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SEA ICE RIDGING OVER THE ALASKAN
CONTINENTA L SHELF

W.B. Tuc ker III, W.F. Wee ks, and M.D. Frank

INTRODUCTION et al. 1977, Tucker et al. 1978, Hibler 1978, Prit-
c hard 1978) have suggested that in the fall and

In an attempt to assess t he surface roughness ear ly winter the impingement of heavy multiyear
of Alaskan near-shore sea ice during all seasons offshore ice along the Beaufort Sea coast corn-
of the year , a series of remote sensing fli ghts us- monly results in large forces stressing the fast
ing a laser profilometer as the primary sensor and near-shore ice. Because this ice is thin, these

were carried out in 1976. Although several stresses are usually suffi cient to produce heavy
studies have been made of the ridging c haracter- ridging in both the outer reaches of the fast ice
istics fart her offshore in the central Beaufort Sea zone and within the near-shore pack ice. Suppor-
(Hibler et al . 1974, Tuc ker and Westha ll 1973), ting t his expectation are visual observations
only Wadhams (1976) and Weeks et al. (1978) made during numerous ice reconnaissance
have investigated ridging in the near-shore over fli ghts indicating that the near-shore pack
region. Wadhams ’ study area was located north ice and outer portions of the fast ice along the
of the Mackenzie Delta , an area that might be Beaufort coast are indeed more heavily deform-
expected to show significantly different ridging ed than ice farther offshore. Since offshore
c haracteristics because of the increased width development of oil and gas is anticipated in this
of the continental shelf there and the fact that coastal area in the near future , t he adequate
the strong east-west motions associated with the quantitative characterization of near-shore ridg-
Pacific Gyre are located farther offshore in this ing is an essential step in assessing the hazards
region. The Weeks et al . (1978) report is a that the ice environment will pose to develop-
preliminary analysis based on the same February ment and in designing ways to acceptably cir-
1976 laser tracks that are treated in the present cumvent these hazards. Such knowledge is also
study. required for the verification of numerical

It is important that the degree of ridging of the models that simulate the drift and dynamics of
near-shore sea ice off the Alaskan coast be well- near-s hore pack ice and the coupling between
characterized, inasmuch as recent field and this ice and the fast ice , again subjects of con-
model studies of near-shore ice motions (Weeks si derable applied interest. 
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F igure ‘7. Location and orientation of the laser sampling tracks. The letters C,
BF and SB on the AID JEX “tr iangle ” sta nd for the names of the drifting sta-
t ions , Car ibou, B lue Fox and Snow Bird. The position s indicated are approx-
imate locations of the stations during February 1976.

DATA CO L LECTI ON AND PROCESSIN G and Tucker 1973). In the present study, ridge
heights were manually catalogued from an ana-

Each laser flight was 200 km in length and was log strip chart recording of the ice surface pro-
oriented normal to the coast. The flights pro- file. The heights of the ridges were taken as the
ceeded into the Chukchi Sea from starting points vertical distances above a curve representing
at Point Lay, Wainwright , and Barrow and into the altitude variations of the aircraft. Ridges
the Beaufort Sea from Lonely, Cross Island were discriminated using the Rayleigh criterion
(Prudhoe Bay), and Kaktovik (Barter Island) (see as applied by Lowery (1975), w hich classifies an
Fi g. 1). It was initially planned to examine independent ridge as having at least twice the
seasona l variations in the ice roughness by elevation as the shallowest troughs on either
repeatIng the flights in February, Apri l, August , side. This criterion prevents the sidelobes of
and December. Due to inclement weather and large ridges from being inc luded in the ridge
the unavailability of aircraft , only the Barrow counts. T he minimum ridge height considered in
track proved usable in August. Likewise , t he our study was 0.9 m (3 ft) Ridges were further
Lonely and Wainwright tracks are missing from categorized into 0.3-rn (1-ft) height class inter-
the December data set , resulting in a total of 17 vals and the number of ridges per 20 km of track
track lines, was recorded (Table Al presents a data tabula-

The laser profiles were made by measuring the lion). The 20-km interval was believed to be
distance between the aircraft and the upper sur- small enough to resolve spatial variations within
face of the sea ice with a Spectra-Physics Ceo- the near-shore region while still containing
dolite 3A laser profilometer . The characteristics enough ridges to provide a statistically reliable
of this instrument have been described in several sample.
published reports (e.g. Ketchum 1971, Tooma

2



number of ridge elevations above h0 per unit
ANALYSIS distance and erfc is the complementary error

function. This model has been successfully
Genera l tested on many sets of ridge height data span-

In stu dies of the intensity and distribution of ning a period of several years (Hibler et al . 1974).
pressure ridging, t he ridge heights obtained from Wadhams (1976, 1978), on the other hand, em-
the laser profil ’s are usually tabulated into fre- pir~ca lly chose a distribution of the form
quency distributions that are taken to be repre-
sentative of the region samp led. Comparisons n(h) dh = ae~~’dh (4)
are then made between statistics computed
from these sample distributions in order to where n(h) is again the number of ridge heights
estimate spatia l and temporal changes in the occurring between h and h + dh and a and f3 are
parent distributions. Of particular interest to analytically determined from
engineers contemp lating design problems re- 

—
lated to offshore development is the probability 13 (h— hJ~ (5)
of occurrence of particularly high ridges—
ridges sufficiently rare that their occurrence in and
the limited set of any specific sample is unlikely.
In making estimates of the probability of such a = p13ev”. (6)
rare events , the choice of the form of the as-
sumed parent distribution to be fitted to the His reasons for using this distribution were that it
samp le data is of considerable importance. is computationa lly simpler (no iterative solution

In past stu dies two different ridge height required) and it appeared to fit his data on
distributions have commonly been used. The higher ridges better than the Hibler model
first of these was developed by 1-libler et al. However , it s hould be noted that eq 4 is a special
(1972) to fit distributions of pressure ridge keel case of the Hibler model if ridges are assumed to
depths and was also found to work well for ridge be rectangular in cross section. In the following,
sai ls. The distribution was derived by a var ia- we will fit both types of distributions to our data
tiona l calculation based on two fundamental in order to compare their usefulness to the
assumptions concerning the nature of ridges: reg ion of the Beaufort Sea where offshore
first , that all ridge height arrangements yielding development is imminent.
the same net cl2format ion are equally likely, and We will also investi gate the intensity of the
second, that all ridge cross sect ions are similar in ridging as a function of location and season. In

a geometric sense. Specifically, it was assume d the past , ridging intensity y has been described
that the cross-sectional areas of all ridges are by the parameter
proportiona l to the square of the ridge height
times a constant proportiona lity factor . T he v = p/A (7)
resu lting distribution gives the number of ridges
occurri .g between a specified height h and where p is the number of ridges above a
h + dh as specified minimum height per given length of

trac k and A the distribution shape parameter
n(h) dh = N ,,e Th’ dh (1) from the Hibler ridge height distribution (eq 3).

T his is a useful parameter in that it has units of
w here Iength2/ length (m 2/km) and can be used as an in-

N0 = 2pAheA
~ (2) dex of the volume of deformed ice along the

samp ling track (Hibler et al. 1974). In the follow-
and A is a parameter determined by iteration ing we wi ll not use v because it is conceptually
from tied to the Hibler distribution function . Instea d

we wi ll use a simple function also initially sug-
e 11” = h(A vr) 1 2erf . A ”2h0. (3) geste d by Hibler et al. (1974):

Here, h0 is the minimum ridge height considered , I’ = t~
h)2 cot 8 (8)

h is the mean ridge height for the section, p is t
h e 3



w here h is the mean ridge height (above a I3eaufort Seas are identi( al wi th h = 1 50 m
speci fied cutoff) and 8 is the assumed rid ge w hen the February and April data are combined
s lope angle. I ,, t he area of deformed ice under The number of ridges per km (~4 vs distan ce
t he laser path , is t herefore proportional to the from shore is plotted in Figure ‘3 and t~a . u lated in
topside volume of ice along the laser track and Table Al l .  The average ~4 values are lower in the
has units identical to y As pointed out by Hibler summer and early winter (2 73 in August based
et a l. (1974), if the ridges a long the samp ling on a sample at Barrow only and 1 40 in
trac k are randoml y oriente d, t hen the volume of December) and increase in February and April to
deformed ice per unit area above water level valu es of 4 35 and 4.49 respectively A gain , t his
can simp ly be obtained from the product (n/2)l , trend is ( onceptually reasona ble, as we wou ld
An (‘st imate of t he effect ive i e thickness due to expect more pressure ridges to be present later
the tota l volume of deformed ice per unit area in in the ice year In thinking about the data
ridges is 10(n 12) l, w hi h assumes that there is 9 presented in this report , one must remem ber
times ,is muc h ui in the keels as in the sails Ac- that December 1976 is the start of the 1976-1977
tua l sail slopes measured normal to the axes of ice year while February and April 1976 are in the
rid ges average about 25° for f irst-year ridges . 1975-76 ice year. T he low p value observed in
Our assumption t riat 8 = 18.43° is a conserv- December 1976 is supported by our visual
ative estimate in t hat it overestimates the observations (Tucker et al. 1978) made in
amount of ice in the sai ls Also because laser March-May 1977 that the ice within 40 km off-
profi les cross ridges at a variety of ang les , t he shore of the barrier islands north of Prudhoe Bay
average sai l slope measured by laser is less than was noticeabl y less deformed in the late winter
t hat determined by detailed “on-site ” profi les and spring 1977 than it was at a similar time in

1976

Variations in ridging W hen one examines the variations in p along
In examining t he variabil ity of ridging wit h the coast in December , no apprecia ble dif-

lo( ation and season , we first wi ll study the va n - ference between the ice ridging in the Beaufort
a bility of p and h, t he param ete rs that ombin,’ and Chukchi Seas is found. In February and
to form I . Fi gure 2 shows plots of h for ea( h April , however , there are significant differences
20-km interval vs distance from shore for the dif- with considerably more ridges being present in
ferent samp le lo(at ions (the_ tabu lated data are the Beaufort Sea. T his is reasonable in that the
presented in Ta ble All) the h values for summec ice motion a long the Beaufort coast is generally
(August) and ear ly winter (December) are low , thought to be more convergent than the ice mo-
averaging 1 21 ni (4 It) This seems reasonable in- tion in the Chukchi Sea. The Barter Island tracks
asmut h as the f i rst-y ea r i e whi i h predominates contain t he most ridges, followed by those from
in t he regior, sampled is stil l relative ly thin , even Cross Is land and from Lonely as one moves far-
in D’  em~,,-’r , arid t here ,Ire theoreti r al reasons ther west In April , all the tracks in the Chukchi
to expe t thinner i e to yield lower ridges when Sea had fewer ridges. The same was true in Feb-
delormed (Parmerter and ( oon 1972). In s harp ruary with the exception of Point Lay whose p
runtrast . only 36 % of t he February and April value (4 38 ridges/km) fell between the values
va lues were below 1 21 m, t he mean for August observed at Cross Island and at Lonely (3.10 and
and Di’ ember Ihe February and A pril h values 3.70 ridges/km respectively).
average d 1 58 and 1 42 m, respective ly, wit h the When the variation in p values normal to the
highest h value being 1 79 m There is no obvious coast is examined, it is common ly found that the
corre lation between the variation of h and the largest p values occur at 20 to 60 km off the
dist,ini e from s hore There is also no pronoun - coast and that the ice between 20 and 100 km
ed va riat ion in h as one moves along the coast off the coast generally contains more ridges than
T he one possible eXc eption to this statement is the ice either closer to the coast or farther out to
t he westernmost station , Point Lay, w here in sea This gives support , from t he viewpoint of ice
both February and April the observed h values morphology and ice deformation , for consi der-
are low Whether or not this is a consistent pat- ing the coastal marg inal ice zone to be a sep-
tern wi ll require further observation. However , arate ice province (Weeks et al . 1971. Kovacs
even considering the low h values at Point Lay, and Mellor 1974). Laser profiles obtained in
the average va lues of h for the Chukchi and February 1976 from the Blue Fox-Snow Bird line

4
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of the AIDJEX array located over 400 km off the That there are exceptions to the above pattern
coast (see Fig 1) give p va lues (2.56 ridges/km ) is shown by an additional laser track off Cross
that are similar to those obtained on the seaward Island obtained during mid-March 1978, near ly 2
end of t he coastal track s (Weeks et al. 1978). This years later than the 1976 A pri l pro files. Figure 4
suggests t hat our samp ling tracks were apparent- shows both h and p for t his profile , a lso plotted
lv long enough to encompass the comp lete zone as a function of distance off the coast The
of more highly deformed ice. Note also that the highest values of p and h occur immediately off-
va lues of p observed are both lower and less shore . T he laser data are supported by visual
variab le on the seaward ends of the sampling observations that there was severe ridging wit h
lines, This presumabl y resu lts from more uni- large ridge sails in exces s of 10 m located 0 3 km
form stresses when the ice considered is located north of Cross Island. Visual observations also
a reasona ble distance from the shore , away from point out t hat there w . re virtually no mult i year
t he effects of the irregular shoreline , floes in this area , a lthough many were seen in

T he above conclusions are also supported by previous years (Tucker et al. 1978). In fact ,
t he results of Wadhams and Hom e (1978) who si gnificant concentrations of multi year ice were
ana lyzed submarine sonar observations col- not observed until 150 km offshore during the
lected by the U.S.S. Curnard during 7-10 Apri l 1978 mission . Our feeling is that the absence of
1976 A lthough the Gurnard’s samp le tracks did mult iyear floes allowed the thin ice to deform
not correspond exactly either in time or in loca- very heavily quite close to the coast.
tion to our laser lines and were largel y located Based on our observations of near-shore ice
seaward of our observations , data were col- pileups , we believe that such occurrences are
lected on a north-south line with a nearshore ter- not particularly rare and that they are most like-
mination at approximate ly 55 km north of Barter ly to occur at exposed offshore islands such as
Is land and on an east-west line with a near-shore Cross and Barter and at exposed headlands such
termination approximate ly 170 km northeast of as Barrow We also suggest that such coast al
Barrow In both cases the ice nearest the coast pileups primarily occur in years when the pack
was found to be significantl y more deformed ice retreats a significant distance from the coast
t han the ice farther seaward. during the prior summer and does not move near

T he observation that the largest number of the coast prior to freezeup.
rid ges usua lly occurs 20 to 60 km off the coast Past workers have reported finding linear cor-
can he explained as follows. Multiyear floes relations between either the number of ridges or
from the main pack are left stranded in the the areal amount of deformed ice and the mean
~haIlow coastal waters in the late summer and ridge height based on studies using aerial
ear ly fall at times when the pack is in close prox- photography (Gonin 1960), sonar (Hibler et al
imity to t he coast These grounded “inclusions ” 1972), and laser profiles (Wadhams 1976, 1978)
provide additional strength and stability to the As might be guessed from our discussion of p
new ly forming ice sheet during freezeup, and and h, we found no si gnificant corre lation be-
re latively small deformations produce addi- tween these two parameters. There have been
tiona l grounded ridges in t hese shallow waters two studies in which the ice under investigation
w hich provide further stability to the nearshore was sufficiently close to our study area that
ice The edge of the fast ice then progresses direct comparisons can be made In the more re-
seaward wit h only limited ridging until the water cent of these , Wa dhams and Hom e (1978) oh-
depth is sw h that grounding no longer occurs. ta m ed a similar lack of correlation between p
Still containing predominantly thin ice and with and h based on their investi gation of t he sonar
no stabi lity provided by grounded features , de- profiles of ice keels in the southern Beaufort Sea
formational stresses will then produce signif i- (as mentioned earlier , their data were IaTgeIV col-
cant ridging T his highly deformed zone con- lected at sites seaward of our sampl ing lines). In
tinues seaward unti l areas with much higher con- the other study based on laser tracks north of
centrations of t hick multiyear ice are reached. the Mackenzie Delta , Wadhams (1976) reported
Because an equ,vaient amount of ridging in t his a linear correlation between p and h but only in
thicker and stronger ice would require appreci- the summer . W hen his late winter (April) data are
ably higher stresses , t he amount of ridging oc- examine d, however, the correlation appears cur-
curring decreases. vi linear and the relation is not well defined. He

6



ft  m with the patterns suggested by p. In February
— i.75 ‘ ‘ and April the highest I , values occur from 20 to

60 km off the coast , and the ire between 20 and

~ 5 .50 100 km off the coast was more highly deformed
than the ice nearest the coast or the ice farther

Ai 4 i.25 ‘ out to sea. The data from the 1978 Cross Island
traverse are a lso plotted in Figure 5, and as with

.00 • ‘ ‘ ‘ ‘ ‘  p in Figure 4 , the largest I, value occurs in the0 40 60 120 iSO 20-km section closest to the coast. These results
30C • ‘ . ‘ ~~~~~~~~~~~ ‘ are similar to the ridging patterns found by

Hibler and Ackley (1973) who also suggested
=- t hat there was a band of more highly deformed

2 , ice a long the north coast of Ala ska However ,

00 
present information suggests that this ice is ap-
preciab ly less deformed than the near-coastal
ice found off the north coasts of the Canadian
Arc hipelago and Greenland

Distance from Shore(km) It s hould be mentioned that the p values
reported in the present report , w hen determined

F igure 4 p and h values obtained in as the number of ridges per kilometer that are
Marc h 1978 by NASA plotted as a greater than 1.22 m (4 ft) in height , agree favor-
function of distance from s hore, ably with values (1 15 to 4 .2) reported from t he
Values are computed for each same general reg ion by Hib ler et al. (1974). Our
20-km samp ling interval and p/ot- northernmost ~a and h values are also in good
ted at t he center of the inter val , agreement wit h those reported by Wadhams

(1976) for locations 150 to 200 km north of the
Mackenzie Delta in A pril 1975. However ,
Wa dhams observed a steady decrease in p as he

a lso did not report an area of severe ridging off approached the coast , and as mentioned earlier ,
t he (,o.ist such as we and Wadh ams and Hom e t here was no evidence of a band of more highly
(1978) observed 

— 
deformed ice While we believe that this lack of

W hy the ( orrelation between p and h is absent a pronounced zone of intense ridging may be the
in t hese c’ ~ta sets is not ( lear to us We initially ru le rather than the exception in the Mackenzie
t hough’ •!iat the presen e of large rubble fields , Delta region, we sti ll cannot rule out the
w hi( h appear to be parti ularly common near possibility of the differen ces being attributed to
the (oast , might res ult in unusuall y large num- yearly variations .
bers of sma ll ridges (as sensed by the laser
system ) w hich would tend to obscure the rela- Ridge height distributions
tion between p and h However , most of t he area Now that we have some general sense of the
samp led by Wadhams and Hom e (1978) would spatial and temporal patterns of the ridging off
appear to be far enough off the coast to be out- the north coast of Alaska , we wi ll examine the
side t he area ot pronounced ridge and rubble general form of the observed sail height distribu-
formation and the correlation between p and h is tion and then the expected frequency of en-
sti ll missing T he resolution of these questions counters with very large ridges.
wi~ presuma bly have to await the collection of Figure 6 s hows a histogram of the ridge sai l
more comp lete sets of laser and sonar observa- frequencies compiled for the complete 200-km
tions of ridging, samp ling tracks from Barrow for the different

Figure 5 s hows the variations in the ridging in- seasons. A lso given in Figure 6 are t he expected
tens ity I, as a function of the distance from frequencies of each height class interva 1 using
shore A scale giving t he increase in the effective the Hibler and Wadhams d;stributions.
thickness of the ice due to the volume of de- A more quantitative examination of the
formed ice per unit area is also presented in degree of fit to the data of the different models
Figure 5. As might be expected from the nature can be made using a y~ test. For the total sampl-
of the variations in h and p,  the I , patterns agree ing tracks (18, inc luding the March 1978 track) .
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the Wadhams model predictions all pass the x 2 simi lar to the previously discussed variations in
test at the 0.05 level . T he Hibler model predic- p.
tions pass in all but one case (the Barter Island In past studies of ridging it has been generally
February track). However, the Wadhams model found that the Wadhams distribution is more
has lower (more acceptable) x 2 va lues than the successful on ridge sails , while the Hibler
Hibler model in 15 out of the 18 cases con- distribution is more successful on ridge keels,
sidered. As can be seen in Figure 6, the Wadhams Sails are sampled with a narrow-beam sensor
model is in better agreement with the data in the (laser) while keels have usually been sampled
higher ridge categories , primari ly because the with a wide-beam sensor (sonar). However , re-
Hibler model consistentl y predicts fewer high cent sonar data obtained with a narrow-beam
ridges than observed. Higher x 2 va lues are ob- system are fitted better by the Wadhams distrib-
ta m ed for the Hibler model inasmuch as the ution. These observations have led Wadhams
divisor in calculating the x 2 va lue is the and Hom e (1978) to advance a hypothesis ex-
predicted number of ridges w hic h is , in some plaining the varying degrees of success of the
cases, a very sma ll n u m ber . T his is demonstrated two distributions. The Hibler theory is built on
in Figure 7 w hich shows total x 2 va lues for each the concept of geometrica lly congruent ridges ,
given ridge sail height class interval (the data each with the same shape possessing a mass and
used are from the February Cross Island track) . a potential energy which depend only on t he
The x~ va lues are similar up to ridge heights of keel depth (or sail height). Wide-beam sensors
approximate ly 3 m (9 ft), indicating little choice force ridges to approximate this concept by
between the two distributions. However , at large smoothing out their fine structure and leaving
ridge heights t he ~ va lues for the individual them as discrete entities. Narrow-beam sound-
c lass intervals are significantly larger when the ers , on the other hand, see the holes and hollows
Hibler distribution is used, in ridges and tend to split large ridges into multi-

W hen the data are considered in 20-km sec- pIe “ridges.” If the Wadha ms and Hom e hypoth-
tions as opposed to complete 200-km tracks , the esis is correct , it rep laces the question of which
fits of both models improve. The reason for the distribution is correct (both are “correct ” in their
improvements is that , as was discussed earlier , place) with the quest on of which distribution is
t he 200-km tracks are not usually statistically most applicable to the particular problem under
homogeneous, s howing si gnificant spatial varia- discussion . If we were discussing the potential
tion in the number of ridges encountered. A gain energy associ ated with ridging, we wou ld opt for
the fits of the Wadhams distribution passed at the Hibler distribution. In the present report we
the 0.05 level on all 174 of the 20-km sample are , of course, primari ly interested in the
trac ks used (some of the individual 20-km inter- hazards posed to offshore development by the
va ls were unusable). The Hibler distribution was presence of ridges. For this problem we suggest
less successful , wit h 10 of the 174 fits failing at that the Wadhams distribution is the more useful
the 0.05 level . However , the overall results were in that it will tend to overestimate the number of
simi lar to those achieved with the 200-km tracks: large ridges (i .e. it contains a built-in safety fac-
the Wadhams relation gave better agreement tom) and these ridge segments may well act as
wit h the data for the higher ridge categories discrete entities when ice-structure interactions
w hile both models appeared adequate for the are considered.
lower and medium height classes.

Figures 8 and 9 show, respective ly, the con- Occurrence of high ridges
stants a and /3 of the Wadhams model and N 0 Because of the increased probability of off-
and A of the Hibler model determined for the dif- shore construction in the waters of the Chukchi
ferent 20-km sections of the Cross Island tracks and (particularly) Beaufort Seas , there is con-
for February, Apri l, and December 1976. The siderable interest in predicting the number of
constants for the other tracks show similar varia- large pressure ridges that might impact an off-
tions and are listed in Table Al l I . It is not uncom- shore structure as a function of time. In most
mon for a and N0 to vary by a factor of 10 from cases , however , the ridges of interest are suff i-
one samp ling section to another. The values of /3 ciently rare that they may not be represented in
and A vary by a factor of up to 5. T he only pat- the sample of ridges upon which the prediction
tern discernible to us in these coefficients is is to be based. There are two common ways to
t hat , as expected, t he variations in a and N 0 are
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x seen , eac h set of data collected at a given t ime
(~ j t ) (ff t ) during the ice season can be well-approximated

016 - A — Feb by a strai ght line. The least-squares strai ght lines
1.5 - - / \ — — —  Apr expressed in the form

012 — 
/ \ — DEC

10 ‘ 
/ P(h) dh a e x p ( — f l h) d h  (9)

0.08 ~~
_ 

,
$ .. are g iven in Ta ble 1 and shown in Figure 10. Here

P(h) dh is t he probability that a ridge en-
0.5 - 

~~~~~~ 
)
~

—-
~

2.zz ,/ ~\,,,
r.-_

~ countered at random will have a height in the
range h to (h + dh) given that its height is greater

0 - I 
‘ than 1 m. A lso shown in Figure 10 are the least-

0 40 80 120 180 200 squares lines determined from the traverse bet-
6 - 

, ween the Blue Fox and Snow Bird stations of the
AIDIEX array (Feb. 1976; Weeks et al . 1978) and

N0 ~~ 
•~~~~ ._. .— the results of Wadham s ’ samp ling of sail heights

(km mci ,‘ 
~~
,,., ._ _ 

~\ ,
,-~~~~ / 

off the Mackenzie Delta reg ion. Note that the
2 -

, com bined (Feb -Apr.) Beaufort and Chukchi Sea ,
the Mackenzie , and the AID J EX data sets result

I I I I I in very simi lar relations when presented in this
o 40 80 20 180 200 manner even though there are appreciable dif-

Distance from Shore (tim) ferences in the number of ridges between the dif-
ferent samp led regions.

If it is assumed that these linear relations can
Figure 9. The Hibler ridge height distribu- be extrapolated to very large sail heights , then
tion functio n parameters N 0 andAplotted as P,(h) w hich is the probability that a ridge en-
a function of dis tance from the shore of countered at random will have a height of at
Cross Island during February, April , and least h meters , is g iven by

December 1976. Values are computed for
each 20-km interval and plotted at the P,(h) = /3~ [a exp (—p h )) = / 3- ’P (h). (10)
center of the interval.

T he relations for P,(h) are a lso given in lable 1
and are plotted on semilog paper in Figure 11.
Again note the similarity of the combined

go about making such predictions. One way Beaufort and Chukchi , the AID J EX , and the
wou ld be to fit a distribution function to the Mackenzie Delta curves.
data and then examine the probabilities of large We have also examined the value of P(h) dh
ridges as given by the upper tail of the distribu- determined from ice that could be considered to
tion. A second way would be to examine the dis- be part of the shear zone (i .e. the most highly
tribution of large ridges (extreme values) in the deformed portion of the February-April sampling
data set and to make estimates based on this tracks from the Beaufort and Chukchi Seas). Ar-
distribution. Both of these approaches will now bitrarily we have considered a 20-km sampling
be examined and applied to problems of off- section to be part of the shear zone if it averaged
shore development in the Arctic. 6 or more ridges/km (23 out of a total of ‘120

20-km sections qualified). It was found that P(h)
The tail of the distribution dh for the shear zone was essentially identical

Figure 10 shows linearizations of the Beaufort with the relation determined from the February-
and Chukchi Sea data collected during February April combined Beaufort and Chukchi Sea data
and April, the Barrow data collected during (the shear zone data are, of course, a subset of
August and the Beaufort Sea data collected dur- the combined set). The values of ~

, the average
ing December. In the figure the probability den- number of ridges/km. were, however, quite dif-
sity is per foot (0.305 m), inasmuc h as the data ferent for different areas (p = 8.7 for the shear
were initially grouped into 1-ft-wide class inter- zone, 5.5 for all Beaufort Sea samples , and 3.3
va ls (for details see Wadhams 1976). As can be for all samples from the Chukchi Sea).
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Table 1. Least- squares constants a, /3 and / 3 ’  (see eq 9 and 10 for the relations
presented in Fig. 10 and 11).

Source of data Time a (3 (3-’  (ridges. kmi

Beau fort and Chukchi Feb and 6 731) 1 662 0 602 4 4
Seas (combined) Apr 1976

Blue Fox- Snow Bird Feb 1976 5 48 1 1 566 06 3 9  2 6
leg of A IDIEX triang le

Shear tone (j,i 6 Feb and 7 656 1 722 0 581 8 7
ru dges/k m) Beaufort and Apr 1976
chukchi Seas

Beau fort Sea Dec 1976 102 798 3 583 0 279 1 4

Barrow (Chukchi Sea) Aug 1976 47 970 2 980 0 336 2.7

Beaufort Sea (Mackenzie Summer 1974 7 727 1 603 0 624
Delta region, see Wa d. and
hams 1976) Apr 1975

To estimate the maximum ridge height ex- series , and the largest event in each of a se-
pected along a specified length L of sampling quence of specified fixed time intervals (e.g. the
t rac k P. (h) is first ca lculated from highest stream flow in each of a set of years) is

used to generate the distribution of rare events.
P(h) =1/ (~aL). In the present case the basic data set is a space

series and the largest ridge from each 20-km
T hen the value of h corresponding to the sampling interva l will be used. Each ridge height
specifie d value of P,(h) is obtained from the value in this distribution of extreme height is
most appropriate curve in Figure 11. For in- then plotted using the Weibull plotting formula
stance, if the combined Beaufort and Chukchi
curve is believed to be applicable , t here are on T = 1/ [P(X~x) ) = (N + 1) /M (11)
the average 5.5 ridges/km . and if 1000 km of the
ice is to be samp led, one wou ld expect to find where T = the recurrence interval in terms
one ridge with a sail height equal to or greater of 20-km sampling units
than 6.0 m in the sample. P(X~x) = the probability that X equals or

exceeds some speci f ied va lue x
Extreme va lues N = the total number of values in the

T he problem with the previous approach is extreme height distribution
that it presupposes that the pertinent distribu- M = the order number of the items ar-
tion function is known. As we have discussed for ranged in descending magnitude
pressure ridge sails this is still a matter of some (i.e. M = 1 for the largest ridge).
debate Also , even i f the form of the distribution
func tion is known, there may be appreciable duf- It was found that when the data were displayed
ferences in the probabilities estimated from the on normal probability paper the resulting plot
tai ls of the same distribution fitted to different was linear over the complete range of the
samp les drawn from the same population, observed data. Our results are in agreement with

To avoid these problems an alternate ap- the conclusions of Slack et al. (1975) who found,
proac h that is common in hydrology in studies of based on a series of Monte Carlo simulations ,
rare events suc h as floods can be utilized (Chow that the normal distribution usually represented
1964). In hydrolog y , t he data are usuall y time the distribution of extreme events better than
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Figure 12. Ridge sail heights versus spatial recurrence intervals.

the Gumbel , log-normal or Weibull distributions. period,we wou ld expect the sample to contain 1
Figure 12 s hows the plots of the ridge height ridge with a sail height equal to or greater than

data. In this presentation we have again combin- 5.6 m. Note that this value is 0.4 m lower than
ed the February and April data inasmuch as the the estimate (6.0 m) made by using the tail of the
ice conditions would be expected to be similar. Wa dhams distribution.
However , we have treated the Chukchi Sea In addition to constructing extreme value
observations separately from the Beaufort Sea plots from the actual da s, the Hibler and
observations. We have also replaced the recur- Wadhams models were also used to generate
rence interva l expressed in terms of the total samp les of extreme ridge heights. By using the h
number of kilometers of laser track in the and p values actually found in the February and
samp le. As can be seen, the ridges in the April Beaufort Sea tracks , samp le distributions
Beaufort Sea run about 0.5 m higher than in  the were generated using a simp le Monte Car lo
Chukchi Sea for similar spatial recurrence inter- simulation . The largest ridge from each spatial
va ls We have also plotted the results from Bar- sample interval was plotted as previously
row in August and from the Beaufort Sea in described and the results from each of the two
December. Both of these data sets show ap- models plus the Beaufort Sea February-April
preck bly lower ridge heights for similar spatial curve are shown in Figure 13. The data are not as
recurrence interva ls. The March 1978 traverse linear as the extreme value plots from the orig-
out from Cross Is land, a lthough not shown, gives ina l data. Note again that the extreme values
a straig ht line similar to the line shown for from the Wadhams model predict larger ridges
February-April in the Chukchi Sea. The largest at the longer recurrence intervals than does the
ridge obtained in our traverses (6.55 m) would extreme value plot from the original data (the
appear to be quite a rare event in that one such straight line). The highest ridge generated by the
ridge would, on the average , be expected every Wadhams model was 6.65 m, near ly the same as
20,000 km if its spatial return period is obtained that found in the actual data. (The data plotted
from a linear extrapolation of the remainder of are the generated ridge heights assigned to the
t he data in the February-April samp le distribu- class interval in which they fall.)
tion for t he Beaufort Sea.

If we now use curve A in Figure 12, we find Applications to offshore design
t hat , if 1000 km of ice in the Beaufort Sea were Persons interested in the design of offshore
samp led during the February-Apri l  time structures for arctic areas such as the Beaufort
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Figure 13. Monte Carlo simulation of the extreme ridge heights
generated by the Wadhams and Hibler models using ~ and h from the
Beau fort Sea February and Apri l  tracks. The straight line is that obtain-
ed from the actual da ta.

Sea are , of course, not intereste d in spatial recur- At sites closer to the coast but still always
rence interva ls but in temporal recurrence inter- within the pack ice zone, drift velocity observa-
va ls, the average interval of time within which tions are more limited. Probably the best
an event of magnitude x will be equaled or estimates come from recent buoy deployments
exceeded once. Offshore structures are essen- which have indicated ice drifts averaging
tia lly immobile while engaged in exploration roughly 0.7 km/day in the winter and 3.3 km/day
and production activities. Therefore , they must in the summer (Shapiro et al . 1978). Assuming
ta ke the ice as it comes. To convert spatial to three months of summer and nine months of
tempora l recurrence intervals , one must know winter , we have approximately 300 km of sum-
how much ice drifts past a specified fixed point mer drift and 200 km of win ter drift each year.
during a given period of time. Using p = 5.5 ridges/km in the winter and 2.7

Ice drift velocities far from the coast are far ridges/km in the summer , we obtain 1100 winter
from satisfactorily known. Even so, va lues exist ridges and 810 summer ridges each year re-
upon w hich rough estimates can be made. For in- suiting in estimates of 7.8 m for the 100-year
stance , we cou ld use 2.5 km/day (900 km/yr) winter ridge and 4.7 m for the 100-year summer
based on the observations made during A IDJ EX ridge. Considering the fact that the ice in the
(Thorridike and Colony 1978). If we are in- summer is much warmer and has an appreciably
terested in the 100-year event, this corresponds lower strength than the ice in the winter
to 9l,250 km of ice drifting over a site. Using p (Schwarz and Weeks 1977), it is the winter ridge
2.6 ridges/km and assuming that the AID JEX that is clearly of concern. The 100-year ridge sai l
curve holds for the entire year, we obtain an based on the extreme value plot is 6.6 m (winter)
estimated sail height of 8.7 m from the and 4.2 m (summer)—significantly lower values.
Wadhams distribution. In a similar manner the In shallower (<20-rn) near-shore but still Un-
10-year sail height is estimated to be 7.3 m, only protected areas , the ice becomes essentiall y im-
slightly lower, mobile during the winter and late spring (Weeks
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et a l. 1977, Tuc ker et al. 1979). Taking ice rid ge hei ght d istr ibut io ns , t he long-term
movements to be 0.7 km/day during Novem ber , c haracteristics of the ice drift at the site , and the
December and June, 0.2 km/day during January water depth.
t hrough May. and 3.3 km/day during July
through October gives rough estimates of 100
km of winter drift and 400 km of summer drift. CONCLUSIONS
Using t he same p values as before gives 550
winter ridges/year and 1080 summer ridges/year. t.aser pro filometer data collected during
The 100-year winter and summer ridge sail February, Apri l, August . and December 1976 and
heights would be estimated from the Wadhams March 1978 suggest the following conclusions
distribution as 6.5 m and 4.8 m (6.3 and 4 .2 m regarding the nature of pressure ridge sails oc-
from the extreme value plot). Again it is the curring over the continental shelves of the
winter ridge that is important even though more Chukchi and Beaufort Seas.
summer ridges are encountere d. Assuming a keel 1. There is a systematic seasonal variation in
draft/sail height ratio of 4:1 results in an mean sail height h measured relative to a lower
estimate d 100-year ridge thickness of 32.5 m. In- cutoff of 0.9 m (3 ft) with values being low (1.1 to
asmuc h as we are considering water depths of 1 2 m) in the summer (August) and early winter
<20 m, t he design ridge at a given site would un- (December) and increasing appreciably by late
doubtedly be presumed to have a thickness winter (February-April) to values as high as 1.8
equa l to the water depth plus an appropriate m.
free board. 2 At any given time t here is no systematic

Fina lly within the protected waters of the spatial variation in h.
lagoon systems between the barrier islands and 3. The number of ridges per kilometer (p) is
the mainland, anot her ice movement scenario smaller in the summer and early winter (2 7 in
wou ld be expected to hold. Here the total winter August based on a sample at Barrow only and
ice motion is a few hundred meters , the summer 1.4 in December) and increases substantiall y in
period is essentially ice free , t he majority of the February and April (4 4 and 4.5 , respective ly).
ice movement occurs during the freezeup and 4. In February and April p va lues in the
brea kup, and t he n’amber of ridges/km is low. Beaufort Sea were sli ghtly higher than in the
Our data poorly characterize this region as our Chukchi Sea The most heavil y ridged track was
samp ling tracks were largel y outside of the bar- off Barter Island followed by the Cross Island
rier is lands Because the water is commonly track.
quite shallow (maximum depth of 7.6 m), the 5. In general , largest p values occur 20 to 60
desi gn ridge wou ld probably again be assumed km off the coast.
to be equal to the water depth plus an ap- 6. Patterns shown by variations in the ridging
propriate freeboard. intensity (I ,) are similar to those shown by the

We suggest t hat the above discussion be read variations in p
wit h a considerable “pinch of salt ” inasmuc h as 7. The Wadhams model for ridge frequency
we have utilized a one-year space series to make gives better agreement with observed ridge
proj ections about a 100-year time series. This height distributions, particularly in the higher
should be all right if the number of ridges per ridge categories , than does the Hibler distribu-
kilometer remains relatively constant from year tion.
to year. T his, of course , can only be verified by 8. The distributions of largest ridges per 20 km
furt her samp ling However , we do think that the are shown to be nearly normal and can be used
discussion was useful in that it has clarified two to estimate the spatial recurrence intervals of
points. T hese are: large pressure ridges.

1 Ridge sail height observations such as 9. To obtain good estimates of the temporal
reported here are directly useful in assessing en- recurrence intervals of large ridges , good
counter probabilities between offshore struc- estimates must be available of the average drift
tures and ridges of different heights. of sea ice in the near-coastal areas of interest.

2. Values for design ridges will be highly Unfortunately, suc h information is at present
dependent on the local environment conditions , quite limited.
specifica lly the seasonal nature of the local
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APPEN DIX A. TABU LATE D IC E RIDGE DATA.

Table A l. Tabulated data on the frequency distributions of ridge he ights as a function of location
and time of year.
The numbers in the body of the table give the number of ridges counted.

Heights of ridge sails
Distance (Midpoints of class intervals)

from shore 1.07 1.37 1.67 1.98 2.28 2.59 2.90 3.20 3.50 3.81 4 . 1! 4.42 4.72 5,03 5.33 (m)
(km) 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10. 5 11.5 12.5 13.-S 14.5 15.5 16.5 17. 5 (It)

February 1976
Point Lay
180-200 37 23 14 16 7 6 2
160-180 32 12 9 6 1 1
140-160 29 18 18 8 3 2
120.140 24 26 13 8 6 1 3
100.120 22 20 16 11 8 2 1
80-100 37 18 20 12 2 2 1 1
60-80 54 38 23 12 12 5 1
40-60 46 41 18 22 9 9 4 3 1
2040 25 14 12 5 4 2 1

0-20 9 5 2

Wa/n wright
180-200 iS 14 8 6 5 1 1 2 1
160.180 10 5 5 3 1 2 1
140-160 27 14 12 9 9 1 1 2
120-140 23 19 8 5 6 2 2
100-120 19 15 17 4 2 4 S
80-100 20 14 13 11 6 3 1
60-80 24 15 23 11 9 3 1
40-60 28 17 19 12 6 2 3 1 1
20-4 0 21 17 10 7 3 3 2 1

0-20 15 15 9 8 6 4 1

Barrow
180-200 21 18 17 6 4 2
160-180 15 9 7 8 4 2 3
140-160 25 15 12 3 4 5 3 1
120-140 17 13 9 9 6 8 4 2
100.120 24 10 11 9 8 1
80-100 20 10 4 4 4 3 3 1 1
60-80 13 14 12 7 2 2 2 2
40-60 14 21 14 4 13 1 2 1 3
20-40 17 24 11 7 9 2 3 1
0-20 17 14 11 4 1 4 4 1

Lonely
180-200 10 8 7 3 1 1
160-180 35 22 5 3 3 3
140-160 22 14 10 7 1 4 1 3 1
120-140 18 16 7 7 4 3
100-120 21 18 9 7 2 1 1
80-100 28 17 18 10 3 2 4 1
60-80 38 34 20 Iii 11 5 5 S
40-60 36 30 29 20 14 5 3 2 1
20.40 34 29 16 13 2 4 1 1

0-20 1 1 1

Cross Island
180-200 21 9 9 6 2 2 1
160-180 29 13 16 5 7 2 1
140-160 13 7 8 7 2 2 2
120-140 22 33 8 1 4 2 3
100.120 35 25 21 11 6 5 6 1
80.100 39 21 13 15 9 3 4 2 1
60.80 58 40 24 15 14 10 1 3
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Table Al (cont ’d).

h eig hts of ridge so/ls
Distance (Midpoints of class intervals)

Irom shore 1.07 1. 37 1.67 1.98 2.28 2.59 2.90 3.20 3.50 3.81 4 .11 4.42 4. 72 5.03 5.33 (m)
(km) 3,5 4 ,5 - 5,5 6.5 7.5 8,5 9.5 10.5 11. 5 12.5 13.5 14.5 15.5 16.5 17. 5 (It)

Cross Island (cont ‘d)
40-6 0 69 .38 33 17 8 6 2 1
20-4 0 52 38 38 13 20 5 3 3 1

0-20 25 21 7 7 1 2

Barter lsland*
180-200 16 18 13 5 6 3 4 1
160-180 32 22 12 6 5 4 1 1
140-160 25 23 5 4 2 1 1
120-140 40 19 9 8 4 4 5 1

100-120 45 29 11 10 7 6 4
80-100 50 27 20 14 5 6 1 1 1
60-8 0 34 27 20 10 8 6 3 1 1
40.60 89 63 29 18 12 II 4 2 3 2 2 2
20-4 0 96 56 43 34 16 9 6 5 1
0-20 48 35 21 7 12 6 3 3 3

April 1976
Point Lay
180-200 25 10 3 2 0
160-180 34 10 1 0 0
140-160 33 11 1 1 1
1 20-140 35 12 4 0 0
100-120 35 11 2 3 0
80-100 35 IS 5 1 0
60-80 56 28 15 9 3 1
40-6 0 35 37 21 8 3 3 2
20-40 3 1 0 0 0
0-20 7 5 3 1 0 1

Wainwrig ht
180-200 48 22 8 8 6 3 0
160-180 25 15 8 3 4 2 3 1
140- 160 28 13 8 1 1 1
120- 140 35 17 10 5 1 2 1 1
100-120 33 21 4 4 1 0
80-100 29 16 5 7 6 1 1
60-80 32 30 16 8 4 0 1
40-60 42 27 20 5 5 3 3 2
20-40 36 28 9 7 3 3

0-20 11 9 8 3 3 0 1
Barrow
180-200 31 12 12 8 4 1 1
160-180 28 16 10 6 1 1
140.160 31 14 2 5 6 1
120-140 28 14 14 2 1 1 1
100-120 14 14 12 5 1 2 1
80-100 18 15 5 9 3 2 1 2 2
60-80 26 10 9 2 1 1 1
40-60 15 14 8 7 6 2 1
20-4 0 24 20 7 2 4 5 2 2

0-20 20 15 9 8 5 2 1

Lonely
180-200 30 27 10 4 4 1
160-180 22 12 10 10 4 3 2 1
140-160 45 18 10 6 3 2 1
120-140 31 9 4 4 3 1 1
100-120 39 21 16 13 6 2 5 1 1

•Otw ridge sail 100 km from shore measured 6.40 m.
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Table Al (cont ’d).

Heights of ridge sails
1)/s tance (Midpoints of c/ass intervals )

Irom shore 1.0 7 1, 37 1.67 1. 98 2.28 2.59 2,90 3.20 3.50 3.81 4.11 4.42 4.72 5.03 5.33 (m)
(km) 3.5 4.5 5.5 6.5 7,5 8,5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16. 5 17. 5 (It)

Lone/y (cont ’d)
80.100 32 22 21 8 9 4 3 1
60.80 44 44 31 19 13 10 2 1
40.60 36 26 14 13 9 4 3
20.40 39 42 14 9 14 6 1
0-20 27 14 5 4 1

Cross Is/and
180-200 33 3 6 2 I
160-180 38 20 8 1 5 2
140-160 35 22 10 4 2 3
1 20.140 35 16 6 4 5 2
100-120 41 24 13 5 5 2
80-100 71 33 13 8 4 4 1
60-80 63 55 22 7 6 5 1 2
40.60 61 49 27 18 5 10 1
20-40 101 58 34 18 8 7 2 1

0-20 53 34 21 3 3 2 2 4

Barter Is/and
180-200 15 10 11 4 3 3 1
160.180 22 23 10 4 3 5 1
140-160 24 10 9 5 1
120.140 33 32 Il 6 3 1 1 1 2
100.120 54 37 14 9 4 3 1 0
80.100 66 53 34 17 6 9 3
60-80 105 70 37 22 15 6 3 1
40-6 0 125 65 42 14 9 6 3 2
20-4 0 75 43 28 16 5 1 2

0-20 66 55 35 6 2 1

August 1976
Barrow
180-200 35 11 1 1
160- 180 31 17 3 4 2
140-160 39 17 5 3 1

120-140 50 22 9 4 4 1
100-120 44 21 7 5
80-100 34 11 6 3 1
60-80 22 8 2 3
40-60 10 1
20-4 0

0-20

December 1976
Point Lay
180-200 31 8 4 5 1
160-380 20 2 1
140.160 13 7 5
1 20.140 28 8 12 4
100.1 20 10 2
80-100 10 6 2 1
60-80 12 3
40-60

20-40
0-20 6 1 1
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Table Al (cont ’d).

Heights of ridge sails
Distance (Midpoints of c/ass intervals)

from shore 1.07 1.37 1,67 1.98 2.28 2.59 2,90 3.20 3.50 3.81 4.1 !  4 .42 (in)
(km) 3.5 4,5 5,5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 (It)

Borrow
180-200 2 1
160-180 4 1
140-160 1
120-140 4 1
100-120 20 2
80-100 78 13 3 2 2
60-80 55 9 3 1
40-60 24 6 1
20-40 51 4 1 1
0.20 16 5

Cross Island
180.200 26 15 3 5
160-180 9 5 3
140-160 10 2 2 1
120-140 5 2 1
100-120 13 7 2 1
80-100 7 2
60.80 24 8 5 1

40-60 22 11 2 1
20-40 34 22 7 1 2

0-20 36 14 9 2

Barter Is/and
180-200 9 7 2 1
160-180 4 1
140-160 4 1
120-140 3 1
100.120 3 2
80-100 5 1 1 -
60-80 11 11 2
40-60 15 7 2 1

20-40 30 14 5
0-20 45 21 9 4 2

March 1978
Cross Is/and
180-200
160.1 80
140-160 36 28 16 4 3 1 2
120.140 13 9 2 3
100-120 25 i i  8 1 1

80-100 21 3 3 1 1
60-80 34 20 15 7 1
40.60 44 22 13 4 7 2 2
20-40 57 34 43 25 16 9 3 1 3

0-20 57 61 42 24 22 16 6 3 3 4
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Table A l l i . Tabulation of the constants for the Wadhams (~
, j3) and Ulbier (N0, X) ridge height distributions determined from the data presented

in Table Al.
Marc a

D,stance February /976 April 1976 August t) ecember 1976 1978
from shore PoInt Cross Barter Point Cross Bar ter / 976 Point Cross Barter Cross

(km) Lay Il~ain wrigh t Barro w Lonely Island Island Lay Wain s’right Barrow Lonely Island Island Barrow Lay Barro w li/an d Island li/and

180-200 10,32 3.83 8.5 0 4.20 4.91 4.23 15.85 18.05 10.76 16.48 31 ,28 4.36 105, 40 23.87 6.58 18.38 5,46
160-180 15 ,53 2.2? 3.09 14 .04 8.85 9.27 146.89 6.76 13.89 5.39 20.97 8,2? 24 .84 77 ,94 25.95 10.13 25,95
140-360 11.78 6,81 5,46 5 .79 2.20 12.84 64.92 2~’.71 13.16 21 ,43 18,24 13. 12 42,91 13.46 40.34 10.43 25.95 17,63
120.140 8.87 5.03 3,41 6.23 8.03 9.35 82.5 0 14 ,74 14 ,08 13 ,56 15,8? 12.61 32.90 17.94 3.48 8.03 14.55 10.05
100-120 6.8 1 4,82 5.86 8,40 8.79 10.21 57, 79 • 30.68 5.03 9.01 17.19 21 ,52 45.56 81.02 298.35 15.5 7,79 16,02
80-100 1139 5,82 3.11 6 ,15 730 12.64 56.23 10,13 4,03 8.41 33.75 23.71 32.02 10.10 211.21 39.68 3.53 23.89
60-80 19.22 7 ,12 2.76 9 ,27 16.17 9,32 33.29 15.97 6.79 13 ,29 26,84 40,78 24 ,33 77 .84 224 ,78 28.39 15.33 16.43
40-60 12 ,31 6.54 3.68 9.48 21.66 20.86 3.04 13.79 4.11 9.31 19.88 55,55 149 ,15 106,99 32 .44 19.99 16.37
20-40 1.90 6.72 4.30 12 ,26 11 .99 23.37 .4.56 17.75 5.26 11 ,67 16.57 32,46 414 ,07 32.35 51.28 14.59

0-20 8,43 4 ,04 4.24 0.74 10.15 10.68 2.75 3.85 5,39 20,53 18.27 45.48 1409 82.85 25 ,79 37.91 13.84

j3 (m)~~

180-200 1 ,55 1,36 1.71 1.79 1,54 1,28 2.5 1 1.99 1.86 2.09 2.98 1.52 3.93 2,70 3.65 2.49 2.26
160-280 2.21 1,44 1.28 2.02 1.69 1,63 4.27 1.63 1.63 1.46 2.73 1.69 2.61 4 .3? 4.69 2.86 4.69
140.160 1,84 1.5 1 1,42 1,53 1.16 2.07 3.54 2.55 2.12 2.20 2.17 2.25 2.94 2.78 6.5 6 2.98 4.69 2.02
120-140 1 .62 1,39 1.15 1.65 1.87 1.58 3.68 2.05 2.14 2.21 2.14 1.79 2.48 2 ,44 2.98 3.28 4,37 2.49
100-120 1,46 1,36 1.51 1.80 1.42 1,49 3.38 2.70 1 .58 1.47 1,99 1.93 2.85 4 .92 5.55 2.96 3.64 2.43
80-100 1.70 1 ,47 1.39 1.36 1.31 1.56 3.28 1.86 1.35 1.45 2.19 1.72 2.84 2.77 3.92 4.54 2.62 3.12
60-80 1.75 1.45 1.13 1.33 1,55 1.46 2.33 1 ,95 1.73 1.43 1.74 1.87 2.98 4.69 4 .29 3.04 2.92 2.06
40-60 1.42 1 ,37 1.15 1.32 1.11 1.49 1.83 1,73 1.39 1,48 1.66 2.07 5 .55 4.32 3.19 3.09 1.94
20.40 1.72 1.61 L21 169 1.32 1 ,48 4.37 2.06 1,41 1 .51 1.95 2.00 4 .99 2.71 3.31 139
0-20 2.76 1.33 1.39 2.18 1.87 L39 1.89 1 ,63 1.49 2.56 1.78 2,27 37 5 444  2.57 2,67 1.23

N0 (km.m)~

180-200 2.67 1,10 2.04 0.96 1.28 1.27 2.5 1 3,72 2.37 3.22 3.91 1.16 8.21 3,42 0.52 2.95 0.98
160-180 2.86 0,61 0.93 2.85 2.14 2.31 9,68 1.68 2.69 14 7  3,71 1.98 3.73 5.06 1.41 1,35 1,4 ?
140-160 2,63 1 ,82 3.52 1.52 0.71 2.54 6.13 3.22 235 3.96 3.44 2.37 5.46 1.86 0,8k 1,30 1,41 338
120-140 2.22 1,43 1.10 1,54 1.77 2,39 7.30 2.94 2,69 2,49 3,01 2.89 5.28 2,94 0,44 0.87 0.92 1.60
100-120 1.87 1.39 1,56 1 .92 2.45 2.73 5.93 4,4 ? 1.29 2.45 3 ,54 436 6.06 3,90 10.6? 1.96 0.70 2.65
80-100 2.78 1 ,58 1.05 1.71 2.16 3.26 6,05 2.24 1.17 2 3 1  6.26 5 .6? 4,29 1.40 16.57 2.30 0.53 2.79
60.80 4.49 1 ,96 L90 2,71 4.19 2,54 5.78 3.38 1,61 3.68 5 .79 8.96 3.04 4 .21 14 ,74 3,44 1 .98 3.26
40-60 3.38 1.86 1.19 2.79 5.18 5.6? 2.9? 3.26 1.16 2 ,52 4.88 11.01 5.3 ? 6.89 3.65 2.36 3.47
20.40 1.88 1,69 1.34 2 ,95 3.52 6,31 0,92 3.54 3 ,47 3.09 8,74 6.67 19,36 4,64 5.43 4.12

0-20 1.18 1.18 1.20 0.14 2.23 3.0? 0.60 0,96 1.45 3.18 4 .21 8.13 1.21 5 .09 3.97 5.53 4.27

X( m 2)

380-200 0,39 0.31 0.45 0.47 0.38 0.29 0,77 0.56 031 0,60 0.99 0.37 1.44 0,86 1,44 0.78 0,68
160-180 0.66 0,34 0.29 037 0A4 0.42 1.60 0,42 0.61 0,36 0.69 0.44 0.83 1,63 1.8 1 0.94 1.8 ?
140-160 0.49 0.37 0.34 0.38 0.25 0.59 1.25 0.79 0,61 0.65 0,64 0,67 0.97 0,90 2.73 0.99 1.81 0.57
120-140 0.42 0,32 0.25 0.42 0.51 0.39 1,71 0.58 0,62 0,66 0,57 0.47 0,76 0.75 0.99 1.13 1.66 0.77
100-120 0,36 0.31 0.37 0.48 0,33 0.37 1.17 0.86 0,39 0,36 036 0,54 0.94 1.92 2.23 0.98 1.30 0.74
80-100 0,44 0.35 0.32 0.31 0,30 0.~9 7~~3 0.51 0.31 0,34 0.65 0.45 0.92 0,89 1,43 1, 73 0.83 1.05
60-80 0.46 0.34 0.24 0.30 0.39 ‘.1,36 0,70 0.53 0.45 0,34 0.53 0.51 0.99 1,81 1.61 1.02 0.96 039
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