled for other levels of

speciffed probability.
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Figure 13. $lultiyear Ice Concentrations to be Expectect at-the XI%

Probability Level. (Ave~age ?4aximum 10-year Ice Concentration.)

This figure shows the maximum muTtiyear ~ce concentrations which

could *expected in the. Eastern f3eaufort Sea study-area ata.10%

probability.

Clearly, a

concentrations.

low probability threshold will correspond to high

Alternately, the average maximum 10-year ice concentration -

. .

would be expected to be higher than shorter-term extreme concentrations.
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Discussion: Multiyearlce  Concentration at Specified Probabilities

This set of figures may be the most meaningful representation of

the data set in terms of rtearshare  petr~leum exploration and development

within the eastern Beaufort Sea study area. However, thei; interpretation

may be rather difficult. For instance, the last figure in the series

shawsno nearshore multiyearice  within the study area at the 50%

probability level. This says that.fcr a year chcssn at random, there is

greater than 50%. Therefore, 50% is the .probability  that no xultiyear

ice will be fmmiover alT.the study area in a given year except the ‘

small WCJon”mound 13artm Island shown In the 40% figure ashavfrtg no .,,

concentration at that level. The small area with O% concentration on

the40% probability figure disappears on the 30% figure so that 40% is

the prababili~ that that area will n~thave multiyear ice in some . .

concentration on a year chosen at random.

At the other end of the cbserved scal~, the 10% probability figure

shows the maximum multiyear ice concentraticin  to be expected over an ‘

average span of It) years. These concentrations are indeed fcmnictable.. , ~,’
If a test drilling structure were to be cmstructed  only to be used for

1 year, in all likelihood the design requirements would need to take

fntu cansicferati~n ice conditions occurring at this level of probability.

A permanent installatfom with an expected life of 20 to 30years could _

be expected to encounter even more severe ice conditions than shown here

at some time within its span of use. Thus, from the point of view of

offshore facilities, the 10% probability figure is very likely the most

significant of this set in terms of anticipating physical hazards to

facilitiesrelated  to offshure petroleum development. .;
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Because of the significance placed on this figure, some comment

should be made concerning the existence of multiyear ice in shallow

water areas shown here, and in particular, in the Tagoons between the

coast and barrier islands. First, the spatiaT resolutionuf thts study

precluded highly detailed consideration of those areas. Second, much of

the late season ice.mapped..in.  this study in the nearshore.areas  appeared

to be grounded in waters at Teast severaT meters deep, affshore from the

barrier isTands. - Multtyear Ice found in shaTTw” areas”wouTcf cTearTy

consist of rather shallow-draft floes that were alsu sma~l in spatial

extent. Therefore,.hazard assessments ofmultiyearice  stiawn for coastal

‘?agocwandother  shalloti iireas should take these factors intnacwmt.- ‘“ “ .,
;

In-general, it is thought by the author that #e ccmcentratiuns for
>

these areas are probably lower than shown here. In arty case, because of

the small multiyear floe size and .Iimited ice dynamics in these areas, . .

mu?tiyear ice in these areas does not represent nearly as great a hazard

as does multiyear ice in offshore areas with water depths greater than a

few meters.
. . .

. ., . .
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Extreme Event Analysis

The concentration V.S. probability data lend themselves to analysis

which should I@p predict the average. tire= between extreme ice events  in

various portions of the study area. Generally speaking, the study area

can be divided into 5 zcmes. each with roughly uniform statistics.

ThesE! are shown on figure 18. The concentration and probability data

were platted m various coordinate papers and found to display the most

1 inear relationship  on semi -lcrg paper, impTying a reaTtionship p=ke-nc,

where c is a chosen multiyear ice concentration, p is the corresponding

pr~bability of that concentrqtion,and  k and.n are constant parameters.

Figures 19 through 2~’show these plots.

These .plots were projected to the 100% concentration level in order

to determine the frequency with which this cmditim might be expected .

to occur wtthin each zone. The Inverse of this number is.the average

periodicity  with which this concentration might be expected to occur.

This extreme event period has been indicated on figure 18 within parentheses.

‘These projections indicate that In the nearshore”area,  extreme events

occur from once every 5 years for the region off the barrier islands.

west af the Canning River t~ once every 25 years in the coastal zone in

the eastern pmtiun of the study area:

-.. . . ..- .—— -
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Conclusions

Multiyear ice has been faund to occur within the nearshore portions of.

the eastern Beaufort Sea study area at relatively high concentrations

and frequencies. Two general patterns of pack ice behavior resulting in

late season ice becoming multiyear ice were found:

a. heavy ice years where theBeaufort  Sea ice pack,remained

close to share aTl summer.

b. a Tate seascm retreat afthe pack ~ce characterized by westward- -

moving floes across the study area.

..” -,.,,

Of these 2 patterns, the latter resulted in very high concentrations of
.>

multiyear ice off the barrier islands

the former resulted in generally high

study..are~k..

west of the Canning River, while

concentrations throughout the

,Projections  of the interval between extreme (100% concentration}

ice events shows that,a periodicity  ranging between 5 to 25 years can be

expected within the portion of the study area offshore from the coast or

‘barrier islands, wherever they are found. t,

These.results  imply that not only permanent, but also temporary ,

offslwe petrQleum activities should he pTanned with the possibility

that trigh concentrations

.

of multiyear  ice frr+ghtbe  encountered.

. . . . .
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