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Fig. 1. Map of the Arctic Ocean showing the location of Arctic Ice shelves off the
north coast of Ellesmere Island (shaded), ice islands T-1 to T-5 and the
Pacific (or Beaufort) Gyral and Transpolar Drift Stream (source: Jeffries,
1987).

Fig. 2. Oblique aerial photograph looking east across Ward Hunt Ice Shelf, taken
by the RCAF from 9144 m (30,000 ft.) in August 1950. Note the
undulating surface of the ice shelf that is revealed by meltwater in the
troughs creating a dark tone between linear ridges (Air photograph
T404L-4, available from the National Air Photographic Library, Ottawa,
Ontario).

Fig. 3. Maps of ice shelfdi.;integration and changes in ice shelf extent, 1906-1985.
(A): Shaded areas represent those ice shelves that remained in 1960 after
ice calvings since 1906 (dashed line). Question marks denote
uncertainties in ice shelf extent. (B): Ice shelf extent in 1985 (source:
Jeffries, 1987).

Fig. 4. Oblique aerial view from 3048 meters looking east across Ayles Ice Shelf
and multiyear landfast sea ice at the mouth of Ayles Fiord, July 23, ] 984.

Fig. 5. Oblique aerial view from 3045 meters looking east across the front of
Milne Ice Shelf showing the 10-meter-thick multiyear landfast sea ice of
the Milne Re-entrant in the right foreground, July 23, 1984.

Fig. 6. A: Map of north coast of Ellesmere Island from Cape Discovery to Cape
Egerton. B: Map of north coast of Ellesmere Island from Cape Fanshawe
Martin to Cape Egerton. This map shows the location of'Ayles ice Shelf as
it was in 1959.

Fig. 7. A: Oblique aerial photograph looking east across Ayles Ice Shelf, August
1, 1950. (Air photograph T407L-6, National Air Photograph Library,
Ottawa, Ontario, Canada). B: Vertical air photo-mosaic of Ayles Ice
Shelf, July 1959. (Air photographs A16706-3, A16785-75, A16785-76,
National Air Photograph Library, Ottawa, Ontario, Canada).

Fig. 8. View looking west across the mouth of Ayles Fiord from Cape Fanshawe
Martin.

Fig. 9. View looking east across the mouth of Ayles Fiord to Cape Fanshawe
Martin.

Fig. 10. View of the northeastern area of the mouth of Ayles Fiord. This shows the
location of the maximum movement of Ayles Ice Shelf away from the
shore.

Fig. 11. View looking along the east shore of Ayles Fiord and the sea ice that has
grown since the ice shelf moved.
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Fig. 12. Undulating sea ice near the east shore of Ayles Fiord. A crack in the ice is
arrowed. Note how the crack meets the rest of the shelf ice.

Fig. 13. Undulating sea ice near the east shore of Ayles Fiord. A crack in the ice is
arrowed.

Fig. !4. Avles Ice Shelf is in the foreground with some recent sea ice at tile left
sicte. Note the more random patterns in the ice beyond the ice shelf.

Fig. 15. View looking south across the east arm of Ayles Fiord from Cape
Fanshawe Martin.

Fig. 16. Glacier at the head of the east arm of Ayles Fiord. Note the curios east-
west alignment of the melt-pools that is reminiscent of the ice shelves.

Fig. 17. View looking south across the mouth of"the east arm of Ay_es Fiord from
Cape Fanshawe Martin.

Fig. 18. View looking east across Ayles Fiord to the east arm of the fiord. Compare
this with Figure 7A and note the change in ice conditions.

Fig. 19. Scattered fragments of shelf ice and glacier tongue in central Ayles Fiord.

Fig. 20. Scattered fragments of shelf ice and glacier tongue in central Ayles Fiord.
Small, remaining glacier tongue is arrowed.

Fig. 21. Scattered fragments of shelf ice and glacier tongue in central Ayles Fiord.
Note that the shelf ice in the foreground is grey in color.

Fig. 22. Icebergs in Ayles Fiord. This photograph looks towards the east shore of
the fiord. The line across the snow is a snowmobile track.

Fig. 23. Curvi-linear debris zone at the west side of Ayles Ice Shelf (right side of
photograph). In 1950-59, this debris was adjacent to the cirque glacier
that is at .ed (see also Figs. 7A and 7B).

Fig. 24. View looking east across Ayles Ice Shelf in the mouth of Ayles Fiord. The
location of an ice island calving and the sea ice that has regrnwn since that
event is arrowed.

Fig. 25. Looking down at the outermost part of Ayles Ice Shelf. The arrow
indicates sea ice accretion since an ice island calving.

Fig. 26. The front of Ayles Ice Shelf and icefield at Cape Bicknor (right). Note the
open water and leads that suggest the pack ice is in tension.

Fig. 27. Ayles Ice Shelf" and sea ice belt extending from the shelf front along the
shore of the ice field between Cape Bicknor and Cape Egerton.

Fit. 28. Air-photo mosaic of Milne Ice Shelf taken from an altitude of 91.14 meters
(30,000 feet) in July 1959. (Air photographs available from the National
Air Photographic :Library, Ottawa, Ontario, Canada.)
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Fig. 29. View looking east over Milne Ice Shelf, Cape Egerton and Ayles Ice Shelf.

Fig. 30. View looking southwest across Cape Egerton and the outer unit of' Milne
Ice Shelf.

Fig. 31. The outer unit of Milne Ice Shelf with sea ice accretion along the ice front.

Fig. 32. Oblique aerial photograph looking southwest across outer Milne Ice Shelf
and Cape Evans to Yelverton Bay from an altitude of 6096 meters, August
1.950. Area A has an area of about 35 km' and calved during the interval
1959-74. (Air photograph T407R-8 available from National Air
Photographic Library, Ottawa, Ontario, Canada.)

Fig. 33. Looking southwest across Milne Re-entrant. A water-filled crack is
arrowed.

Fig. 34. Close up view of melt-pools on Milne Re-entrant. Cape Evans is arrowed.

Fig. 35. Looking northeast across Milne Re-entrant and the outer unit of Milne Ice
Shelf from Cape Evans. Note the difference between the melt-pools on the
Re-entrant and those on the ice shelf.

Fig. 36. West side of the outer unit of Milne Ice Shelf. A water-filled crack runnin_
across the rolls towards the re-entrant is arrowed. The dark material at
lower left is moraine (see Figure 17).

Fig. 37. Looking south across Milne Ice Shelf from Cape Egerton. The second,
linear line of weakness is arrowed. Cape Egerton Icefield is at the left
side.

Fig. 38. The second, linear line of weakness cuts across the ice shelf from left to
right in the center of the photograph.

Fig. 39. Outer unit of Milne Ice Shelf. The second line of w_akness running south
from the Cape Egerton Icefield shows clearly at the left side.

Fig. 40. Looking northwest across Milne Ice Shelf to Cape Evans. The linear
concentrations of debris at the left side are morail,es which mark the
southern boundary of the outer unit.

Fig. 4l, Moraine at the surface ofthe central unit of Milne Ice Shelf. The moraine
at the left side is associated with Glacier 3 while that at the right side is
associated with Glacier 1. Glacier 2 is in the center.

Fig. 42. Looking north out of Milne Fiord. In the ibregro'and is the inner ice shelf
unit of which the northern boundary is marked by the dark moraines, The
left moraine is associated with Glacier 3 and the right moraines w_.th
Glacier 2. Moraines from Glacier I can be seen in the distance.

Fig. 43. View looking south into Milne Fiord. Milne Glacier (see Figure 25 also) is
in the background with considerable morainal material at the surface. On
the ice shelf, the moraine at the left side comes from Glacier 2 and the
moraine on the right from Glacier 3.



Fig. 44. Radial crevasses in Milne Ic _.Shelf ne_r the front of Glacier 2.

Fig. 45. Ice in the northeast corner of inner Milne Ice Shelf (right side). At the left
side are moraines on the central unit.

Fig. 46. Ice on the east side of inner MJ.lne Ice Shelf. Note the gray color on the ice
which becomes cleaner with much less evidence of rolls at the right side.

Fig. 47. View looking north out of Milne Fiord. Milne Ice Shelf is in the foreground
and the dark bands are media] moraines.

Fig. 48. The western ice stream of Milne Glacier. Note the grayness ofthe ice.

Fig. 49. Map of the north coast of Ellesmere Island from Cape Fanshawe Martin to
Cape Evans.

Fig. 50. Oblique aerial view looking SSE across inner Yelverton Bay and Mitchell
Pt. (center). Note the glacier that flows into Yelverton Bay as a glacier
tongue and creates a thick ice (shelf?.) barrier across the mouth of the
inlet. (Frame RR108R-113, 9 April 1951, RCAF, National Air Photograph
Library, Ottawa, Ontario, Canada).

Fig. 51. Oblique aerial view looking south over Yelverton Bay across to Mitchell
Pt. (left), from 3048 m on 23 July 1984.

Fig. 52. SLAR (side-looking airborne radar) image of the Yelverton Ice Shelf at the
west side of Yelverton Bay (right), the Alert Pt. Ice-field (center) and the
Alfred Ernest Ice Shelf (left), 11 May 1983. (Flight NDE-1051,
Atmospheric Environment Service, Ottawa, Ontario, Canada).

Fig. 53. Oblique aerial photograph lookingeast across the outer section of the
Alfred Ernest Ice Shelf, 15 July 1950. (RCAF photograph, _¥ame T405R-
32, available from the National Air Photograph Library, Ottawa, Ontario,
Canada).

Fig. 54. Oblique aerial view from 3048 m of one of the glaciers and glacier-tongues
of the Alfred Ernest Ice Shelf, 24 July 1984. The dark features at the rightand center are moraines.

Fig. 55. Oblique aerial view from 3048 m looking south over the ice of the inner
bay between Cape Woods and Alert Point, 24 July 1984. Cape Alfred
Ernest is the hooked feature in the lower left corner. The Alfred Ernest
Ice Shelf is located to the right of the picture and adjacent to the land in
the background.

Fig. 56. Calving history of ice shelves of Ellesmere Island, based on historical
records and traverses (H. Serson, 1984). (Gain in parenthesis). Units are
km 2.

Fig. 57. Oblique aerial photograph looking along the long axis of Hobson's Choice
Ice Island, ll August 1987. The main shelfice section of the ice island in
the center of the photograph is characterized by undulations about 2m
deep and spaced about 200m apart. At the left side of the shelf ice is an
area of
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multiyear landfast sea ice (MLSI) that was previously attached to the
front of the Ward Hunt Ice Shelf. At the right side of the shelf ice is an
area of consolidated multiyear pack ice (MYPI) that has become attached

to the shelf ice since the calving event of 1982-83. Photo credit: Michael
Schmidt, Geological Survey of Canada).

Fig. 58. Oblique aerial photograph of two ice islands located at approximately
81.14°N, 96.7°W, 45km west of Rens Fiord, northern Axel Heiberg Island,
3 May 1986. In the foreground is part of Hobson's Choice Ice Island and
beyond it is the second largest ice island presently known in the Arctic
Ocean (SLAR 2: Jeffries et al., 1988). The undulations on the ice islands'
surface can be seen clearly despite the snow cover. The relatively smooth
surfaces of the ice islands contrast with the surrounding, rough pack ice
surface. (Photo credit: Martin Jeffries, Geophysical Institute, UAF).

Fig. 59. Drift tracks of ice islands T-3 and Arlis-II in the Arctic Ocean (based on
Sackinger and Yan, 1986).

Fig. 60. The location of Hobson's Choice Ice Island with buoy 2996 and its vicinity.
The study area and Ward Hum, Ice Shelf are shown in the small map

above. Crossed area on Axel Heiberg Island corresponds to surface
elevation above 1500 meters.

Fig. 61. Argos system data flow chart and general structure of each center.

Fig. 62. Ice island positions from May 1st to 31 st, 1986.

Figl 63. Ice island positions in the period May 7 th to 16 rh, 1986.

Fig. 64. Ice island positions from June 1st to 30 rh, 1986.

Fig. 65. Ice island positions in the period ,)unc 14 th to 21 _t, 1986.

Fig. 66. Ice island positions in the period July 1st to 6 rh, 1986.

Fig. 67. Ice island positions in the period August 22 "a to 27 tu, 1986.

Fig. 68. Ice island positions in the period September 10 th to 16 rh, 1986.

Fig. 69. Direction and speed of surface wind, geostrophic wind and ice island
movement in the period May 7-16, 1986.

Fig. 70. Direction and speed of surface wind, geostrophic wind a_,_ ice island
movement in the period June 14-21, 1986.

Fig. 71. Mountain-parallel wind components (m./s) from calculations by Parish
(1983) for a geostrophic wind of 10 rrds normal to the mountain barrier.

Fig. 72. Wind components (m/s) normal to the mountain barrier for a geostrophic
wind of 10 rn/s normal to the barrier, after Parish (1983).

Fig. 73. The concept that a geostrophic wind blowing from the west causes a
surface wind parallel to the mountain, because of the mountain barrier
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effect (Parish, 1983). Crossed area corresponds to elevation greater than
1500 meters on Axel Heiberg Island.

-

Fig. 74. The specific wind data from June i7 rh, 1986, likely due to mountain
barrier effect. Crossed area corresponds to elevation greater than 150.0
meters on Axel Heiberg Island.

Fig. 75. Direction and speed of surface wind and geostrophic wind in the period
July 1-9, 1986, Axel Heiberg Island.

Fig. 76: Wind speed and direction on July 5 tt_, 1986, suggesting presence of
mountain barrier effect. Crossed area corresponds to elevation greater
than 1500 meters on Axel Heiberg Island.

Fig. 77. The Arctic surface weather map of 1200Z July 5 rh, 1986 (CMC).

Fig. 78. The direction and speed of surface wind and geostrophic wind in the period
August 22-27.

Fig. 79. The Arctic surface weather map of 1200Z August 26 t_, 1986 (CMC).

' Fig. 80. The direction and speed of surface wind and geostrophic wind in the period
September 11-17.

° Fig. 81. The Arctic surface weather map of 1200Z September 15 rh, 1986 (CMC).

Fig. 82. The geostrophic wind direction versus surface wind direction for time
segments May 7-16, June 14-21, July 1-9_ August 22-27 and September
1.1-17, 1986. Box area shows evidence oi" mountain barrier effect for
North/South mountain chain on Axel Heiberg Island.

J

Fig. 83. The relationship between frontal width, rotation and movement direction :
of Hobson's Choice ice island.

Fig. 84. The rotation of the ice island itself is plotted as a function of time, (a) for
May 7-16; (b) for June 14-21, 1986.

Fig. 85. The frontal area At.is plotted as a function of time, (a) for May 7-16; (b) for
June I4-21, 1986.

. Fig. 86. The ratio of frontal water drag force to total water drag force versus time,
(a) for May 7,16; (b) for June 14-21, 1986.

, Fig. 87. Force balance on May 7 for wind shear force (F), total drag force (Fw),
Coriolis force (F.) and the force due to accelerating or decelerating (F,)

(a) at 0300Z((Fr = 0.5(236°)),
(b) at 1200Z, (Fr = 0.6(1930)),
(c) at 1500Z, (FJ = 1.2(186)),
(d)at1800Z,(Fr=0.7(119 )).
Fr:residualforce,V_:iceislandvelocity(cm/s),dashed linemeans that

-_ V i is too small and just iDdicates the direction of the ice island
movement.
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Fig. 88. Force balance onMay 8
(a) at 0000Z, (F. = 6.6(94°)),
(b) at 0300Z, (F'r =6.4(127°)),

(c) at 1200Z, (F_ =5.4(122°)),
(d) at 1500Z, (_Fr =3.9(155 )),
(e) at 1800Z,(Fr =0.7(143°)).

Fig. 89. Same as Figure 87 except
(a) (F = 1.3(123°)),

F r(b)( r = 1.3(76°)),

(c) l__c= 1.5(95°)),(d) = 1.2(123°)),
(e) (F _= 1.0(112°)), May 9.

Fig. 90. Force balance on Mayl0 for

(a) (FT= 1.6(62°)), (b)(Fr = 3.8(63°)),
(c) (F_ = 3.0(78°)), (d) (Fr = 3.5(83°)),
(e) (F_ = 4.0(92°)).

Fig. 91. ForCe balance on May 11 for
(a) (Fr = 4.4(90°)), (b) (Fr= 7.8(92°)),
(c) (F_ = 7.0(94°)), (d) (Fr= 7.2(90°)),
(e) (F_.: 9,0(82°)).

Fig. 92. Force balance on May 12 for

(a) (Fr = 10.8(90°)), (b)(Fr= 12.6(94°)),
(c) (F_r= 7.9(108°)), (d)(_ r= 8.7(96°)),
(e) (F w=9.4(93 )).

Fig. 93. Force balance on May 13 for

(a) (Fr= 10.9(91_)), (b) (F_= 10.8(96°)),
(c) (Fr = 6.0(113o)), (d) (Fr= 6.0(107°)),
:!e) (_ =6.4(129 )).

Fig. 94. Force balance on May 14 for
(a) (Fr = 8.1(90°)), (b) (F =9.2(93°)),
(c) (F_ =5.2(124°)), (d)(l_r = 3.7(141°)),
(e) (F_ = 2.0(119°)).

Fig. 95. Force balance on May 15 for
(a) (Fr = 4.5(119°)), (b) (F_= 3.1( 161 °)),
(c) (_ = 0.7(280°)), (d)(Fr= 1.4(131°)),
(e) (Fr = 2.9(103°)).

Fig. 96. Force balance on May 16 for

(a) at 0000Z, (F =3.0(140_)),
(b) at 0300Z, (F_=2.6(168)),
(c) at 1200Z, (F= 1.1(194°)),
(d) at 1800Z, (F =2.5(181°)).

- Fig. 97. Force balance on June 15 for
(a) at 0000Z, (F, = 0.2(186°)),
(b) at 1200Z, (Fw= 1.7( 137 °)),

.i
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(c) at 1500Z, (F = 2.5(159°)),
(d) at 1800Z, (F = 1.6(131 )).

Fig. 98. Force balance on June 16 for
(a) (Fr = 4.4(91°)), (b)(F = 6.8(89°)),
(c) (F_= 12.3(123°)), (d)(F = 9.2(154°)),
(e) (V =3.0(184°)).

Fig. 99. Force balance on June 17 for
(a) (Fr = 0.5(136°)),
(b) (F =0.3(181°)),
(c) (F_ = 0.4(160°)),
(d) (_ =0.7(187°)).

Fig. 100. Force balance on June 18 for
(a) at 0300Z, (F =3,2(83°)),

r o
(b) at 1500Z, (F,=5.5(78)),
(c) at 1800Z, (F:= 7.8(86°)).

Fig. 101. Force balance on June i9 for
(a) at 0300Z, (F =0.8(109°)),
(b) at 1500Z, (Fr = 3.2(89°)),
(c) at 1800Z, (F = 1.2(132°)).

Fig. 102. Force balance on June 20 for

(a)(F=7.4(7S°)2,(b)(F,=S.6!94°)o),
(c) (F =2.1(137 )), (d) (Fr = 2.3(85 )),
(e) (_ = 1.5(134°)).

Fig. 103. Force balance on June 21 for
F °(a) (Fr=3.7(182°)), (b)( _=3.3(207 )),

(c) (Fr =4.7(174°)), (d)(F = 3.6(186°)),
(e) (V_ = 4.5(202°)).

Fig. 1.04. Ocean tilt forces, (a) at 0300Z May 12; (b) at 1200Z June 16, 1986, when
the two largest residual forces were occurred. Dash line indicates only
the direction of ocean tilt force.

Fig. 105. Relationship between residual force and ice islanci movement.

Fig. 106. Relationship between the directions of residual force, ice island
movement and wind speed.

Fig. 107. Map ofice shelfarea.

Fig. 108. Spatial Distribution of probability of ice shelf calving event. M.S.C.-
mouth of Sverdrup channel. C.M.I. - Clements Markham Inlet.

Fig. 109. Scatter diagram of the length and width of ice islands. The parallel
diagonal lines are for length-width ratios of 1 to 6. Note that a
l¢,jarithmic scale is used for the axes (source: Jeffries et. al. 1988).



Fig. 110. Assumed len,,gth distribution of ice islands newly calved from ice
shelves (based on analysis of Jeffries et al., 1988).

Fig. 111. Frequency distribution of ice isi&nd Length-Width (L-W) ratios. The
distribution is very similar to tLat observed for Antarctic tabular
icebergs, most of which have L-W ratios between 1 and 2 (Nazar_v,
1962 [see Weeks and Mellor, 1978], (source: Jeffr!ies et al. i988).

Fig, 112. Distribution of calved area of ice shelves.

Fig. 113. Sketch of forces acting on an idealized ice island.

Fig. 114. Ratio of?otto and surf4ce water drag tbr an .ice island in the simulat, ion
model.

Fig, llG. Observed time correlation function fbr geostrophic wind at zero lag.
The variances are var(u) = var(v) = 44m2s 2 (from Thornd/ke, 1982).

Fig. 116. Observed at_ocovariance ft.ruction for pressure at space lag r(km) and
tin'e lag _ (days)(from Thorndike, 1982).

Fig. 117. Simulation mesh Ebr trajectory calculation, 56 x 51 elements with 50
km spacing.

Fig. 118. Simulatior, mesh for wind calculation, 1.0 x 9 elements with 300 km
spacing.

Fig. 119. Computer program flow chart.

Fig. 120. Random ice island trajectory 1.

Fig. 121. Random ice island trajectory 2.

Fig. 122. Random ice island trajectory 3.

Fig. 123. Random ice island trajectory 4.

Fig. 124. Random "ce island trajectory 5.

Fig. 125. Random ice island trajectory 6.

Fig. 126. Random ice island trajectory 7.

Fig. 127. Random ice island trajectory 8. t,

Fig. 128. Random ice island trajectory 9.

Fig. 129. Random ice island trajectory 10.

Fig. 130. Random ice island trajectory 11.

Fig. 131. Random ice island trajectory 12.
1
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Fig. 132. Random J.ce island trajectory 13.

Fig. 133. Random ice islanci trajectory 14.

Fig. 134. Random ice island trajectory 15.

Fig. 135. Random ice island trajectory 16.

Fig. 136. Random ice island trajectory 17.

Fig. 137. Random ice island trajectory 18.

F".'g.138. Random iceislandtrajectory19.

Fig. 139. Random ice island trajectory 20.

Fig. 140. Random ice island trajectory 21.

Fig. 141. Drift tracks of ice islands To3 and Arlis-II in the Arctic Ocean (based on
Sackinger and Yah, 1986).

Fig. 142. Random ice island trajectory in f_ne detailed scale.

Fig. 143. Hobson's Choice Ice Island track showing many small loops (source:
Yan, 1986).

Fig. 144. Frequency of ice island lifetime in the Arctic Ocean (4=year interval
of generation).

Fig. 145. Frequency ofice island number in the Arctic Ocean (4-year interval of
generation).

Fig. 146. Return period contours (years) of simulated ice islands in the Arctic
Ocean.

. Fig. 147. Monthly averaged pressure map over the Arctic Ocean for January
(source: Colony, 1987).

Fig. 148. Monthly averaged pressure map over the Arctic Ocean for February
(source: Colony, 1987).

Fig. 149. Monthly averaged pressure map over the Arctic Ocean for March
(source: Colony, 1987).

Fig. 150. Monthly averaged pressure map over the Arctic Ocean for April
(source: Cclony, 1987).

Fig. 151. Monthly averaged pressure map over the Arctic Ocean for May (source:
Colony, 1987).

Fig. 152, Monthly averaged pressure map over the Arctic Ocean for June
(source: Colony, 1987).

xii



Fig. 153. _._onthly averaged pressure map over the Arctic Ocean for JaIy (source:
Colony, 1987),

I'

Fig. 154. Monthly averaged pressure map over the Arctic Ocean for August
(source' Colany, 1987).

Fig. 155. Monthly averaged pr_ sure map over tLe Arctic Ocean for September
(source" Colony, 1987).

Fig. 156. Monthly averaged pressure map over the Arctic Ocean for October
(source: Colony, 1987).

Fig. 157, Monthly averaged pre_sure map over the Arctic Ocean for November
(source: Colony, 1987).

Fig. 158. Monthly averaged pressure map over the Arctic Ocean for December
(source' Colony, 1987).
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CHAPTER 1
i

INTRODUCTION AND EXECUTIVE SUMMARY

(W. M. Sackinger)

The development of offshore oil and gas resources in the Arctic waters of.h.laska

requires offshore structures which successfully resist the lateral forces due to

moving, drifting ice. The annual sea ice, which grows to a thickness of as much as 2

meters each winter, and which melts during the brief summer, usually fragments at

the boundary of an offshore structure affixed to the seafloor, or may form ice rubble

adjacent to the structure. Multiyear sea ice, formed from the ice rubble and ridging

action of earlier years, is a complex blend of thick ridges (up to 52 meters) with

pal"cially-consolidated cores (up to about 12 meters), and thinner areas (0 to 3

meters,) with surficial melt ponds. Ice islands are floating, tabular icebergs, up to 60

meters thick, of solid ice throughout their thickness. Tile ice islands are thus

regarded as the strongest ice features in the Arctic; fixed offshore structures which

can directly withstand the impact of ice islands are possible but in some locations

may be so expensive as to make oilfield development uneconomic.

The resolution of the ice island problem requires two research steps: (1)

calculation of the probability of interaction between an ice island and an offshore

structure in a given region; and (2) if the probability is sufficiently large, then the

study of possible interactions between ice island and structure, to discover mitigative

measures to deal with the moving ice island. The ice island researci: conducted

duriug the 1983-1988 interval, which is summarized in this report, was concerned

with the first step.

Ice islands originate by calving from floating, partially-grounded ice shelves

located along the northern coast of Ellesmere Island, Canada. Analysis of calving

records shows random 3 to 5-year intervals, and thickness categories of 42 meters and
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10 meters to be most common. Movement along the coast toward the southwest is

most likely. Analysis of wind-driven movement episodes shows that short-term ice

island trajectories are different from sea ice, due to the larger values of water drag

and Coriolis effect for ice islands, Open water on one side and sea ice ridgebuilding on

the opposite side are the results. A threshold windspeed of 5 meters/second is needed

to _nitiate a major ice island movement episode. Monte Carlo simulat2ons of ice

: island generation and movement suggest that ice island lifetimes range from 0 to 70

years, and that 85% of the lifetimes are less then 35 years. The simulation shows a

mean value of 18 ice islands present at any time in the Arctic Ocean, with a 90%

probability of less than 30 ice islands. At this time, approximately 34 ice islands are

known_ from observations, to exist in the Arctic Ocean, no_.._tincluding '_he 10-meter

thick class of ice islands. Return interval plots from the simulation show that coastal

zones of the Beaufbrt and Chukchi Seas, already leased for oil development, have ice

island recurrences of 10 to 100 years. This implies that the ice island hazard must be

considered thoroughly, and appropriate safety measures adopted, when offshore oil

production plans are formulated for the Alaskan Arctic offshore.
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CHAPTER II

ICE ISLAND SOURCES

(M.O.Jeffries)

Ice islands are large, tabular icebergs which have broken away from floating ice

shelves. In the northern hemisphere, the major source region is the northern coast of

Ellesmere Island, but other possible sources include the fjords of northern Greenland,

and the coasts of Svalbard, Zemlya Frantsa Josifa, and Svernaya Zemlya. The time-

averaged drift direction of ice in the Arctic Ocean, shown in Figure 1, moveu ice from

the latter locations into the Barents and Greenland Seas, whereas ice islands from

northern Canada are carried to Alaskan coastal regions. Therefore, the Ellesmere

Island source region is believed to be the dominant source of ice islands which appear

in Alaskan waters, and was the focus of the research program.

The literature of polar exploration in the northern hemisphere contains many

references to exceptionally large ice floes that, in the light of present knowledge,

might be considered to have been ice islands (cf. Dunbar, in Koenig et al., 1952).

Descriptions by explorers such as Peary and Storkerson, Cook and Greely can be

interpretedas iceislands,but ofcoursethereisno way tocheck theseground-level

observations,ltwas notuntiltheadventofaerialreconnaissancethattheexistence

oftheseuniquedriftingicefeatureswas recognized.

On 14 August 1946, the crew ofa USAF ArcticOcean reconnaissanceflight

found a large heart-shapedicemass floatingamongst the pack ice at 76°15'N,

' 160°15WV (Figure 1). This piece of ice became known as T-1 and was about 29x24km

with an area of about 500km 2 (Koenig, in Koenig et al., 1952). This was the first ice

island seen in modern times, and was observed for three years, during which it moved

a distance of over 2240km at an average rate of 1,92km/day.
J

On 21 July 1950, a second, 700km 2 ice island (T-2) was found at 86°40'N,
|

167°00WV (Figure 1). Eight days later, ice island T-3 was discovered at 75°24'N,



Figure1. Map of the Arctic Ocean showing the location of Arctic Ice shelves off the
north coast of Ellesmere Island (shaded), ice islands T-1 to %5 and the Pacific {or

-- Beaufort) Gyral and Transpolar Drift Stream (after Jeffries 1987).
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173°00_ (Figure 1). The ice island T-3 was kidney-shape and much smaller than T-

o 1 and T-2, with dimensions of about 8xl6km. In 1947 and 1948, unsuspecting

-- observers photographed ice island T-4 and T-5 respectively, but they were not

rece2_nized until later. T-4 was "discovered" 8-16km off Cape Columbia, northern

Ellesmere Island, while T-5 was about 160km northwest of Cape Stallworthy, Axel

Heiberg Island (Figure 1). Soon after the sighting of T-2 and T-3, twenty-eight ice

islands were recognized on RCAF air photographs of the Canadian Arctic

Archipeiago. The ice islands, scattered throughout the inter-island channels, varied

in size from 0.4 m 14km across (Koenig et al., 1952).
_

- From the air, the ice islands were readily distinguished from the pack ice by

j their size and a strikingly-regular surface pattern (Koenig et al., 1952). The surface

= of each ice island had an undulating topography of ridges and troughs. The ridges (or

: rolls) Were thought to be as much as 800m from crest to crest and were roughly
-

parallel, running from one end of the island to the other.

By spring 1951, photographs and reports fr_jm Canadian observers suggested
-

=- that the ice islands might have originated from the north coast of Ellesmere Island.

: In March 1951, a USAF reconnaissance flight observed that much of the coastline of
m

: northern Ellesmere Island, from Nansen Sound to Ward Hunt Island (Figure 2), was

covered with undulating ice similar to that of T-3 (Koenig, in Koenig et al., 1952).

After a similar flight in August 1951 it was concluded that the ice i_lands could have

originated from the ice shelves o_' the northern shore of Ellesmere Island.

The ice islands described above were the first ofmany to be sighted in the Arctic

Ocean. Since 1946 there have been an estimated 465 (maximum) ice island sightings

(Jeffries, 1985a). It is probable that most of the ice islands, large or small, originated

from the ice shelves of northern Elle.cunere Island and thus it is logical to assume that

the ice shelves were once more extensive than they are today. It is worthwhile,

: therefore, to consider evidence of the former extent and subsequent disintegration of

5



!

FIGURE 2. Oblique aerial photograph looking east across Ward Hunt Ice Shelf, taken
by the RCAF from 9144 m (30,000 ft.) in August 1950. Note the undulating
surface of the ice shelf that is revealed by meltwater in the troughs creating
a dark tone between linear ridges (Air photograph T404L-4, available from
the National Air Photographic Library, Ottawa, Ontario).



Arctic ice shelves. In the interval 1876-19061 there was exploration of the north coast

of Ellesmere Island, beginning in spring 1876 when Lieutenant Pelharn Aldrich,

R.N., led a man-hauled sled expedition along the coast from Cape Sheridan (ll0km

east of Point Moss, Figure 3) to Alert Point. In his report of the journey over the ice

he often described the travel over huzmrocks and heavy floes. From a camp at Cape

AJlbert Edward, Aldrich described the scene over the "ice rollers and ridges" across to

Cape Alexandra (Figure 2) as follows;

"Several low ridges from 30 to 40 feet high, and varying from a few hundred

yards to about a mile in length, show up in front of the cliffs. Their general direction

being SE to NW, hence on the east coast of the bay (Disraeli Fiord)to the south-

westward they are nearly parallel with it. I imagine these ridges are composed of

hard ice under the snow... (Parliamentary Paper, 1877, p,201-202). As the party

passed between Ward Hunt Island(Figure 2) and the mainland, Aldrich notes, "...we

crossed a ridge about 30 feet high, and a half mile in width, which runs quite a mile

from about the middle of the south shore (of the island)... Similar looking ridges

extended to the eastward and westward of the island." (Parliamentary Paper, 1877,

p.201-202). What Aldrich describes are the ridges and troughs on Ward Hunt Ice

Shelf that show very clearly in Figure 2.

Not until the spring and summer of 1906 was there further exploration of the

north coast of Ellesmere Island. At this time, Commander Robert Peary, U.S.N., led

a dogsled expedition westward from Cape Sheridan to Azel Heiberg Island {Figure 3),

Peary described features that are now known to be ridges and troughs. From a camp

. west of Point Moss (Figure 3), Peary described the first encounter with, '_What later

became a constant and striking feature of the glacial fringe, the long, prairie-like

swells of its surface ..... The swells which were traversed coming from Point Moss,

showed up beautifully ...... as parallel swells following the main contour of the shore"

(Peary, 1907, p.181). A little to the west of Cape Alexandra (Figure 2), Peary notes
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the difficulty of the travel which," ....was accentuated in the series of rolling swells

which are a feature of this peculiar ice-foot (?) along here. These swells are on a large

scale..:.. If they are not huge drifts I did not know how to account fo: them. Off Ward

Hunt Island and especially the western end, they are particularly marked, and here

they blend into drifts formed in the lee of the island." (Peary, 1907, p.185). On the , _

return journey from Axel Heiberg Island in late July, Peary writes of the ice near

Cape Columbia (Figure 2), "Coming back over the bluffs, to our camp the orography

of the glacial fringe both east and west was very strongly brought out by the streams

and blue lakes which filled every depression and furrow" (Peary, 1907, p.231).

Aldrich and Peary did not know it at the time, but they were traveling over

what later became known as the Ellesmere Ice Shelf. Although not very detailed, the

accounts of both Aldrich and Peary provide enough evidence on which to base a

reconstruction of former ice shelf extent (Figure 3A). Furthermore, the extent of the

ice shelf between Point Moss and Cape Richards has been quite accurately mapped

according to the location of ocean depth soundings taken in the summer of 1906 by

Ross Marvin, a member of Peary's expedition (Bushnell, 1956).

Aldrich mentions "rollers" particularly at Disraeli Bay, M'Clintock Bay (Inlet),

Yelverton Bay and near Cape Alexandra (Figure 3). The descriptions by both Aldrich

and Peary of the ice (Ward Hunt Ice Shelf) in Disraeli Bay (Fiord) suggest that the ice

shelf was in the same position in 1906 as it was in 1876. In Yelverton Bay, both

explorers give the impression that it too was full of "rollers" (Dunbar, in Koenig et

al., 1952). Aldrich (Parliamentary Paper, 1877, p.213) writes "Looking back on the

bay (Yelverton), I observed a series of ice rollers, two of which we crossed yesterday."

As will be shown in the next section, the ice shelf in Yelverton Bay no longer exists.

In 1906, Peary traveled beyond Yelverton Bay as far west as Axel Heiberg

Island and described undulating ice surfaces all the way around the c,Jast (Dunbar, in

Koenig et al., 1952). Beyond Cape Alfre _ Ernest (Figure 3A), "we were up above sea
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level on the undulating surface of the glacial fringe" (Peary, 1907, p.190). "The

surface of the glacial fringe ..... was intersected with narlrow water cracks which

seemed to delineate the larger swells .... " (p.191). "The ice traversed .... was a

succession of swells of moderate height. The light and shade after the sun came out,

allowed the undulations of this remarkable ice-tbot to be very clearly seen" (p.201). '_

then headed across the strait (Nansen Sound) to the northern extremity of the

western land (Axel Heiberg Island). The ice in the strait_ was to all appearance a

continuation of that forming the glacial fringe of the Grant Land coast" (p.203).

It is quite clear that the "glacial fringe" or Ellesmere Ice Shelf extended all the

way along the north coast of Ellesmere Island from Poin_t Moss to Nansen Sound

(Figure 3A). Furthermore, it extended a considerable distance offshore in some

places. Spedding (1977) estimates that the Ellesmere Ice Shelf had a maximum area

of about 7500km _.

From 1906 to 1953, reports from the region are few. In 1959 and 1960 an aerial

photographicsmwey ofthenorthcoastofEllesmereIslandwas completedby the

RCAFo CanadianNationalTopographicSurveymaps were subsequentlyproduced

from thephotographsand groundsurvey.The maps showed littleiceshelfchange

between1960and 1953/54'#henG.Hattersley-SmithoftheDefenceResearchBoard

ofCanada had ledtwo expeditionsthatexploredthecoastbetweenCape Sheridan

and Nansen Sound(Hattersley-Smith,1955).TheseexpeditionsfoundtheEllesmere

IceShelftobemuch lessextensivethanitwasin1906anditwas clearthattherehad

beena considerablelossofice.The extentoftheiceshelvesisshown inFigure3A.

IceislandsT-1toT-5undoubtedlyowed theirexistencetothedisintegrationof

partoftheEllesmereIceShelf,but thetimeant!locationofcalvingissubjectto

speculation.Of thesefiveiceislands,theoriginsofT-3andT-4aredefinedwithmost

confidence.IceislandT-3notonlyhad undulatingtopography,but therewas also

m__zhrockmaterialontheicesurfacethatmighthaveoriginatedfromtheshoresof

l •
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Yelverton Bay (Hattersley-Smith, 1957). Crary and Cotell (1952) identified ice in T-3

that might have come from one of the glaciers that reach tide-water in Yelverton

Bay. Analysis of T-3 rocks indicated Cape Bourne or Yelverton Bay to be the most

likely sources (Stoiber et al., 1960; Muguruma and Higuchi, 1963). Polunin (1955)

suggested that T-3 calved after the summer of 1935 and Crary (1960) mapped a likely

location in Yelverton Bay (Figure 3B). Ice island T-4 almost certainly calved from

the east end of Ward Hunt Ice Shelf, near Cape Columbia (Figure 3A) in 1947

(Greenaway, in Koenig et al., 1952).

With the exception ofT-4, ice islands T-1 to T-5 were ali located in the Beaufort

Gyre (Figure 1). Ice island drift patterns will be discussed in greater detail in a later

section, but one may note that it takes about ten years for a piece of ice to complete a

full, outer circuit of the Gyre (Dunbar and Wittman, 1963). Furthermore, it has been

estimated (without substantial evidence) that there is a 50% probability (Crary,

1958), even e 70% probability (de Paoli et al., 1982), of an ice island escaping the gyre

during those ten years. This kind of assumption will be discussed in connection with

trajectory simulations in a later section. This information can be used to estimate the

time of calving. Each of the ice islands was large in area, not only because they had

calved from a once-extensive ice shelf, but also, it is suggested, because they had

calved only a few years (perhaps weeks in the case of T-4) prior to their discovery.

Larger ice islands disintegrate for two reasons; 1) they melt and become thinner as

they circulate, and 2) they ground and break up in shallow water (Jeffries, 1985a).

This had not happened to T-1 to T-5, possibly because they were still iri their first or

second circuit of' the gyre. The position at which T-3 was located in 1950 is about

halfway round the gyre, i.e., about 5 years from source. Therefore, perhaps T-3

calved about 1935 or 1945. The position at which T-1 was discovered in 1946 (Figure

!) is about 4 to 5 years from source, i.e., it may have calved in 1941 or 1942, or a

decade earlier. The position of T-2 in 1950 is about 8 or 9 years from source and it

-
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also, therefore, calved in 1941 or 1942 or a decade earlier. If they did calve

simultaneously, it is quite possible that they broke out of Yelverton Bay since this

area is large enough to contain such a large ice mass (Figure 3). The only other

likely location for a large calving is from the mouth of Nansen Sound (Figure 3).

However, it has been suggested that the ice plug in the mouth of Nansen Sound dates

from 1932, when it replaced the ice shelf that calved and created ice island NP-6

(Serson, 1972). Ice island T-5 was located one to two years away from source and thus

probably calved in 1946 or 1947.

If one makes the assumption that T-1 to T-5 had not completed full circuits of

the gyre when they were discovered, then a considerable ice shelf' disintegration

occurred during the relatively brief period 1941-46. There is additional evidence to

support this possibility.

It has bean shown that since 1906 Ward Hunt Ice Shelf suffered a period of net

surface melting that probably caused ice shelf thinning (Hattersley-Smith, 1955;

Hattersley-Smith and Serson, 1970). The climatic warming that brought about the

large surface ice losses began in about 1925 and continued to a maximum in 1940

(Hattersley-Smith, 1963a). This has since been confirmed by ice core studies on

Devon Island ice cap which is representative of other High Arctic ice caps, 90% of the

time (Koerner, 1977). The Little Climatic Optimtun between 1925 and 1940 could

have led to a considerable thinning of the Ellesmere Ice Shelf. Exceptional

meteorological and oceanographic factors could then combine with these conditions to

cause an almost catastrophic disintegration of a large part of the ice shelf, so that it

contracted to the extent shown in Figure 3a.

Although the greatest ice island calving activity in the past century occurred

prior to 1950, there have been numerous, occasionally large, breakaways during the

past 25 years. The last, very large disintegration occurred some time between

August 1961 and April 1962 at Ward Hunt Ice Shelf (Hattersley-Smith, 1963b). An

-_._=
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estimated 596km 2 of ice shelf, with a volume of 18 to 24km 3, became detached and

formed 19 ice islands. Five of these (WH-1 to WH-5) were very large, with areas

ranging from 70km _"to 140km 2.

In April 1966, during a flight along the north coast of Ellesmere Island,

Hattersley-Smith (1967) observed that both M'Clintock Ice Shelf (Figure 3A) and

Ayles Ice Shelf (Figure 3B) were virtually non-existent. There is no doubt about the

break-up of M'Clintock Ice Shelf which occurred during the interval April 1962 and

April 1966 (Hattersley-Smith, 1963b; 1967). However, it has since been shown that

although an ice island (10xl.5km) calved from the front of Ayles Ice Shelf at some

time between 1959 and 1974, Ayles Ice Sh_ll " remains in the mouth of Ayles Fiord

(Figure 3B and Figure 4) (Jeffries, 1986).

In May 1982, the presence of apparently "flat ice" was noted at the northwest

edge of Milne Ice Shelf (Jeffries, 1982). T_is area of ice (Figure 5) has subsequently
• , -.

been shown to be -<-10m thick, whicl_ is much thinner than the adjacent Milne Ice

Shelf (Prager, 1983). Comparison of air photographs taken in 1959 an,_l 1974 has

shown that a 35km2 ice island calved from NW Milne Ice Shelf at some time between

July 1959 and July 1974 (Figure 3) (Jeffries, 1986). The calving event has since been

dated at 1965, at the latest (Jeffries and Krouse, 1988). It has also been suggested

that the disintegration of M'Clintock Ice Shelf and the movement of Ayles Ice Shelf

occurred at much the same time (Jeffries, 1985b).

In April 1967, two ice islands, later named WH-6 and WH-7 (Lindsay et al.,

1968), were sighted and reported as being only 10-30m off the extreme western end of

Ward Hunt Ice Shelf (U.S. Navy, 1968). It seems likely that at the time of sighting

the ice islands were still located close to their point of origin, i.e., Ward Hunt Ice Shelf

or perhaps M'Clintock Inlet. Further, small ice losses occurred in 1973 -1974 at Ward

Hunt Ice Shelf (Serson, 1984).



FIGURE 4. Oblique aerial view from 3048 meters looking east across Ayles Ice Shelf
-- and multiyear landfast sea ice at the mouth of Ayles Fjord, July 23, 1984.
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FIGURE 5. Oblique aerial view from 3045 meters looking east acrCss the front ol Milne
Ice Shelf showing the 10-meter-thick multlyear landfast sea ice of the Milne
re-entrant in the right foreground, July 23, 1984o



Table 1. Dimensions of old ice islands photographed in July
1!)84,

IceIslandI.D. Length(km) Width(km) Area(km 2)
-- _ rlll ii i i i

84-1 0.07 0.06 0.005
: ---__:. ii ii ,,, i 1,11111 i , ............

84-2 0.07 0.06 0.003
i li ,

84-3 0,23 0.06 0.02

.... 1784-4 0.59 0. 0.075

s4-5 0.34 0... 0.03
iii

84-6 0.79 0.39 0.25
ii ii _ i i i __

84-7 * * *
, .

84-8 0.16 0.12 _ 0.02
...... i ii .. i ii ii ii

84-9 0.28 0.12 0.03
li ,,,,,., _• N6-da_ availi ble: ' '...... " _.............

The most recent and known ice island calvings have occurred since 1980, all

from Ward Hunt Ice Shelf. Between spring 1980 and April 1982.35-40km 2 of shelf

ice calved and/or grounded at the extreme western end of the ice shelf (Jeffries, 1982).

Since 1982, eight islands, with a total area of abut 40km 2, have calved from the east

end of the ice shelf between Ward Hunt Island and Cape Albert Edward (Figure 3B)

Jeffries and Serson, 1983). The largest of those ice islands (Hobson's Choice) was

about 10x4km in size at the time of discovery. It is now the site of a research station

operated by the Canadian Polar Continental Shelf Project.

Arctic ice shelf extent in spring 1985 is shown in Figure 3B. The major ice

shelves that remain are Ward Hunt Ice Shelf, Ayles Ice Shelf, Milne Ice Shelf, Alfred

Ernest ][ce Shelf and Markham Ice Shelf (the lat_er two are unofficial names). Little

is known about Alfred Ernest Ice Shelf except that a 2.5x5km ice island broke away

from the southwest edge near Cape Woods (Figure 3). This was first noted by M.O.

Jeffries and H. Serson during a ground su_ey in spring 1984, and subsequent

analysis indicates that the calving probably occurred during the interval 1950-59.
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Also included in Figure 3 are ice shelves at Cape Armstrong and Henson Bay.

During the 1984 ground survey it was believed that these ice shelves remained in

place. In order to carefully determine the ice shelf extent on major ice shelves, an

aerial photography mission was undertaken on 22nd and 23rd July, 1984, to obtain

oblique and vertical air photographs of the ice a!eng the north coast of Ellesmere

Island. The work was undertaken with the support or' _he Polar Continental Shelf

Project (Canada); Mr. David Terroux (Surveys and Mapping; Energy, Mines and

Resources, Canada) operated the aerial camera and the Twin Otter aircraft was

piloted by Mr. Ken Lee and Mr. Richard Duncan of Bradley Air Services. Oblique

photography was by M.O. Jeffries and W.M. Sackinger. Vertical air photographs

were obtained from an altitude of 3048m (10,000 feet). Ten photo-mosaics have been

assembled which cover the coastal margin, from Stuckberry Point/Point Moss to the

Alert Point Ice Field (Figure 1).

MOSAIC I

Mosaic I has a scale of 1:94,530 and covers 22.5km of coast west of Stuckberry

Point. There are many large multiyear ice floes and there is a considerable amount of

open water, which suggests a wind from the iand with ice motion away from shore.

The movement of the pack ice away from the shore makes it easier to distin_,_lish the

landfast ice. Most of the ice in this mosaic is multiyear landfast sea ice (MLSI), but

there are some small pieces of shelf ice. A small area of shelf ice is visible in the bay

between Point Moss and Stuckberry Point. There are more numerous pieces of shelf

ice, with a dark gray or apparently dirty surface, in Moss Bay, immediately west of

Point Moss. The pieces of shelf ice show some evidence of the undulating topography

that characterizes Arctic ice shelves in general and which is more apparent in later

mosaics. Also in this mosaic there are linear melt-pools apparent on the surface of

the MLSI, particularly in western Moss Bay, at the left of the mosaic. As with the ice
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shelf undulations, which are most obvious in the summer due to the pooling of

meltwater in linear lakes, the linear melt-pools on MLSI are more apparent in later

mosaics.

MOSAIC II

Mosaic II has a scale of 1:94,74.0 and covers 22km of coast between Good Point

and Cape Aldrich. This mosaic shows only the outer part of Doidge Bay which is

Occupied by MLSI, on Which there is some development of linear melt-pools. The

inner part of Doidge Bay (just off the loweredge of the mosaic) contains a piece of

shelf ice (see Figure 1.15, 4th Quarterly Report, Sackinger and Stringer, 1984).

A large part of Parr Bay, particularly in the western part towards Cape Aldrich,

is occupied by shelf ice. The ice has a dark gray or dirty surface, similar to that of the

shelf ice in Moss Bay (Mosaic I) and a small area of eastern Ward Hunt Ice Shelf,

adjacent to Ward Hunt Island (see Figures 22, 23, 5rh Quarterly Report, Sackinger

and Jeffries, 1985). Sackinger and Jeffries (1985) listed three possible ways in which

the ice can become so dirty. Of these three, it is now thought that the most likely

reason for the dirty ice is the adfreo ,_ng of frazil or anchor ice at the bottom of the ice.

If the ice accreting at the bottom of the ice shelf contains significant quantities of dirt

and debris then, given sufficient time when bottom accretion is balanced or exceeded

by surface ablation, the dirt and debris will appear at the ice surface.

As in Mosaic I, numerous large multiyear ice floes and open leads are evident

offshore.

MOSAIC III

Mosaic III has a scale of 1:76,730 and covers 17.5km of coast between Cape

Columbia and Cape Nares. The major ice feature in this area is the Markham Ice

Shelf which occupies Markham Fiord. A very small ice shelf also occupies the bay

immediately east (right) of Markham Ice Shelf.
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Unlike the shelf ice described in the previous mosaics (I and II), the surface of

Markham Ice Shelf is relatively clean. Also, the linear development of the meltwater

lakes on the undulating ice shelf surface is clearly visible. Linear melt-pools have

also developed on the MLSI adjacent to Cape Nares; this is in contrast to the melt-

pools on the multiyear ice floes in the offshore pack ice. It is also noted that the

orientation of the MLSI melt-pools at CapeNares is not constant; some of the melt-

pools clo3e to the shore apparently curve around Cape Nares. A similar melt-pool

phenomenon occurred on the former M'Clintock Ice Shelfat Borup Point (see Figure

3, 6th Quarterly Report, Sackinger and Jeffries, 1985a). The exact cause of this

changingmelt-poolorientationisnotknown,butitispossiblyrelatedtolocalwind

directionchangesassociatedwiththesteepheadlandsorcapes.

Apartfrom theMLSI atCape Nares,thereislittleotherMLSI development

evident.A narrowfringeofMLSI existsalongthefrontofeasternMarkham IceShelf

and alsoatthefrontoftheothersmalliceshelf.Thereisno MLSI fringealongthe

Cape Columbiaforeshore,whereonlya narrowice-footexists.In thecentreofthe

mosaicthereisa broad,triangularaccumulationofpackiceoffthesmallheadland.

Ifthiswere toremainfastfora number ofyears,itwouldbeconsideredtobeMLSI.

At thetimethismosaicwas taken(July1984),_hisareaoficewas probablyrelict

onlytothepreviouswinter,atmost.

MOSAIC IV

Mosaic IV has a scale of 1:84,100 and covers 20.5km of coast between Cape

Albert Edward and the Ward Hunt Ice Rise. The Ward Hunt Ice Rise is located at the

northern side of Ward Hunt Island. They both occur at about the centre of Ward

Hunt Ice Shelf and thereby divide the ice shelf into an eastern part and a western

part, This mosaic shows the outer part of eastern Ward Hunt Ice Shelf.
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Like the Markham Ice Shelf, the relatively clean ice surface with an undulating

topography of elongate meltwater lakes and intervening ridges or hummocks is

clearly visible. The eastern part of Ward Hunt Ice She:Lris _ignificant because it was

from here that a number of ice islands calved in 1982-83. At that time, ice calved

from the entire ice front between Cape Albert Edward and the Ward. Hunt Ice Rise. A

further, smaller calving occurred in 1983-84 along a 2.5km front between Cape

Albert Edward and the small ice rise to the west (see Figures 6 &7, 5th Quarterly

Report, Sackinger and Jeffries, 1985).

During over-ice traverses of this region irl spring 1984, 1985 and 1986, M.O.

Jeffries and H.V. Serson observed very little post-calving fast ice development since

May 1983 at the front of tb.e eastern ice shelf. The previous MLSI fringe was carried

away with the ice islands and was probably similar to that visible in Mosaic V of

western Ward Hunt Ice Shelf.

MOSAIC V

Mosaic V (A, B and C) have a scale of 1:94,000 and cover approximately 40km

along the front of western Ward Hunt Ice Shelf from Ward Hunt Ice Rise to Cape

Discovery Ice Rise. Each mosaic has two common features: 1) the characteristic

undulating topography of elongated meltwater lakes separated by ice hummocks

and; 2) a fringe of MLSI along the ice shelf front. _.PheMLSI itself is most extensive

towards the Ward Hunt Ice T.tise(Mosaic V) where the melt-pools are also developing

an elongate topography. Probably the best MLSI melt-pool development is visible at

the centre of Mosaic VA (see also Figure 27, 5th Quarterly Report, Sackinger and

Jeffries, 1985).

Mosaic VB is significant because of the presence of a number of small old ice

islands embedded in the pack ice off the front of the ice shelf. Six ice islands are

outlined on Mosaic VB. A seventh ice island (84-7) was observed a little further
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offshore from ice island 84-6 (see Figure 9, 5rh Quarterly Report, Sackinger and

Jeffries, 1985). The dimensions of the ice islands have been given in Table 1, p. 16.

Ice island 84-8 is not shown, but was located a little further west, off the Cape

Discovery Ice Rise. Ice Island 84-9 was located off the mouth of Ayles Fiord.

MOSAIC VI

Mosaics VIA & VIB have a scale of 1:82,140 and show the mouth of M'Clintock

Inlet, a distance of 35km from the Cape Discovery Ice Rise to Cape Richards. A shore-

lead is evident in each mosaic and is probably due to an offshore wind directed

seaward, separating the pack ice from the fast ice-edge and the edge of the Cape

Discovery Ice Rise.

M'Clintock Inlet was once occupied by the M'Clintock Ice Shelf. The ice shelf

disintegrated in the mid-1960s and a few pieces of shelf ice remain embedded in MLSI

that now occupies most of the mouth of M'Clintock Inlet. The shelf ice fragments lie

further south than the line of Mosaic VI, but some the MLSI is clearly visible. The

only piece of in situ ice shelf is to be found in the extreme left frame of Mosaic VIB.

Elongate lakes and hummocks are evident despite the dirty ice surface which

characterizes all of the small ice shelves in this bay (see Figures 15 and 16, 6th

Quarterly Report, Sackinger and Jeffries, 1985a).

The surface topography of the MLSI in Mosaic VI, as delineated by the

development of melt-pools, is quite variable and is probably related to how long the

ice has remained fast in one place. The greatest linear development of melt-pools

and, therefore, probably the oldest ice, occurs off the west end of Cape Discovery Ice

Rise (Mosaic VIA) and at the west side of M'Clintock Inlet near Cape Richards

(Mosaic VIB). The youngest MLSI, with the least linear melt-pool development is

located in the centre of Mosaic VIB. Observations made during over-ice traverses in
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1982, 1983 and 1984, by M.O. Jeffries and H.V. Serson, indicate that this particular

area of ice had only been there for 2-3 years.

MOSAIC VII

Mosaic VII has a scale of 1:80,300 and covers a distance of 20km between Cape

Fanshawe Martin and Cape Bicknor. The main ice feature of interest here is the

Ayles Ice Shelf that occupies most of the mouth of Ayles Fiord. The ice shelf does not

occupy the entire mouth of the fiord because at some time between 1959 and 1974 the

ice shelf moved up to 5km out of the fiord and away from the east shore (Jeffries,

1986). The area that was once occupied by the ice shelf along the east shore of the

fiord is now the site of MLSI that has a very well-developed undulating topography of

elongate pools and hummocks. This area of MLSI is clearly seen on the second frame

from the right; the MLSI also contains an old fragment of shelf or glacier ice and, in

addition, there is a diagonal crack near the seaward edge of the MLSI. A second zone

of MLSI, with less well developed melt-pools/undulations is evident along the

western front of the ice shelf, from the centre of the mosaic to Cape Bicknor.

As might be expected, the surface of the ice shelf displays characteristically

well-developed elongate undulations. A particularly interesting feature to note is the

narrow melt-pool at the centre of the mosaic that cuts diagonally across the parallel

pools. It is likely that this is the surface expression of an old fracture in the ice shelf

and a potential line oi"weakness. This feature is at least 35 years old as it can be seen

on aerial photographs of the ice shelf taken in summer 1950 (see Figure 2A, 7th

Quarterly Report, Sackinger and Jeffries, 1985b).
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MOSAIC VIII

Mosaic VIII has a scale of 1:92,860 and covers a distance of 19 km between Cape

Egerton and Cape Evans, which define the mouth of Milne Fiord. The fiord is

occupied by the Milne Ice Shelf which is visible at the right side of the mosaic. The

majority of the ice shelf undulations lie parallel to each other. However, there are

two melt-pools at the outer edge of the ice shelf that are oriented at a quite different

angle, similar to that of adjacent MLSI. We have no explanation for this, other than

to suggest that it is related to changing summer average wind directions combined

with local wind effects.

Ali along the front of"the ice shelf there is a fringe of MLSI, particularly at the

Cape Evans side, i.e. the Milne Re-entrant. The MLSI is distinguished from the ice

shelf by its smaller scale undulations. The Milne Re-entrant is a fairly recent

addition at the front of the ice shelf, having replaced a 35 km 2 piece of shelf ice that

calved in 1973 at the latest and probably as early as 1965 (Jeffries, 1986; Jeffries and

Krouse, 1988). Over a minimum 10 year period, elongation and coalescence of the

melt-pools has occurred and given the ice a recognizable topography characteristic of

the fast ice in this region. The best-developed undulating topography on MLSI occurs

on a narrow strip along the north-eastern margin of the ice shelf near Cape Egerton.

The advanced elongate development of the melt-pools suggests that the MLS][ has

remained in place, for some considerable time at this location. We have analyzed air

photographs of this area taken in 1950, 1959 and 1974 and the MLSI has indeed been

there since 1950, at least (Jeffries et al., 198'7).

MOSAIC IX

This T-shaped mosaic has a scale of 1:86,000 and covers an area at the eastern

shore of Yelverton Bay. Hanson Ice Shelf (unofficial name) occupies a ,_rnall bay and

though it has an undulating topography, the melt-pools and hummocks are not..... ,
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nearly as well developed linearly as on the other ice shelves. This suggests that there

is no dominant wind direct_ion in this small bay, perhaps due to local topographic

variations, However, unlike the shelf ice, the MLSI outside the bay has a very well

developed elongated topography. Since the MLSI is at the east side of the bay we

assume that the topography has developed under the influence of westerly winds that

blow in sununer across the long fetch of Yelverton Bay. It will become apparent from

consideration of the next mosaic (X) and the MLSI in this region that Hanson Ice

Shelf has probably the best-developed topography in the entire Yelverton Bay.

A short, thin arm of shelf ice extends away from Hanson Ice Shelf towards the

bottom of the mosaic. There is some evidence to suggest that this piece of ice shelf is

in the process of disintegration, albeit slowly. Not only are there some large fissures

in the ice, but there are fragments of shelf ice locked in the MLSI. A crack..like

feature is also evident in the MLSI, running generally diagonal to the undulations.

MOSAIC X

Mosaic X has a scale of 1:125,000 and covers a distance of about 38 km across

Yelverton Bay from Hanson Point (see Mosaic IX) at the right side to the Alert Point

Ice Field. As noted for Mosaic IX, the MLSI near Hanson Point, or on the east side of

Yelverton Bay in general, has a particularly well-developed elongated topography.

This is evident in the first frame on the right. Elsewhere in the mosaic, though there

are clear indications of the coalescence and elongation of the melt-pools, this has not

developed to the same degree as it has in the eastern bay. At the left side of the

mosaic there are two crack-like features in the ice, running almost parallel to each

other and about 2.5 km apart.

The successful completion of the 1984 air photography and the subsequent

documentation adds substantially to the aerial photographic record of the coastal ice

in this region. In view of the remoteness of the area and the probable limited and

33





occasional use of air photographs, the aerial photographic record is quite good and

represents a valuable time of changing ice conditions. Past aerial photographic

missions of this region are summarized in Table 2 below.

Table 2. Aerial photographic missions that include ice shelves and
landfastsea ice off the north coast of Ellesmere Island

.......

-- i tlm, ,inl _ I " ' '

Yea_.__._r Altitude (mi Vertical Oblique
'.... ]] II ]

1) August 1950 6096 yes yes
t tt i laBia i

2) July 1959 9144 yes no
t tt tilt

3) June 1962 225.5 yes yes
_-- i i li,..... III I I J[ .__ _

;4) July 197'4 3048 yes no
t t, t i

5) July 1984 3048 yes ' yes*

Oblique aerial photograPhs obt_ .ined in jdly 1_84 are par_-0fa
private collection. All other photographs are available from
the National Air Photography Library, Department of Energy,
Mines and Resources, Ottawa, Ontario, Canada.

In this particular report we have presented 10 mosaics of the fast ice edge in

1984. Aerial photogr_'_phs were also obtained of ice in the bays and fiords and more

extensive aerial photographic coverage is available, particularly for Ward Hunt Ice

Shelf, Milne Ice Shelf, Ayles Ice Shelf, Yelverton Bay and Alfred Ernest Ice Shelf.

The oblique photographs obtained in July 1984 for the region from Alert to Cape

Discovery have been presented in the 5th and 6rh Quarterly Reports (Sackinger and

Jeffries, 1985). The Ayles Ice Shelf, Yelverton Bay and Alfred Ernest Ice Shelf

regions, however, have not been discussed previously. Since they may produce ice

islands in the future, the aerial photographs are presented and discussed below.

II.1. AYLES ICE SHELF

The ice conditions in Ayles Fiord between Cape Fanshawe Martin and Cape

Egerton (Figures 6A and 6B) will be considered. Ayles Fiord is an interesting

location because until recently it was believed that Ayles Ice Shelf had completely
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FIGURE 6A. Map of north coastof Ellesmere Island from Cape Discoveryto Cape Egerton,



b

FIGURE (5B. Map of north coastof EIlesmereIsland from Cape Fan_haweMartin to _ Egerten.
This map showsthe location of Ayles ice Shelf asit w_ in 1959,



broken out of the fiord during the interval 1962-66 (Hattersley-Smith, 1967). It has

since been shown that this was not the case (J_effries, 1986), and in this report the

"new" ice regime of Ayles Fiord will be described,

In 1950 (Figure 7A) and 1959 (Figure 7B) the outer 12.5km of Ayles Fiord was

occupied by Ayles Ice Shelf. Immediately south of the ice shelf the fiord is largely

occupied by a disintegrating glacier tongue. The inner fiord is covered with fiord ice.

Ayles Ice Shelf, like the seaward portions of other arctic ice shelves, is characterized

by an undulating topography of parallel ridge,s and troughs. In summer meltwater

accumulates in the troughs and forms long, linear lakes which appear as a darker

tone than adjacent ridges on air photographs (Figures 7A and 7B). Also at the ice

surface there are crack-like features and debr:ls zones. The most obvious crack is S-

shaped and curves across the ice shelf from the north edge to the south edge. A second

crack is located parallel to the undulations and close to the front of the ice shelf

(Figure 7B). Adjacent to the west shore of the fiord is a curvilinear debris zone that

might be a moraine der_:ved from the adjacent cirque glacier (Figures 7A and 7B).

Glaciers flowing off the land into fiords and inlets do contribute in some cases to the

growth of parts of certain arctic ice shelves. Thus, it is likely that that part of the ice

shelf, however, appeared to have begun disintegrating by 1950-59. The fiord ice

contrasts sharply with shelf ice, as fiord ice appears to be essentially smooth and flat.

In April 1966, Hattersley-Smith (1967) observed that only scattered ice islands

and slivers of ice shelf remained in Ayles Fi._rd. Figures 8 and 9, however, indicate

that a large piece of ice shelf remains in the mouth of the fiord. Comparison of

Figures 7A and 9 shows how the position of that ice shelf has changed. Although

Ayles Ice Shelf remains largely intact, it has moved some distance out of the fiord,

with the greatest movement having occurred away from the eastern shore. Figure 10

shows the area of maximum movement where the gap between shelf and shore is now

occupied by old sea ice. The sea ice contains two fragments of shelf ice that would
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FIGURE 7A. Oblique aerial photograph looking eastacrossAyles Ice Shelf, August 1, 1950. (Air
phot¢_raph T407L-6, National Air Photograph Library, Ottawa, Ontario, Canada).



FIGURE 7B. Vertical air photo-mosaic of Ayles Ice Shelf, July 1959. (Air photographs A16706-3,
A16785-75, A16785-76, National Air Photograph Library, Ottawa, Ontario, Canada).



FIGURE 8. View looking west acrossthe mouth of Ayles Fiord frownCape Fanshawe Martin.



FIGURE 9. View looking east across the mouth of Ayles Fiord to Cape Fanshawe Martin.



FIGURE 10. View of the northeastern area of the mouth of Ayles Fiord. This shows the location
of the maximum movement of Ayles Ice Shelf away from the shore.



become part of the freely-circulating ice island population if the ice were to break out

of Ayles Fiord completely. It is interesting to note that the sea ice that has grown

since the ice shelf movement has developed an undulating topography of parallel

ridges and troughs (Figures 8, 9, 10, 11, 12 and 13). The wavelength of the rolls, as

they are known, is shorter than those on the ice shelf. Furthermore, ground

observations made by M.O. Jeffries and H. Serson in May 1985 indicate that the

troughs are less deep than on the ice shelf. In May 1983, before the ice shelf'

movement was confirmed, M_O. Jeffries and H. Serson traversed the sea ice and

crossed a wide crack that ran perpendicular to the east shore. There was refrozen

water in the crack that had a freeboard of about 50cre. This suggested an ice

thickness of 5m. The crack is shown in Figures 12 and 13. In spring 1985 it was

noted that tile crack runs right across Ayles Fiord and effectively marks the

transition from shelf ice to sea/fiord ice.

Figure 13 shows that the nature of the surface of the ice along the the east shore

changes, with the features becoming more random. The contrast between the regular

oriented topography of the shelf ice, the old sea ice in the mouth of the fiord, and the

ice further south in the fiord is shown in Figure 14. For the moment we will turn our

attention to this ice before returning to the shelf ice.

The east arm of Ayles fiord is shown in Figure 15. A large glacier remains at

the head of this arm (Figures 7A, 7B and 16), but there is no longer an intact shelf ice

cover (Figures 17 and 18). Figures 7A and 18 each look in the same direction into the

east arm. In 1950 (Figure 7A) and 1959 (Figure 7B) the ice had an undulating

topography characterized by elongate meltwater lakes, but in 1984, (Figure 18) the

ice was no longer there. The mouth of the east arm is largely filled with many small

fragments of shelf ice or ice from the disintegrating glacier tongue (Figure 19).

Figures20 and 21 clearlyshow how extensiveisthisdisintegration.In 1950 and

1959 (Figures7A and 7B),the appearance of the glaciertongue suggested some
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FIGURE 11. View looking alongthe eastshoreof Ayles Fiord and the ma icethat hasgrown since
the iceshet__moved.



FIGURE 12. Undulating sea ice near the east shore of Ayles __..... V_BIIImV.c=_."',_._',_ _:__ ......Fiord. A crack inths iceisarrowed. Note how the ___ BmBmmr.:;_'_.... .-.=;._,__.-=..,J_
crack meetsthe rearof the shelf ice. - "'_; ...._ ......



FIGURE 13. Undulating sea ice near the east shore of Ayles _ mi__._.,_ll0111_Jh
Fiord. A crack in the ice isarrowed.
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FIGURE 14. Ayles IceShelf is in the foreground with some recent seaice at the left side. Note the
more random patterns in the icebeyond the ice shelf.



FIGURE 15. View looking south acrossthe eastarm of Ayles Fiord from Cape FanshaweMartin.



FIGURE 16. Glacier at the head of the eastarm of Ayles Fiord. Note the curiouseast-west
alignment of the melt-poolsthat is reminiscentof the ice shelves,



FIGURE 17. View looking southacrossthe mouth of the eastarm of Ayles Fiord from Cape
FanshaweMartin.
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FIGURE 18. View looking eastacrossAyles Fiord to the east arm of the fiord. Compare this
with Figure "tAand note the changein iceconditions.



FIGURE 19. Scatteredfragmentsof shelf ice andglaciertongue in central Ayles Fiord.



= FIGURE 20, Scattered fragments of shelf iceand glacier tongue .....
in central Ayles Fiord. Small, remaining glacier"

tongue is arrowed. , t
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FIGURE 21. Scattered fragments of shelf ice and glacier tongue in central Ayles Fiord, Note
tt_at the shelf ice in the foreground is grey in color.



disintegration,but the iceretainedsome recognizableform and was indicativeof

glacierflow into the fiord.In 1984,some glaciericeremained afloatas a small

glaciertongue but fra_unentsofthe oldglaciertongue were scatteredmore widely

acrosscentralAyles Fiord(Figures20 and 21).These glaciertongue fragmentsare,

toallintentsand purposes,icebergs,andwere brieflyinvestigatedby M.O. Jeffries

and H. Sersoninfieldtripson theiceinspring1982 and 1983. Some ofthe icebergs

areshown inFigure22 and theyare2-3rnhigh. Thus,theymight be 20-30m thick.

Earlieritwas notedthatin !950 and 1959 therewas a curvilineardebriszone

on the surfaceofthe westerniceshelf.At thattime the debriswas adjacenttoa

cirqueglacierthatprobablyonceflowedout intothe fiord.The debrisremains ina

curvilinearconfiguration,but itisno longeradjacenttotheglacier(Figure23).This

isfurtherevidenceoftherecentmovement ofAylesIceShelf.

InFigure24 one can see,onceagain,how farAylesIceShelfmoved outofAyles

Fiord.Although the iceshelfdidnot completelybreak outofthe fiordand createa

largeiceisland,thereisevidencethatan iceislandcalvedfrom thefrontofthe shelf.

A crack locatedparalleltothe shelffronthas alreadybeen described(Figure7B).

Shelficeno longerexiststothe northofwhere thecrackwas oncelocated.Instead,

thereisa long,narrow beltofsea icethathas accretedsincean iceislandcalving

(Figures24,25 and 26).Thiszoneofseaicecontinuesalongthe shoreoftheicefield

atCape BicknorasfarasCape Egerton(Figure27).The seaiceintension(Figure26)

which has developeda crack,must be quiteweak asonlythewind and water current

shearforceon the seaward partofthatfloeisavailabletocausethecrackingseen in

thatfloe.

Insummary, itisnotedthatthough therehasbeen a considerablechange inthe

iceconditionsinAyles Fiord,thisisnot as seriousaswas onceimagined. Ayles Ice

Shelfhas moved a shortdistanceout ofthe fiord,but itremains there. Probably

associated with this movement was the disintegration of shelf ice in and near the east
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F IGURE 22. Icebergs in Ayles Fiord. This photograph looks towards the east shore of the fiord.
The line across the snow is a snowmobile track.
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FIGURE 23. Curvi-linear debris zone at the west side of Ayles _a_"__ ._,.___
, Ice Shelf (right side of photograph}. In 1950-59, _Jl_al____lk "_I_31_''" - :_'_

this debris wasadjacent to the cirque glacier that _ _.,-. _ "q,m . ,,,:.::__.,_

is arrowed (see also Figs.7A andTB). _._. ...--,"._' ....:>__,_



FIGURE 24° View looking east across Ayles Ice Shelf in the ___

mouth of Ayles Fiord. The location of an ice --__

island calving and the sea ice that has regrown - " .-_=__"__.,.,- : _-_._._ _ =.
since that event is arrowed. " " "__ ..-__

.,. _ .. _,._._" _._.._.,._<:_._.



. _ '_'_i_i_ :-_:_'_=_.- , • ..:,.._.-!,.-_-FIGURE 25 Looking down at the outermost part of Ayles
Ice Shelf. The arrow indicates sea ice accretion _-- - .._ . _._._
sincean ice islandcalving. , •_ "."" '. _".... ;.,,_;__
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FIGURE 26. The front of Ayles Ice Shelf and icefield at Cape Bicknor (right). Note the open water
and leads that suggest the pack ice is in tension.



/

FIGURE 27. Ayles Ice Shelf and sea ice belt extending from the shell front along the shore of the
ice field l)etween Cape Bi('knor and Cape Elertr.)n.



arm of the fiord, and the final breakup of a glacier tongue that once contributed to the

growth of Ayles Ice Shelf. Observations indicate that all of the ice movement has

been toward the mouth of the fiord, since there are no thick ice fragments found in

southern Ayles Fiord. While this might be a function of the fiord ice remaining

intact, it is more likely an indication that, at the time of disintegration and

movement, winds were blowing out of the fiord. Presumably it would only require

winds blowing out of the fiord, perhaps in combination with other oceanographic and

meteorologic factors (e.g., storm surges), t_ complete the removal of Ayles Ice Shelf

from Ayles Fiord. If this were to happen there would be considerable addition to the

ice island population of the Arctic Ocean. Ayles Ice Shelf is now floating in a

precarious position, with release quite possible in the nex_ few years, and should be

monitored regularly in view of the possible threat posed by ice islands to offshore

development in the Beaufort Sea.

H.2. MILNE ICE SHELF

Oblique photographs were also obtained in July 1984 of Milne Ice Shelf which is

afloat in Milne Fiord (Figures 6A and 6B). Milne Ice Shelf has an area of about

290km 2 and is the second largest of the remaining arctic ice shelves. As with the

other ice shelves, Milne Ice Shelf has an undulating topography of ridges and troughs

(Figure 28). In summer, water accumulates in the troughs forming elongate lakes

which create a darker tone than the adjacent ridges of ice (Figure 28). Unlike the

other ice shelves, where the undulations (rolls) are almost linear and parallel, with a

fairly constant wavelength, those on Milne Ice Shelf show considerable variation

(Jeffries, 1985). At the mouth of Milne Fiord the rolls are essentially linear and

parallel, but the degree of disorientation and curvature increases towards the end of

the fiord (Figure 28). In addition, the wavelength of the rolls decreases in this

direction (Figure 28). On the basis of the surface features, the ice shelf can be divided
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FIGURE 28 Air-photo mosaic of Milne Ice Shelf taken from an altitude of 9114 meters (30,000
feet) in July 1959. (Air photographs avaitabte from the National Air Phot¢_raphic
Library, Ottawa, Ontario, Canada).



into three main units: outer unit, central unit and inner unit (Jeffries, 1985). These

units are also characterized by ice thickness variations (Prager 1983).

II.2.1. Outer Unit

The fringe of sea ice continues from Ayles Fiord, as is seen in Figure 29, along

the front of Milne Ice Shelf to Cape Evans (Figures 29, 30, 31, 32, and 33). There are

two particularly interesting zones in this sea ice that becomes attached to the front of

the ice shelf and remains fast for some considerable time. The first zone is a long,

narrow piece of ice near Cape Egerton; the second zone is a broader, larger area of ice

near Cape Evans.

Meltwater also accumulates in pools on the sea ice (Figures 29, 30, 31, 33, 34,

and 35), but the pools are neither so deep nor as elongated as those on the ice shelf.

However, the areal development of the pools varies across the sea ice with the most

advanced melt-pool coalescence and elongation occurring near Cape Egerton. In

Figures 29 and 30, the relatively mature development of the melt-pool pattern on a

long, narrow piece of ice near Cape Egerton is shown. The appearance of the ice

suggests that it has been there for quite some time (> 25 years) in order for "rolls" to

develop. It is difficult to put a precise date, on the age of any of the ice, with the

exception of the sea ice that is now attached to Milne Ice Shelf near Cape Evans. This

second zone of ice is 11-19 years old, based on aerial photographic evidence (Jeffries,

1986). In Figures 28 and 32, it is shown that between 1950 and 1959 a piece of Milne

Ice Shelf near Cape Evans was surrounded on two, if not three, sides by water-filled

cracks that cut across the rolls. On the basis of a comparison of 1959 and 1974 aerial

photographs it has been shown that Area A (Figure 32) calved between 1959-74 and

was replaced completely by sea ice (Jeffries, 1986). Figures 32 and 33 show this area

of Milne Ice Shelf in 1950 and in 1984 respectively. The area of sea ice that replaced

Area A is known as Milne Re-entrant (Jeffries, 1985). In 1981, a radio-echo sounding
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FIGURE 29 Viewlooking east over Milne Ice Shelf, Cape Egerton and Ayles Ice Shelf.



FIGURE 30 View looking southwest acro_s Cape Egerton and "_heouter anit of Milne Ice Shelf.



FIGURE .31 The outer unit of Milne Ice Shelf with _a ice accretion along the ice front,,
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F IG U R E 32 Oblique aerial photograph looking southwest across outer Milne Ice Shelf and Cape

Evans to Yelverton I_a¥ from an altitude of 6096 meters, August 1950. Area A _asanarea of about 35 km and calved during the interval 1959-74. (Air photograph

T407R-8 available from National Air Photographic Library, Ottawa, Ontario, Canada.)
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FIGURE 33 Looking southwest acrossMilne Re-entrant. A _.... - .... _=_:,A,;.._'..,.._.__.._,_ll
water-filled crack is arrowed. - - -- - - ,.-..

_= = r_ -- =- , ,

r_] 'lq '_. _,_-_._.,, ..,



!

F IGURE 34. Close up view of melt-pools on Milne Re-entrant. / i_!___ _,:_;:_,_ :--,-
Cape Evansisarrowed. '._'"-'- " " ........' ......." ....
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FIGURE 35, LookingnortflwtZ acro_ Milne Re-_mtr_ntand the outer unit of Milne Ice Shelf from
Cape Evans. Note the difference betvummthe mit-pools on the Re-entrant and those
on the ice shelf.



survey found the ice to be _ 10ra thick (Prager, 1983). In spring 1985, adjacent ridge

and trough ice thicknesses of 9.8m and 7.24m respectively were found at one location

(Jeffries, et al., 1989, 1990). The melt-pools on the re-entrant are shown clearly in

Figures 34 and 35 and although they show evidence of coalescence and elongation,

they are not as well developed as the older sea ice near Cape Egerton (Figures 29 and

30).

Sea ice accretion at the front of the Milne Ice Shelf has a total area of about

40km 2. The remainder of the outer unit has an area of about 140km 2 with mature

roll development and ice thicknesses of up to 90m (Prager 1983). The wavelength of

the rolls averages about 300m and they reach depths of up to 7.5m. It has already

been noted that in 1959 there were two water-filled cracks on the west side of the

outer unit (Figures 28 and 32). These cracks created weaknesses in the ice that were

subsequently exploited by unknown processes that caused an ice island calving. Two

possible lines of weakness remain in the outer unit. The first is a water-filled crack-

like feature that runs approximately due east across the outer unit from the re-

entrant (Figures 28, 32, 33, 34 and 36). While the first line of weakness is a curvi-

linear feature that cuts across the rolls, the second feature is almost linear in

appearance as it cuts across the rolls in a southerly direction from the Cape Egerton

icefield (Figures 37, 38 and 39). The feature contains almost no water; its appearance

suggests that it is an older crack than the other, and that it has refrozen and

rehealed. The origin of the cracks is unknown, but they might be related to some

bottom crevasses detected by radio-echo sounding (Prager, 1983). Presumably it

required some considerable external force to create these lines of weakness. A

repetition of this force, of sufficient magnitude, might conceivably cause further

weakening of the outer unit and possible further calving.

The first line of weakness noted above appears to divide the outer unit into two

areas which have slightly different roll patterns (Figure 28). To the north of the line
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FIGURE 36. Westside of the outer unit of Milne Ice Shelf. A
water-filled crack runningacrossthe rolls towards
the re-entrant is arrowed. The dark material at '
lower left is moraine (seeFigure 17),



FIGURE 37. Looking south acrossMilne Ice Shelf from Cape

Egerton. The second, linear line of weaknessis
arrowed. Cape Egerton Icefield is at the left side.
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FIGURE 38. The second_linear line of weaknessc_JtsaCro_ the ice =hell fromleft _oright in the
center of,the photograph,
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F IGURE 39. Outer unit of Milne Ice Shelf. The secondiine of weaknessrunning south from the
Cape Egerton Icefield shows clearly st the left side.



the rolls are mostly long and straight and the meltwater lakes rarely connect with

adjacent lakes (Figures 31, 32, 37 and 38). To the south of the linethe rolls display a

little more curvature and the slight irregularity is emphasized by interconnecting

lakes (Figures 32, 33, 36 and 40). The origin of the rolls on arctic ice shelves is not

proven, but they are almost certainly elongated by summer winds and directional

convective heat traasfer in the melt pools. It is noted that the greatest ice

thicknesses in the outer unit occur adjacent to the Cape Egerton icefield (Prager

1983). Furthermore, the ice thicknesses suggest a flow of ice off the icefield into

Milne Fiord in the past. Thus, while part of the outer unit might owe its origin to a

glacier tongue floating at the mouth of Milne Fiord, the other part might owe its

origin to a completely different kind of ice, e.g, aea ice.

11.2.2. Central Unit

While the origin of the ice of the outer unit is unclear, it, is almost certain that

the central unit is of glacier origin (Jeffries, 1986). The main evidence for this is the

many moraines that are scattered across the surface of the ice (Figure 28). In

addition, the curvi-linear appearance of the rolls suggest that they largely follow

lines in the ice that was once composed of glacier tongues that flowed into and

coalesced in central Milne Fiord.

The first set of moraines is associated with Glacier 1 at the northern margin of

the central unit (F;gures 36 and 40). These two moraines are quite linear and about

3km in length. A second set of moraines is associated with Glacier 3 at the southern

margin of the central unit {Figures 28, 41 and 42). This moraine is composed of a

complete ribbon of ma_rial that extends about 3km into Milne Fiord. The rest of the

moraines are associated with the flow of Glacier 2 into Milne Fiord. These are found

right across the central unit with a major concentration on the east side up to 7km

distant from the glacier (Figures 42 and 43). This suggests that Glacier 2 was the
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FIGURE 40. Lookingnorthwe_ acrossMilne iceShelf,to CaPeEvens.The linearcorcentrationsof
debrisat the left sidearemoraineswhich,markthesouthernboundem/oftheuutev
unit.
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FIGURE 41. Moraine at the _rface of the centrat unit of Milne lc=Shelf. The moraine et the left
side isassociatedwith Gl_ier 3 while that mtthe right side is auo¢lated with Glacier 1.
Glacier 2 is in the center. _,



FtGURE 42, Looking north out of Milne Fiord. In the foreground is the inner iceshelf unit of
which the northern boundary i$marked by the dark rnor=inu. The left moraine is
asmciat_d with Glacier 3 and the right moraineswith Gtacier 2. Morainesfrom Glacier
I can be men in the distance.



FIGURE 43. View lookingsouthinte MilneFiord. MilneGlacier(seeFigure25 also) is in the back-
groundwith considerablemorainalmaterialat the surface. On the ice shelf, the
moraineat the left sidecomesfrom Glacier2 andthe moraineon the right from
Glacier3,



main contributor to the growth of the central unit. In Figure 44, Glacier 2 is shown

with the region where it flows into Milne Fiord, becoming part of Milne Ice Shelf.

Here there are numerous deep trenches that resemble radial crevasses. The latter

form as a result of tensional stresses due to the spreading of the ice that is no longer

constrained by the valley walls. Ice from Glacier 2 has spread over a large part of

central Milne Fiord, but the ice has thinned as distance increased across the fiord

(Prager, 1985).

In addition to a general curvi-linear form that resembles flow lines of the parent

glacier, the rolls of the central unit meander and interconnect much more than on the

outer unit (Figures 40 and 41). In spring 1983, M.O. Jeffries and H. Serson observed

that the rolls are asymmetric in form, with the outside bends of troughs often being

vertical and even overhanging. This is consistent with lateral convective transport of

warm surface water in the melt-pools, due to winds and to meltwater "erosion" in

summer, and suggests a considerable flow of water along the troughs, as well as an

explanation of transverse migration of the position of the elongated melt-pools over

decades, and their coalescence.

11.3. Inner Unit

Prior to a recent advance of Milne Glacier (Jeffries, i984), the inner unit of

Milne Ice Shelf had an area of about 60km2. It presently has an area of abut 40km2.

Unlike the outer and central units, this unit has relatively thin ice and the short

wavelength, shallow rolls show considerable curvature and disorientation (Figure

28). In 1981, the ice was found to be _ 10m thick by radio-echo sounding (Prager,

1983) and at one location the ice was as _ittle as 3.19m thick (Jeffries, 1985b). Along

the northern edge of the inner unit (Figures 42, 45 and 46)), rolls are quite evident

and ground observations by M.O. Jeffries and H. Serson in recent years show them to

be about lm deep. However, as one proceeds further south on the ice the rolls become
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FIGURE 44. Radialcrevassesin Milne Ice Shelf near the front of Glacier 2,
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FtGURE 45. Ice in the northeastcorner of inner Milne Ice Shelf (right side). At the left sideare
moraineson the central unit.



F IGURE 46. Ice on the east side of inner Milne Ice Shelf. Note the gray color of the ice which

b_ comes cleaner with much less evidenc_ of rolls at the right side.
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much less obvious and perhaps almost non-existent (Figure 46). Much of the ice is

quite grey in colour, perhaps as a result of the accumulation of wind-blown dust. The

absence of rolls seems to be manifested by a distinct lack of meltwater accumulation

on the ice surface. Although it is possible to delineate former traces of rolls, there

appears to be insufficient surface relief for ponding of water.

Milne Glacier is contiguous with the inner unit and since the glacier is afloat for

a few kilometers it might be considered to be a part of the ice shelf. In :Figures 28, 43

and 47 Milne Glacier is shown with numerous moraines on its surface. The glacier

can be divided into an eastern and western ice stream. The eastern ice stream has a

quite irregular and undulating topography with numerous meandering supra-glacial

meltwater streams. On the other hand, the western ice stream has a fairly regular

undulating topography of almost linear ridges and troughs (Figure 48).

H.3. YELVERTON BAY

A consistent and unifying feature of' arctic ice shelves and ice islands is their

undulating topography of parallel ridges and troughs. Ice island T-3 not only had an

undulating topography, but there was also much rock debris on the ice surface. Crary

and Cotell (1952) identified ice in T-3 that might have come from one of the glaciers

that reach tide-water in Yelverton Bay. On the basis of radiocarbon dated material it

was suggested that T-3 calved after the summer of 1935 (Polunin, 1955) and a likely

location in inner Yelverton Bay was mapped (Crary, 1960). In Figure 50, a large area

of inner Yelvert_n Bay is shown in 1951, one to two decades after the calving event.

The possible source region ofT-3 has been covered by a large expanse of sea ice, but

there are many small, scattered fragments of shelf ice remaining frozen into that sea

ice. The same area of Yelverton Bay in 1984 is shown in Figure 51, and it is clear

that many shelf ice fragments still remain embedded in the sea ice. This suggests
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F IGURE 47. View looking north out of Milne Fiord. Milne Ice Shelf is in tile foreground &nd the
dark bands are medial moraines.



FIGURE 48, The westernicestreamof Milne Glacier. Note the graynessof the ice.



FIGURE 49 Map of north coast of Ellesmere Island from Cape Fanshawe Martin to Cape Evans.



FIGURE 50. Oblique aerial view looking SSE across inner Yelverton Bay and Mitchell
Pt. (center). Note the glacier that flows into Yelverton Bay as a glacier tongue
and creates a thick ice (shelf?) barrier across the mouth of the inlet. (Frame
RR 108R-113,April 1951, National Air Photographic Library Ottawa, Ontario,
Canada).
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FIGURE 51. Oblique aerlal view looking south overYelverton Bay _Lcrossto Mitchell Point
(left), from 3048 m on 23 July 1984.



that the multiyear landfast sea ice in Yelverton Bay has not been greatly disturbed

over a period of three to four decades.

Although most of the former shelf ice present a century ago has disintegrated

and broken out of Yelverton Bay, there remain small, isolated intact ice shelves at

three locations: east of Hansen Point, west of Mitchell Point, and adjacent to _he

icefield at the west side of Yelverton Bay (Figures 36 and 49). For the purposes of this

report we will _eer to these as Hansen Ice Shelf, Mitchell Ice Shelf and Yelverton Ice

Shelf respectively, but is is noted that these are are not official names.

Hansen Ice Shelf has an area of about 50km 2 and has been shown in Mosaic IX.

Unlike the majority of arctic ice shelves, especially those on the peripheral parts of

the coast where the undulations or "rolls" show linear development parallel to the

shore, Hansen Ice Shelf has a very irregular surface topography. Certainly the

surface undulates, but there is no regularity or preferred orientation, especially on

the outer ice shelf (Mosaic IX). At the present time there are three glaciers

contiguous with the ice shel:F (one can be seen at the left side of Mosaic IX) that might

have contributed to early ice shelf growth, and the irregularity of the patterns might

be related, in part, to glacier flow. The large-scale and predominantly irregular

topography of Hansen Ice Shelf contrasts with the more regular, but smaller-scale

landfast sea ice topography adjacent to the ice shelf front. Acro_s most of Yelverton

Bay, the multiyear landfast sea ice has developed a ridge and trough system with a

regular spacing of the order 60-100m (Mosaics IX and X, Figure 51). At the west side

of Yelverton Bay, off the front of Hansen Ice Shelf, the undulations are oriented

approximately E-W (Mosaic IX). On the other hand, in central Yelverton Bay the

undulations are oriented approximately ESE-WNW (Mosaic X). In Yelverton Inlet

the orientation is SSE-NNW and parallel to the shores of the inlet. These varying

roll directions follow the orographic variation of prevailing summer winds expected

in the Yelverton Bay area. Old shelf ice fragments have already been noted in inner



west Yelverton Bay (Figures 50 and 51). There are alsq numerous shelf iceand

fragments on the east side of the bay (Mosaic IX), some of which most likely calved

from the front of Hansen Ice Shelf. In spr_ .g 1983, while traveling by snowmobile

across the ice in this area, M.O. Jeffries and H.V. Serson came across many large

rocks or. the i,ce surface. It is a,ssumed that the rocks were located on old shelf ice

fragments.

, Earder it was noted that the multiyear landfast sea ice in Yelverton Bay

appeared to have remained largely undisturbed for many years. The linear

development of the undulations on the sea ice attests to its age and stationary nature.

However, there is one recent documented break of sea ice from the seaward edge of

Yelverton Bay. In August 1984, a 30km 2 piece of ice with a thickness of 7m broke

away from the northeast edge of Yelverton Bay (R. Verrall, personal

communication). It is possible that the calving occurred a few weeks prior to August

1984, but we observed no significant change in late July 1984.

Mitchell Ice Shelf (Figure 50) owes its existence to the flow of a glacier across

the mouth of an inlet. The extent of the ice appears to have remained largely

unchanged since 1950 and the area is approximately 10km 2.

= Yelverton Ice Shelf has an area of approximately 20km2. The ice shelf was not

photographed in July 1984, but M.O. Jeffries and H.V. Serson crossed the ice in May

1.984 and May 1986. The ice shelfcan be seen in Figure 50 and was also detectable by

"_ side-looking airborne radar (SLAR, Figure 52). From Yelverton Ice Shelf to Alert

I= Point an icefield forms the shore, with the pack ice building pressure ridges against

the glacier ice
i=
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FIGURE 52. SLAR (Side-looking airborne radar) image of the Yelverton ice Shelf at the
west side of Yelverton Bay (right), the Alert Point icefield (center) and the
Alfred Ernest Ice Shelf (left), il May 1983. (Flight NDZ-1051, Atmospheric
Environment Service, Ottawa, Canada).



H.4. ALFRED ERNEST ICE SHELF

The large embayment between Alert Point and Cape Woods is largely occupied

by the Alfred Ernest Ice Shelf, which has an area of about 150km 2 and is shown in

Figures 52 and 53.

The southern part of the Alfred Ernest ice shelf, approximately 40% of the total

shelf area, is derived from glacier ice. The glaciers flow off the land into the

embayment and remain afloat in situ to form glacier tongues and thus part of the ice

shelf. One of the glaciers and its glacier tongue with moraines carried out into the

bay is shown in Figure 54. M.O. Jeffries and H.V. Serson came across these extensive

deposits in May 1984 and May 1986; the moraines consist of individual boulders and

conical mounds of rock debris as much as 5-10 m high. It is likely that the ice shelf in

this area of the embayment is quite thick but no ice thickness data are available;

glacier ice in Milne Ice Shelfis up to 100m thick (Prager, 1983).

Most of the ice shelf has the typical ribbed appearance of alternating melt-pools

and ridges, which in this case are oriented approximately E-W (Figures 52 and 53).

In Figure 52, the main body of the ice shelf occupies the outer part of the embayment.

Some ice of the inner bay has a lighter grey tone than the ribbed shelf ice texture, and

it also appears not to have an undulating topography_ In SLAR imagery, the ice shelf

topography shows to be_t advantage when the "look direction" is as nearly as possible

perpendicular to the rolls. When the "look direction" is nearly parallel to the rolls, o_

the ridges are lower than a certain threshold height, the ice appears to be featureless.

In the case of the inner bay ice the rolls are neither so well developed, nor oriented E-

W like those on the main shelf (Figure 55). Because the rolls have a very low relative

relief and are oriented approximately N-S they do not show very well on the available

SLAR imagery.

It is likely that the inner bay ice is younger than the main ice shelf, having

grown after the outer ice shelf was detached from the shore and moved



FIGURE 53. Oblique aerial photograph looking east across the outer section of the Alfred
Ernest Ice Shelf, 15 July 1950 (RCAF photograph, frame T405R-32, available
from the National Air Photograph Library, Ottawa, Ontario, Canada).
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FIGURE 54. Oblique aerial view of one of the glaciers and glacier tongues of the Alfred
Ernest Ice Shelf, from 3048 m on 24 July 1984. The dark features at the right

-__ and center are moraines.
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northwestward. It is probable also that the inner bay ice is not as thick as the shelf

ice, since longer wavelength rolls are usually associated with thicker, older ice

(Jeffries et al., 1990a). The ice thickness differences give rise to buoyancy variations

that are manifested as cracks in the ice caused by differential response to water

movement below the partially-grounded ice (Figure 55).

The timing of the outer ice shelf movement is unknown and it is possible only to

speculate on the causes. The first possibility is related to the glacier tongues which

could have pushed the main ice shelfmass away from shore. The second possibi!ity is

a combination of extreme oceanographic and meteorologic conditions; a storm surge

may have detached the ice which was subsequently blown a short distance from shore

by an offshore wind. This raises the question of why the ice did not calve completely

and create a large ice island. This is probably related to the general pattern of pack

ice movement in this area. The pack ice drifts parallel to the general trend of the

coast towards the southwest. The icefield at Alert Point presents an obstacle to the

pack and prGbably often protects ice in its lee; hence, Alfred Ernest Ice Shelf occupies

a sheltered bay. Although the main shelfmoved a short distance seaward, it was not

pushed sufficiently far for it to become embedded in the pack ice. The subsequent

growth of' the inner ice shelf may help anchor the main shelf in place.

The calving history of ice from the Ellesrnere ice shelves is summarized in the

second Quarterly Report, based on the field observations of Serson (1984). A

summary table of his observations is shown in Figure 56; it has been modified

slightly to take into account the fact that the Ayles Ice Shelf break-up did not result

in the release of ali of the produced ice into the Arctic Ocean, but rather, some of the

ice islands thus produced remained in the mouth of Ayles Fiord.
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_- FIGURE 55. OHique aerial view from 3048 m looking south over the ice of the inner bay
be _een Cape Woods and Alert Point, 23 July 1984. Cape Alfred Ernest is
the _.ooked feature in the lower left corner, and the Alfred Ernest ice Shelf
is in the background adjacent to the land and to the right.
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Year W. Hunt McClintock Nansen Milne Ayles Other I Total
!

- 19e3 s69 .................... '
,,,,,,, ,,,,,, _ J

1964
, ._ ,,. ,,, , , ,,, ,.,,, ,,

1965

1966 95 110

1967 .... 35 .....15 i0a(15c') 45140)

1968
. ,, _ , • ,. ,,, ,=,_

1969
, , ,, ,._ =, = ,,,, , , _ ,, __

1970

i97i '4.5 .... 240 ........ 244.5
, ,,, ,, ,,,,,, , ,,,, ,, ,_ ,= , , ,,- ,

1972 1.5-

1973 .................
__rii. - . _ I _ _ _ I L _ _ _ I

1974 10 10

1975 ......

1976 4 ..................
, ,,, ... , ......... ,, ,,. ,,,

1977-
1979 ......

,,,, , ,

1980 (1) 3b 3 (i)
,L4_ __ ,,

TOTALS 585 (1) 95 240 35 85 (2) 131i5) 1053 (41)
a)West or-Jrom_yLeland............. _ __ I

b) Cape Fanahawe Martin
c) East of Haneen Point

Figure 56. Calving history of ice shelves of Ellesmere Island, based on historical
records and traverses (H. Serson, 1984). (Gain in parenthesis). Units are km 2,
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CHAPTER III

ANALYSIS OF ICE ISLAND MOVEMENT
(M. C. Lu)

A detailed study of ice island movements was presented by Lu _,iingchi in his

M.S. thesis (Lu, 1988), and the discussions in this chapter are based upon that work.

I

III.1. Background

Ice islands (tabular icebergs) are generated by calving from the ice shelves

along the northern coast of Ellesmere Island. The first ice island discovered in recent

times was designated T-1 (Koenig et al., 1952). In fact, there have been ice islands

discovered north of Alaska before 1952 (Zubov, 1945). Early explorers noticed the ice

shelves on the coast of Ellesmere Island as having an upper surface topography which

looked like hills and dales, with long linear lakes and watercourses. These features

were noted also on drifting islands of ice in 1886 by Greeley, in 1918 by Storkerson,

and by other early explorers as well (Peary, 1907; Stefansson, 1922; Zubov, 1945). A

thorough search of aerial photos by Greenaway in 1952 yielded 59 possible ice islands

at that time, as well as many more small fragments (Greenaway, 1952).

Ice island T-1 was discovered less than 500 km north of Point Barrow in 1946,

and measured approximately 28 x 33 km. In 1950, ice island T-2 was discovered at

86°40'N, 167°00_, and measured about 31 x 33 km. In the same year, the most

famous ice island, T-3, was discovered, at 75°24'N, 173°00'W, and measured about 8 x

16 km (Koenig et al., 1952). A research camp was established on T-3 for scientific

studies of the ice island itself and of the Arctic Ocean generally. In May 1961, ice

island, Arlis II, was sighted at 73°N, 156%V; it was approximately 3 x 6 km in size

with a thickness of 12-25m (LeSchack, 1961; Smith, 1964).
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In early 1962 there was a massive calving event from the Ward Hunt Ice Shelf

on the north coast of Ellesmere Island during which five large ice islands(WH-1, WH-

2, WH-3, WH-4, WH-5) and 14 smaller fragments were created (Hattersley-Smith,

1963). This particular calving event has been correlated with abnormal tidal

excursions and a small seismic event (Holdsworth, 1971) but detailed mechanisms of

calving remain unclear. Another smaller calving event occurred in the same area in

early 1967, in which two ice islands, WH-6 and WH-7, were created (Spedding, 1977).

In an aerial reconnaissance of the coastal waters of the Canadian and Alaska

Beaufort Sea, 433 ice islands or ice island fragments were observed in 1972, and 299

were observed in 1973. From 1974 to 1976, the total number of ice islands counted

decreased to 27 (Spedding, 1977).

In April 1974, scientists involved in the Arctic Ice Dynamics Joint Experiment

(AIDJEX) reported an ice island located about 160 km north of the Mackenzie River

delta in the southern Beaufort Sea. This ice island was measured to be about 7 km

long and 3 km wide with a thickness of about 9 m. Later on, this ice island was

manned by Soviet scientists as a driftingstation and designated NP-23 (Martin and

Thorndike, 1974).

A recent, substantial calving of ice islands occurred in 1982-83, when at least

eight ice islands were produced from the Ward Hunt Ice Shelf (Jeffries and Serson,

1983). Since then, an additional 26 ice islands have been observed in the pack ice

near the northern coasts of Ellesmere and Axel Heiberg Islands (Jeffries et al., 1988).

Some of those produced at the Ward Hunt Ice Shelf in 1982-83 were named, and have

been instrumented and tracked on a daily basis using both the system Argos stations

and satellite navigat/on systems.

Station 2992 was deployed on a small ice island off the mouth of Yelverton Bay,

and has been delivering atmospheric pressure and temperature regularly since April

1985 with a 4-hour-on, 8-hour-off cycle to conserve batteries for 6 years. Stations
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2993, 2995, 2996, and 2998 were, at overlapping times, located on Hobson's Choice

Ice Island, which is the largest piece of ice, ant: which has been the major object of our

research (Figure 57). In May 1986 stations 2990, 2991, 2994, 2996 and 2997 were

deployed on a number of different ice islands (Sackinger and Jeffries, 1987). A

substantial amount of data has been Obtained from these stations, including ice

island drift, surface pressure variations, and surface temperatures, which will be

useful in future studies.

III.2. Features and Movements of Ice Islands

Ice islands surrounded by pack ice are the largest ice features in the Arctic

Ocean, and have been observed with thicknesses of up to 60 m and lateral dimensions

of up to approximately 40 x 4d km. From aloft, ice islands appear different from the

surrounding pack ice in that they have a homogeneous appearance and regular

surface patterns. The surface of pack ice looks rougher because of the breaking and

reforming of the pack ice as shown in Figure 58.

The general trajectories of ice islands have been observed to move towards the

southwc_ after their creation by calving from the ice shelves of Ellesmere Island.

One exception is the easterly movement of WH-5, shortly after its creation in 1962

from the Ward Hunt ice shelf (Hattersley-Smith, 1963; Nutt, 1966). Many ice islands

have been carried around the Beaufort Gyre (Figure 59), finally being ejected into the

Greenland Sea. They then move around the southern tip of Greenland and disappear

in the warmer waters of the Labrador Sea. Often, early in their path, these _nassive

ice features drift along the edge of the Canadian Arctic islands, and have been

observed along the coast of the Beaufort Sea (Spedding, 1977).

A comprehensive work by Yan (1986) gave details of ice island movements in

1983-85. Three types of movement were described: large movements (10 km/day

typically) in the southwest direction along the coastline, medium movements (1-10
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Fig. 57. Oblique aerial photograph looking along the long axis of llobs(_r_'._ lc(_
Island, 11 August 1987. The main shell' ice section of the ice island

"., ,' i', bin the center of the photograph Is character zed _yundulations ab_)ut
2m deep and spacedabout 200m apart. At the left side of the shelf ice
is an area of multiyear landfast sea ice (MI_SI) that was previt_usly
attached to the front of the Ward ttunt Ice Shelf. At the right side (_t'
the shelf ice is an area of consolidated multiyear pack ice (MYt)I)

that has become attached to the shelf ice since the calvin_ event ()t'
1982-83. Photo credit" Michael Schmidt, Geol()gical _urvcy ,)t'
Canada.



Fig. 58. Oblique aerial photograph of two ice islands l_)cated at
: approximately 81.14°N, 96.7_W, 45km west of Rcns Fiord, nortl_ern

Axel Heiberg Island, 3 May 1986. In thc fi_reground is part of
tIobson's !ce Island and beyond it is the second largest ice island

_. presently known in the Arctic Ocean (SLAR 2' J_fl'ries ct al., 1988)
The undulations on the ice islands' surface can bc seen clearly
despite the snow cover. The relatively smooth surfaces ()f the if:e
islands contrast with the surrounding, rough pack ice surface, l)h()t_
credit: Martin Jeffries, Geophysical Institute, ( }A F.

J

104

' II IIilI l [llI,IIIIpIpII+pIIpl_lllll_' l+'llllIl l_Im+l_l[__I[IIII ' Sill I'll ' ' i_lll_lpl llll J+q,J' I_ v'' _ll,llr



ALASKA

Fig. 59. Drift tracks cf ice islands T-3 and Arlis-II in the Arctic Ocean
(source: Sackinger and Yah, 1986).
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km/day) in two sequentially opposite directions along the coastline; and small ( < 1

km/day) random movements in any direction which may have been random

fluctuations in the Argos positioning system as well as possible small tidally-driven

movements. It was indicated that the trajectories of the ice island are generally

along the coastline. The speed ratios between the ice island and the geostrophic wind

ranged from 1.0% to 1.5% for the large movements, and the average angle of the

geostrophic wind ranged from 20 to 26 degrees counterclockwise from the ice island

movement direction (Yah, 1986).
i

III.3. Hobson's Choice Ice Island and Research Emphasis

Hobson's Choice Ice Island was produced from the east side of the Ward Hunt

Ice Shelfsome time between May 1982 and April 1983 (Jeffries and Serson, 1983). lt

was first instrumented by G. D. Hobson, Director of the Canadian Polar Continental

Shelf Project (PCSP), who deployed buoy 3831 on the subject ice island in 1983. For

some unknown reason, buoy 3831 stopped transmitting in August 1984. In April

1985 and in April 1986, stations 2993 and 2996 respectively were deployed on the

same ice island by W. M. Sackinger, M. O. Jeffries and H. V. Serson of the

Geophysical Institute, University of Alaska Fairbanks.

This particular ice island is roughly rectangular in shape, and has been

measured to be approximately 9.0 km long, 5.5 km wide, with a mean thickness of

42.5 m on the shelf ice portion (Jeffries et al., 1988). A roughly rectangular

attachment of multiyear landfast sea ice (MLSI) is attached to one side of the shelf ice

(Figure 57). The average shelf ice density is 870 kg/m a and the surface area is 1.65 x

10v m2; the average old sea ice density is 910 kg/m a and the surface area is 0.95 x 107

m 2 (Jeffries et al., 1988). Thus, the total surface area is 2.6 x 10 v m 2 and the total

mass of this ice island is approximately 7.0185 x 10 l_ kg.
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The locationofHobson'sChoicewith station2996,and thepositionsofthestudy

area and Ward Hunt IceShelf,are shown in Figure60.The iceislandisgenerally

surrounded by pack ice.During the periodofthisstudy the iceislandwas located

near Axel Heiberg Island;here,thereisa mountain barrierwhich has an average

width of30 km, with the heightsofthe ridgecrestsat900 m, 1200 m, 1500 m and

1800 m, respectively,along a 110 km length. Both stations2996 and 2993 were

locatedatapproximatelythecentreand one end respectivelyofHobson'sChoiceand

reportedposition.Inaddition,station2996 reportedwind speed and direction,wind

gusts,barometricpressureand air temperature. These data have been used to

calculateand analyzemovement, togetherwith otherdatafrom satellitenavigation

systems.

Studiesoficeislandshave been relatedmainly toiceislandgeneration,drifting

patterns,surfacereliefand thicknesses,relationshipbetween synoptic weather

conditionsand iceislandmovement, and movement analysisofan iceisland(De

Paolietal.,1982;Sackinger,1986;Sackingerand Jeffries,1986;Yan, 1986).ltwas

initiallyassumed thatthewaterdrag coefficientofan iceislandwas thatofa sphere

when the movement, ofthe iceislandwas considered(Yan, 1986; Sackinger etal.,

1988).Recent studieshave suggestedthata rectangularcross-sectionwith a vertical

side is more typical. Neither was the mountain barrier effecttaken into

considerationwhen the iceislandmovement closetothe coastlinewas considered.

Also, the study of the forces on an ice island was only in the preliminary stages (Yan,

1986).

In this report, we use the more exact size of Hobson's Choice, new and more

precise information from the daily ice island positions, surface wind velocities from

station 2996, and surface weather maps_ data on the rotation of the ice island itself

and the ice island shape effect for the water drag force. More accurate relationships

between ice island movement, surface wind velocities and geostrophic wind velocities
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Fig. 60. The location of Hobson's Choice with buoy 2996 and its vicinity. The
study area and Ward Hunt Ice Shelf are shown in. the small map
above. Crossed area on Axel Heiberg Island corresponds to surface
elevatien above 1500 meters.
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are thus obtained, and the mountain barrier effect especially, is shown. A study of

the forces on Hobson's Choice, which is suitable for the ice island movement near

coastline or mountains is also developed. It has provided more practical results

useful in future prediction of ice island movement.

III.4. Argos System

The Argos system is intended for applications concerned with environmental

data collection, such as meteorology, oceanography and remote sensing of earth

resources, through a cooperative project between Centre National d']_tudes Spatiales

(CN-ES, France), the National Aeronautics and Space Administration (NASA, USA)

and the National Oceanic and Atmospheric Administration (NOAA, USA). The

Argos data collection and platform location system offers capabilities for the location

of fixed and moving platforms and for the collection of sensor data transmitted by

platforms located anywhere on the Earth's surface. There are three main components

in the Argos system (Service Argos, 1984)"

(1) a set of user platforms, such as drifting buoys, each equipped with sensors

and a platform transmitter terminal, which transmit their message to the

'_ satellite.

(2) a space segment consisting of two satellites, each equipped with an

onboard data collection system ensuring user's platform message

reception, processing and retransmission.

(3) the ground data processing center. Data concerning the Argos system are

transmitted by NESS (National Environmental Satellite Service) to

CNES, Toulouse, France, where the Argos data processing center is

located. The processing performed by Service Argos at the center permits

the determination of platfo_Tn positions and the extraction of sensor data.
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Beginning in 1979, the Argos system services have been accessible to

researcher's. Since 1985, there have been many enhancements in system operation,

in particular the real-time access to data_ In early 1987, the new United States Argos

Processing Center (USA_PC) and Toulouse Argos Processing Center (French A.PC or

FRAPC) were established, each independent and offering internal redundancy. The

Argos system data flow chart and general structure of the centers i_ shown in Figure

61.

The data collection time is twice daily, at 1:00-5:00 in the morning and 13:00-

17:00 in the afternoon. The accuracy of location for moving buoys is about I km. The

wind speed measured on the drifting buoys is accurate to within G.3m/s for 99% of the

cases (Service Argos, 1984).

III.5. Transit Satellite GEODOP Positioning System

The Transit Satellite Geodetic Doppler (GEODOP) Positioning System is used

by the Geodynamics Section, Geophysical Surveys, Hazards and Terrain Sciences

Branch, Geological Survey of Canada, to determine the ice island's position when the

PCSP research station is operating (generally March to September).

The reference posiiion for Hobson's Choice refers to the electrical center of the

Transit Satellite receiver antenna, which was mounted on a tower at the navigation

hut on the ice island. Data has been collected on a continuous basis, 24 hours a day,

seven days a week during periods of carap occupancy, April 5 to October 2, 1986, and

recorded on magnetic tape for further processing ant} analysis. The data available

dealing with the ice island movement, such as time (U.T., Hr., Min.), positions of the

ice island (Reference Latitude and Longitude, Degree, Min., Sec.,), ice island

_.ovement velocity (meter per hour) and direction of ice island drift on the Universal

Polar Stereographic (U.P.S) plane (degrees), are published at three hour intervals

based on t'_l=epost-processed values (Schmidt et al., 1987). The azimuth of rotation of'
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Fig. 61. Argos system data flow chart and general structure of each center.
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the ice island itself is also provided by the system, from which we can determine the

frontal area of the ice island. The Transit Satellite GEODOP Positioning System

offers more accurate locations, which are within about 30 meters.

The local data, such as air temperature, barometric pressure, surface wind

speed and direction, the location of ice island and other data, are from both the Argos

stations deployed on Hobson's ice island and the Transit Satellite GEODOP

Positioning System.

III.6. Basic Equations

The movement of sea ice, pack ice or ice islands in the Arctic Ocean has been

investigated since the early 1900's. It has been shown that the equation governing

the sea ice, pack ice or ice island movement is the momentum equation which

includes several forces: wind shear, water drag, Coriolis force, sea surface tilt, and

pack ice force (Nansen, 1902; Sverdrup, 1928; Campbell, 1965; Skiles, 1968; McPhee,

1980; Thorndike and Colony, 1982; Hibler, 1984; Yan, 1986; Sackinger et al., 1988).

The force equation for the sequence of transient movements of the ice island in

the presence of nearly total ice cover can be written as

dV.
M 1--=F +F +F +F (1)

dt a w c r

where M ' totalmass oftheiceisland

' V i • iceislandvelocity

Fs : wind shearforceactingon theupper surfaceoftheiceisland

F w - Fws + Fwp • totaldragforce

Fws • water shear forceactingon the lower surfaceof the ice

island
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Fwp . water drag force due to the frontal area of the submerged

portion of the ice island

F : Coriolis force
C

F r -- Fst + Fpi ' aresidualforce

Est : the force due to sea surface tilt

Fpi ' pack ice force acting on the boundary of the ice island.

In calculations of forces acting on the ice island, the wind shear force is given by

(McPhee, 1980; Sackinger et al., 1988)

Fa = PaCaAs Va-V_[ (Va-Vi) (2)

where Pa ' density of air

C a ' air drag coefficient

As • surface area of ice island

Va ' velocity of the air.

The water shear force on the lower surface of the ice island is written as

(McPhee, 1980; Sackinger et al., 1988)

F =p C A I V -V.I ( Vi)w8 w w 8 _ , Vw- (3)

where Pw : density of sea water

C w • the drag coefficient of water on the flat bottom surface of the

ice island

V w ' the velocity of the water beneath the ice island.

The geostrophic flow Vw is due to sea surface tilt, as discussed by McPhee

(1982).

An additional component of water drag is due to the frontal area and the

trailing area of the ice island. Adapting the results of Shirasawa et al. (1984) for the

form drag of a cube, one may write
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=p hAt,,[ V - V, (V - V,) (4)Fwp w w l w i

where h =0.45 is the pressure drag coefficient, and Ar is the frontal area of the wetted

portion of the ice island (Shirasawa et al., 1984).

The direction and magnitude of the water drag force varies with time as the

transient ice movements affect a changing volume of water, which then is subject to

Coriolis effect, as discussed in detail by McPhee (1982). For a constant ice velocity,

and rough sea ice, with Fwp - 0, McPhee (1982) has found that an average angle of 24 °

between the water drag vector and the negative of the ice velocity vector fits

experimental data for sea ice, but notes that there is a large scatter in the data,

The Coriolis :0rce F acts orthogonal to the ice island velocity V i and with

magnitude

where _:lis the angular velocity of the earth, and _ is the latitude.

The area in which ice island motion was studied was west of Axel Heiberg

Island in the Arctic Ocean. Weather conditions and geostrophic wind calculations

used were mainly based upon Canadian weather maps produced by the Canadian

Meteorological Center, Edmonton, Alberta (CMC). The geostrophic wind velocity,

Vg, is calculated by setting the surface air pressure gradient AP into balance against

the Coriolis force

1
v = (k x vP) (6)
g pa2_sin(_

In scalar form, tJae geostrophic wind speed can be written as

Vg = (--) (7)
pa21_sin_)bn
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where k x is the operator, which presents a 90 ° angle to the isobars, and n is the

direction normal to the isobars, pointing toward higher values.

In the northern hemisphere, the geostrophic wind direction is parallel to the

isobars with low pressure or, the left side and high pressure on the right side. The

closer the spacing of the isobars, the s ;ronger the geostrophic wind becomes. Due to

the effect of surface friction, the su_ace wind will blow to the left of the geostrophic

wind direction, with a lower wind speed.

From the analysis of observed data, the additional effect of the mountain

barrier will be shown.

III.7° Trajectory Analysis for Hobson's Choice Ice Island

[II.7.1 Trajectories in May, 1986

The trajectory of Hobson's Choice from May l st to 31 st, 1986 (Figure 62), may be

compared with the trajectory during the period from May 7 th to 16 th (Figure 63), for

which a large daily motion took place parallel to the coastline. From May 1st to 9 rh,

the ice island moved towards the northeast; from May 1_t to 6 th the movement was

very small, but two larger movement events occurred on 7rh-8 th and sth-9 rh, From

May 9 ta to 10 th the movement of the ice island turned from northeast to southwest.

The largest daily movement took place on May 12th. On May 11 t_ and 13 th two

significant movement events also occurred. From May 14 th to 16 th the ice island

drifted towards the southeast. From May 16 th to 31st motion was minor.

The detailed data describing the track of the ice island, with its velocity and

direction, are summarized in Table 3. The total cumulative displacement for the

whole month of May 1986 was about 41.2 km and, therefore, the average speed can be

calculated as approximately 1.33 km per day. However, the ice island moved along

the coastline much more rapidly from May 7th to 16t_; an interval in which the ice
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Fig. 62. Ice island positions from May 18tto 31_t,1986.
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Ice Islandposifions(MGy7-16, 1986)
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Fig. 63. Ice island positions in the period May 7th to 16m, 1986.
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Table 3. Summary data concerning the track of Hobson's Choice in May 1986

D1 • cumulative displacement(km)

DvI_ ' average speed during the time (m/br)• movement direction
D • totalcumulative displacement in May (km)
9 ' average speed per day in May (km/day)

a.dl • random direction
SW • southwest direction
NE • northeast direction

..... i i. i iii i i nHi ..... li m.P'-. --- :

'rime (day) 1-6 7-16 17-31
• • ,__. jl ii i ii iii ......... ] i

_ 0.10km 40km 1 10km.L.S1

£, 0.7m2nr 167m/hr 3°0m/hr

DD a.d. SW or NE a.d.

_: '..... D--- ........ 41 20k'm ........-::

9 ......-: 1.33km/day............... __. • " ii i i i j_. -

island moved 40 km. Detailed large daily distances for this period are shown in Table

4, and the maximum disptacement was 10.8 km on May 12 ta.

Table 4. Large daily displacements in the period of May 7-16
d' daily cumulative displacement (km)

Date 8-9 10-11 11-12 12-!3 13-1 14-15

d 5.4 3.0 8.0 10.8 6.6 4.4
illiil rli iii iliii i i i lr i I [[r --_----:y ---- Ul

III.7.2. Trajectories in Ju,e, 1986

In Figure 64, the trajectory of Hobson's Choice in June 1986 is presented. Two

movement events occurred in June, from June 1st to 4 th and from June 14 th to 21 st.

From June I at IX)4 th the ice island drifted southwest along the coastline, whereas on

June 14 and 15, the ice island turned and started mov:ing from southwest to

northeast.

z_
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Fig. 64. Ice island positions from Jane 1stto 30 rh, 1986.
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The detailed positions of the ice island from June 14ta to 21 st are given in Figure

65. The maximum movement of the ice island occurred on June 16rh, a distance of

about 8.3 km. On June 19, the ice island made a transition from northward motion at

00Z, 03Z, 06Z and 09Z to southward motion at. 12Z. From ,June 20 to 22 the

movement of the ice island was toward the south, and finally to the northeast. It is

interesting to note that large daily motion was usually parallel to the coastline in the

direction of the southwest or the northeast.

The total cumulative displacement in June was about 34.6km, giving an

average speed of approximately 1.15km/day. Summary data concerning the track of

Hobson's ice island in June are shown in Table 5. From 15 th to 16 ta, 18 ta to 19 rh, 20 th

to 21 st and 21 st to 22 "d, the daily distances were 1.6, 5.6, 3.5 and 2.0 km, respectively.

The dynamic analysis of major ice island motions for May and June, 1986, were

of main concern in our study.

III.7.3. Large daily movements in July, August and September, 1986

Large daily movements also occurred in July, August and September, 1986.

Specifically, the trajectories in the period of July 1-6, August 22-27 and September

10-16, 1986, are shown in Figure 66, Figure 67 and Figure 68 respectively. For most

of these three large motion episodes, the ice island moved in the direction of the

northeast along the coastline, except for August 2.2nd when it moved briefly towards

the southwest.

III.8. Relationship between Surface Wind, Geostrophic Wind and Ice Island

Movement

Surface winds were measured at a height of 2 meters with Argos buoy 2996.

These data are shown in Figure 69 from May 7 th to 16 rh, 1986, and in Figure 70 from

June 14 th to 21 rh, 1986. In the same figures, a comparison is made with the velocity of
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Ice Island Positions(June14--21,1986)

Fig. 65. Ice islands positions in the period June 14 th to 21 st, 1986.
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Table 5. Summary data concerning the track of Hobson's Choice in June 1986

DI • cumulative displacement(km)
v ' average speed during the time (mJhr)

DIJ " movement direction
D • total cumulative displacement in May (km)
V • average speed per day in May (km/day)

a.dl • random direction
SW • southwest direction
NE • northeast direction

1111111 iii i i ii iii -- i,i i ii1.= ,

Time (day) 1-4 5-13 14-21 22-30
,,,,, , i r-- i ii

---- D l 10.5km 0.5km 23.0km 0°6km

?, 109.0m]hr 2.5m/hr 120m/hr 2.8m]hr

DD SW a.d. NE a.d.
_T. -- ---7 ii

D 3.46km

_' 1.15km/day
i , _ -'-- .... _ ..... lilt, ii iii

the ice island and the geostrophic wind velocity, which were calculated from the

surface pressure maps, making use of equ.ations (6) and (7).

From Figure 69(b), the angle of the surface wind direction is smaller than the

angle of the geostrophic wind direction from May 7 th to 8 rh, and from May 10 th to 16 rh,

which indicate,_ that the surface wind turns to the left of the geostrophic wind due to

the effect of surface friction. However, on May 9ta the turning angle was 90 °. This

was probably due to the mountain barrier effect, since the geostrophic wind blows

towards the mountai.n barrier; the same phenomenon occurred also on June 17 t_

(Figure 70(b)). Details will be discussed in the next section.

It is still noticed from Figure 70(b) that the surface wind turns to the left of the

geostrophic wind. The ice island motion direction was to the left of the geostrophic

wind, and to the right of the surface wind, as seen in both Figures 69 and 70.

Albright (1980) and Thorndike and Colony (1982) stated that the geostrophic

winds are related to the observed surface winds and pack ice motion in the central
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Ice Island Positions(July1-6 1986)
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Fig,i 66. Ice island positions in the period July 1s_to 6rh, 1986.
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Fig. 67. Ice island positions in the period August 22 "dto 27rh, 1986.
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Fig. 68. Ice island positions in the period September i0 th Lo 16 rh, 1986.
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Arctic. Their observations showed large deviations in the directional relationships,

indicating that wind shear in the central Arctic is a time-variable condition, as yet

not thoroughly understood.

For large movement episodes the average daily velocities of ice island

movement (V i) and the daily average surface wind velocities (V s) are shown in Table

6. The relationships between the velocity of ice island movement and the geostrophic

wind velocity, as well as the daily average surface wind velocity and geostrophic wind

velocity for times of large movement episodes are shown in Table 7 and Table 8.

The classic approximate ratio of sea ice speed to surface wind speed (V._) is about

2% (Thorndike and Colony, 1982). The ratio of sea ice speed to geostrophic wind

speed (Vg) is about 1% (Zubov, 1945). These were based upon annual ice floes free to

move without restraint from adjacent land masses. For the ice island the ratios

(V/V a) are distributed from 1.0% to 1.8% with an average value of 1.4% (Table 6).

The ratios (V/Vg) range from 0.5% to 1.4%, with average value of 0.86%. These

smaller values could be caused by the transient response due to the huge mass of the

ice island, and by the large form drag due to the great ice island thickness. The

angles between the ice island velocity vector, surface wind vector and geostrophic

wind vector are shown in Table 6 and Table 7. The ice island in steady motion

usually moves to the left of the geostrophic wind direction with an average angle of

25 ± 10 degrees, and to the right of the surface wind direction with an average angle

of20 ± i0 degrees.

Albright(1980)examined the relationship between the geostrophicwind and

the surfacewind, using the ArcticIceDynamics JointExperiment (AIDJ_X) data

from 1975 and 1976 in the BeaufortSea itwas, shown that the average ratiosof

surfacewind speed togeostrophicwind speedare 0.55inwinterand 0.60insummer

and therewas an averageclockwiseangle from surfacewind togeostrophicwind of

30°inwinterand 24°insummer. From our resultsfortheiceislandshown inTable
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Table 6. The average daily ice island velocities and average daily surface wind
velocities for large movement episodes

V i, O ' ice island speed and movement direction
Va, Oa • surface wind speed and direction

i i i i i i ii lp ii

Time interval Vi(m/s) Vs(m/s! Vi/V_(%)
-- - i ii i :_ ii

May 8-9 : 0.06 ' 5:7 1:i

May 11-12 0.10 6.4 1.6

May 12-13 0.13 7.5 1.8

May 13-14 0.08 6.2 1.3

June 1..2 0.05 4.0 1.3

June 2-3 0.06 5.6 1.1

June 16-17 0.10 10.5 1.0

June 18-19 ' 0.07 4.8 1.5

June 20-21 0.04 2.4 1.7
Jl t i -

Time interval 0 0s 0-0
inl, i lim i

May 8-9 183 ° " 165 ° i8 °
,,

May 11-12 27 ° 15° 12 °

May 12-13 21 ° 356 ° 25 °

May 13-14 8 ° 355 ° 13 °

June 1-2 17° 343°1 34 °

June 2-3 336 ° 333 ° 3 °

June 17-17 166 ° 147 ° 19 °

June 18-19 181 ° 136 ° 45 °

June 20-21 245 ° 237 ° 8 °
i iiiii iii rpl ii pill,- ii i i i i l

8, the averaged magnitude ratio (V]V,) is 0.62 +_0.i0 and the turning angle is about

36°+10 o.
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Table 7. The average dally ice island velocities and geostrophlc wind velocities
for large movement episodes

..... V i, 0 ' ice island speed and movement direction
V_, 0g • geostrophic wind speed and direction

+-- i I iii II I k_ I I _ J iii • • i ., I

Time interval Vi(mis) Vg(II'b/S) Vi/Vg(°/0)

May 8-9' 0,06 12._31 0.5 ....

May 11-12 0,10 9.2 1.4

May i2-13 0.13 8.9 1.4

May 13-14 0.08 7.6 1,0

June 1-2 0.05 6,15 0.81

June 2-3 0.06 8.39 0.72

June 1.6-17 0.10 15.1. 0.71

June 18-19 0,07 9.62 0.73

June 20-21 0.04 5.74 0.70
ILl- ' II ii II ii ii I I I

Time interval 0 Og 0-0
.... ml i i

.... May 8-9 -..L 183 ° 199+o 9,°

May 11-12 27 ° 93 ° 66 °

May 12-13 21 ° 37 ° 16 °

May 13-14 8° 11° 3°

June 1-2 17 ° 41 ° 24 °

June 2-3 336 ° 349 ° 13°

June 16-17 166 ° 185 ° 19°

June 18-19 181 ° 190 ° 9°

June 20-21 245 ° 260 ° 15 °
_ II II __ I I,l-., I iiii I I I III - I_

111.9. Mountain Barrier Effect

As mentioned, the location of Hobson's Choice was near Axel Heiberg Island.

The surface elevation of Axel Heiberg Island rises very abruptly from sea level to

over 1,500 meters (Figure 60). This could cause a mountain barrier effect (Parish,

1983)• The effect of the mountains is to modify the direction and speed of the surface

winds as compared with the geostrophic winds (Schwerdtfeger, 1974; Parish, 1983;
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Table 8. The average daily surface wind velocities and geostrophic wind
vei-ocities for large movement episodes

--- I _ i ii, .1,111 iiii i i i ii i i

Time interval V_(m/s) Vg(m/s) VJV (%)

ii, i 9 i i,rl i Ii i iMay8- 5.7 12.61 0.45

May 11.-12 6.4 9.2 0,70

May 12-13 7.5 8,9 0.84

May 13 14 6.2 7.6 0.81

May 14-15 4.7 7.8 0.6

June 1-2 4.0 6.15 0 65

June 2-3 5.6 8.39 0 67

June 16-17 10.5 15.1 0 69

June 18-19 4.8 9.62 0.49

June 20-21 2,4 5.74 0.41
ml -- III IIIIII Irll

Time interval (On O_ Og-e_

fll -- i i _Lli. . '1 I I1'111 IMay 8-9 1 5 ° 192 ° 9° -

May 11-12 15 ° 93 ° 66 °

May 12-13 356 ° 37 ° 16°

May 13-14 355 ° 11° 3 °

June 1-2 343°1 41 ° 24 °

June 2-3 333 ° 349 ° 13°

June 16-17 147 ° 185 ° 19°

June 18-19 136 ° 190 ° 9 °

June 20-21 237 ° 260 ° 15°.
....... ,i ii i ii i i

Kozo, 1988); the values obtained by Albright (1980) for the central Arctic should not

be applied within 150 km of a mountain barrier if the geostrophic winds are directed

either towards or away from the barrier. The effect of a mountain barrier

perpendicular to the geostrophic wind is to create a surface wind component on the

incoming side, which is to the left (in the northern hemisphere) blowing parallel to

the mountain chain, and extending up to 150 km away from it, as shown in Figure 71
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Fig. 71. Mountain-parallel wind components (mJs) from calculations by
Parish (1983) for a geostrophic wind of 10 m/s normal to the
mountain barrier.
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(Parish, 1983). In Figure 71, computed by Parish for a 10 m/see geostrophic wind, the

mountain-parallel wind at the surface is 5 m/sec at a distance of 210 km from the base

of the mountain. On the downwind side of the mountain for the same 10 m/sec

geostrophic wind_ a surface wind of 10-12 m/sec exists directed perpendicular to the

mountain chain, for a region within 60 km of the mountain edge, illustrated in

Figure 72 (Parish, 1983.)

One data s¢t for surface wind at 2 meter elevation is from the Argos buoy 2996,

which was located on Hobson's Choice at 81 ° latitucle, 97 ° longitude, for the period of

May 6-16, 1986. In Figure 69, this data is presented and compared with the

geostrophic wind as calculated from the synoptic chart (CMC). The significant data

on May 9 shows a turning angle from the surface wind to the geostrophic wind of

greater than 90 degrees. This could be due to the mountain barrier effect, because

the geostrophic wind was blowing towards the mountain barrier from the west.

Using the results of the model by Parish, it is reasonable to attribute the relationship

between surface wind and geostrophic wind to the mountain barrier effect, as shown

in Figure 73.

In Figure 74, the specific case occurred when the geostrophic wind blew from

the west on June 17rh. Another significant example occurred during the interval July

i-9 as shown in Figure 75, which was the first day in the total data set for which the

geostrophic wind blew from the south parallel to the mountain barrier. The surface

wind was also from the south on July 1 with. a turning angle of about 30 degrees. The

ma_,mitude of the geostrophic wind was about ll.2m/s, much larger than the surface

wind, which was about 6m/s. After the second day, on July 3-7, the geostrophic wind

changed d/,rection to southwest, blowing towards the mountain barrier, but the

surface wind maintained its direction still parallel to the mountain barrier, from the

south. The magnitude of the geostrophic wind approached that of the surface wind,

especially on the day of July 5_, when the surface wi.nd was slightly larger than the
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Fig. 72. Wind components (m/s) normal to the mountain barrier for a
geostrophic wind of 10 m/s normal to the barrier, after Parish (1983).
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Fig. 73. The concept that a geostrophic wind blowing from the west causes a
surface wind parallel to the mountain, because of the mountain
barrier effect (Parish, 1983). Crossed area corresponds to elevation
greater than ].500 meters on Axel Heiberg Island,
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Fig. 74. The specific wind data from June 17 t_, 1986, likely due to mountain
barrier effect. Crossed area corresponds to elevation greater than
1500 meters on Axel Heiberg Island.
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DATE(JULY1-9, 1986)

Fig.75. Directionand speedofsurfacewind and geostrophicwind in the period
July 1-9,1986.



geostrophic wind. This is likely evidence of the mountain barrier effect (Figure 76).

In Figure 77, the corresponding surface weather map of 1200Z July 5 th is presented.

Evidence of mountain barrier effects were also observed for August and Sept.,

1986. In Figure 78, the direction and magnitude of the geostrophic wind and surface

wind is given for the period August 22-27, 1986. The mountain barrier effect

occurred on August 26, which is a case similar to that mentioned before, when the

geostrophic wind blew from the west towards the mountain barrier, and the surface

wind was from the south, parallel to the mountain barrier. It is interesting to note

that the speed of the geostrophic wind was slightly smaller than that of the surface

wind during the onset of the mountain barrier effect. This is consistent with the

results of Parish (1983). The corresponding Arctic surface weather map of 1200Z

August 26rh, 1986, is presented in Figure 79.

An additional episode of this type took place in the September i1-17, 1986

interval as shown in Figure 80. For the entire time, a geostrophic wind from the west

produced a surface wind parallel to the mountain barrier. The corresponding Arctic

surface weather map for the day of September 15th, 1986, is given in Figure 81.

The relationships between surface wind direction and geostrophic wind

direction for time segments 7-16 May, 14-21 June, 1-9 July, 22-27 August and 11-17

September, 1986, are plotted in Figure 82. Data points within the small square show

the influence of mountain barrier effect, for which the geostrophic wind is in the 270

degree direction (from the west towards the mountains) and the surface wind

direction is about 180 degrees (parallel to the mountains). The turning angle

between them is about 90 degrees in this case.

A noteworthy feature in Figure 80 is that small changes in geostrophic wind

direction did not affect surface wind direction, but they did affect the ratio of surface

wind intensity to geostrophic wind intensity, as predicted by Parish (1983). From the

evidence discussed above, when considering the relationship between ice island
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Fig. 76. Wind speed and direction on July 5rh, 1986, suggesting presence of
mountain barrier effect. Crossed area corresponds to elevation

: greater than 1500 meters on Axel Heiberg Island.
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Fig. 77. The Arctic surface weather map of' 1200Z July 5rh, 1986 (CMC).
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Fig. 78. The direction and speed of surface wind and geostrophic wind in the
period August 22-27.



Fig. 79. The Arctic surface weather map of 1200Z August 26 rh, 1986 (CMC),
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Fig.80. The directionand speed ofsurface wind and geostrophicwind in the
period September 11-17,
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Fig. 81. The Arctic surface weather map of 1200Z September 15 ta, 1986
(CMC).
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Fig.82. The geostrophicwind directionversus surfacewind directionfor
time segments May 7-16,June 14-21,July 1-9,August 22-27 and
September 11-17,1986. Box area shows evidence of mountain
barriereffectforNorth/South mountain chain on Axel Heiberg
Island.
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movements and the wind velocity, the mountain barrier effect should be taken into

account if ice islands move near a mountain coastline.

III.10. Ice Island Dynamic Analysis

Many researchers have considered the movement of sea ice. The wind provides

a shear stress on the upper surface of the ice, as well as upon the surface of any

adjacent open water areas, which acts as a driving force, and water currents or

geostrophic flow due to sea surface tilt as discussed by McPhee (1982) provides a

shear stress on the submerged portion of' the ice, which acts either as a retarding

force, or, for strong currents, as an accelerating force. With no externally-driven

ocean _urrent, the water drag force will oppose the velocity, but with an angle

difference due to the Ekman spiral. The Coriolis effect acting upon the ice changes

the direction of motion of the ice. Locally-variable pack ice strength allows ice

fracture. For an ice island with a huge mass per unit area, the Coriolis fbrce per unit

area is n:,lch larger than in a unit area of sea ice. Water stress acting on an ice island

may be di-:ded into two part.s: (i) the water shear force on the lower surface of the ice

island, and (ii) the additional form drag due to the frontal area and the trailing area

of the ice island. Wind provides a shear stress on the surface of an ice island,

however, which is not dramatically different from that for smooth sea ice. Because of

the smooth upper surface of an ice island, wind stress may be less than that on the

surrounding rough pack ices

The momentum balance of an ice island is expressed by

dV
M--2 =F +F +F +F (8)

dt a w c r

The wind shear force, water shear force, form drag force and Coriolis forces can

be expressed as follows

F =pa C A Va-V ia a _I , (Va-V), (9)
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p.cAIv vi{ vw-vFWS w S W l

Fwp=PwhAf I Vw-V., (Vw-V.), (Ii)

I I 'Fc = M (2_sin_b) V i [ (12)

where the symbols were defined earlier in this chapter.

In order to calculate the force balance, the following data have been used: Pa =

1.3 kg/m 3 is taken as the density of air corresponding to the temperature of 5°C

(Weast et al., 1985); C a = 0.0014 is the skin drag coefficient by using the equation of

Macklin (1983) for a smooth ice condition with the roughness length z0 =0.0002 m

(Banke et al., 1980), and the reference height z =2 m; Pw = 1032 kg/m 3 is taken as

the density of sea water corresponding to t_he temperature of-lo7°C and salinity of 32

x 10 .3 (Bialek, 1966); C w = 0.00].32 is the skin drag coefficient for water under

smooth, flat ice (Langleben, 1982), as is believed to be typical of the underwater

surface of tlm ice island; Va and V i are the velocities of the air and the ice island

movement listed in Table 9 for the period of May 7-16, 1986, and in Table 10 for the

period of June 14-21, 1986; V is the velocity of the water beneath the ice island. The

geostrophic flow V is due to sea surface tilt (McPhee, 1982). Since the ice island

movements generally involve a sequence of transient events, as weather systems

move through the region, the calculation of the local water velocity can be quite

involved (Kowalik and Untersteiner, 1978). The transient movements of the ice

island include instances of a low-velocity disturbed water layer which prevails

initially, gradually increasing in thickness as a function of both time and ice island

velocity. Applying the equation of McPhee (1986), the largest geostrophic water flow
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Table 9. Velocities of surface wind and ice island movement in the period May
7-169 1986

V ' surface wind speed
0 _ • surface wind direction

' ice island movement speed
' ice island movement direction

i , lUl ........ i ii i ii lr i iiiiii i1,111111

Date Hours V_(m/s) 0a(degrees) Vi(cm/s) 0i(degrees)
i ii iii -- -i - -_ i i iiii iii1$......... i_11 i

May 7 00 1,5 228 0.17 115
03 4.5 10 0.04 9'7

12 4.25 157 0,13 201

15 6.25 165 0.35 192

18 6.25 158 3.49 177
iiii ii iii iii ii ----IRR 11111 iii ....

May 8 00 9.5 140 9.84 -191
03 8.5 141 7.1 195

12 5,75 165 5.2 186

15 6.25 151 1.22 201

_8 4.25 _7_ _.97 189
May9: .............. 00 3.75 17-4 ......... 0.73 99

o3 2.5 171 1.21 22
12 e.o _ 1.73 _143
is 2.7s 56 1.3 90
18 2.25 77 1.1 343

i ii iii i _- i iii , ii i i

May 10 00 1.5 82 2.14 46

03 1,0 280 4.5 36

12 0.25 4 3.28 70

15 1.25 0 4,0 49

18 3.5 1(} 4,5 60
ii i , _ - mm_J/_w,m_uL_tm_l iqi iii

May 11 00 4.25 10 6'0 ....

o3 5.o 3so 8.s 5_
12 s.o 3s2 8.36 57
15 6.0 4, 9.47 63

18 6.2,s 348 12.57 51
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i lul |1, i i i i ,i ii i i II|Hl

Date Hours V (m/s) O (degrees) Vi(cna/s) Oi(degrees)

ii i _ .... llll iii4May 12 O0 6,75 347 14.0 1
03 6.75 350 16.{) 31

12 7.0 350 9.1 45

15 7.25 351 11.0 33

18 7.25 354 12.4 42
.....

ii ii it t t

May 13 O0 6.0 0 12.0 43
03 6,25 340 13.0 29

12 7.75 352 7.8 24

15 7.25 0 7.78 27

18 7,05 0 4.9 11
ii' L_ i t _ .....

May 14 O0 4.25 343 819 307

03 5.5 340 8.2 307

12 5.5 340 3.97 307

15 5.5 336 1.0 295

18 6.0 326 1.46 302

" .... --' 33 ....May 15 O0 6.5 334 . 309

03 5.5 330 0.9 316

12 5.5 35 {).13 98

15 5.75 320 0.16 278

18 5.25 328 2.2 351
_, t ta pi

May 16 O0 5.75 322 2.6 345
08 5.75 324 1.0 335

12 5.25 324 0.2 355

15 .... 2.3 359

18 5.75 330 0.6 2
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Table 10. Velocities of surface wind and ice island movement in the period
June 14-21, 1986

L_ I ' iii JUltt i t ,it r:_ m_mmlmmm

Date Hours Va(m/s) 0a(degrees) Vi(crn/s) 0i(degrees)

June 14 ......00 " -- 0 03......... -.. 277

03 1.5 247 0.15 97

12 3,5 141 0,1 97

15 3,75 140 0.05 97

18 3.75 150 0.08 277
i llnl I _ I _1 ii -1 i i1_' l llll

June 15 00 3.25 150 0.15 197

03 1.75 210 0,2 294

12 7.0 140 2.8 165

15 6.5 132 1.46 171

18 7.25 150 3.3 177
lr ii IIIII JJlll "

June 16 00 7.5 147 7.27 201

03 10.25 145 14.0 203

12 13.5 145 14.7 210

15 8,75 148 3.3 211

18 8.75 152 1.4 209
........

............. 01June 17 00 3,25 145 . 7 97

03 3.25 141 0.05 277

12 3.5 140 0.03 213

15 3.5 107 0.13 74

18 5.0 130 0.1 187
mm'-" ' t t l. i t t .............

June 18 00 .... 1.8 172

03 5.5 140 5.68 175

12 .... 4.3 199

15 5.75 109 7.97 177

18 7.25 96 10.8 162

r
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i ii i i i ,, . fL ..

Date Hours V.(m/s) O_(degrees) Vi(cre/s) Oi(degrees)
i i ,til i iii ii--- i ]m i--- ma

June 19 O0 .... 1.5 175

03 4.25 83 1.5 159

12 .... 3.8 11

15 1.75 320 4.1 14

18 2.25 310 3.1 356
ii i i _. -- i i ii - _ ....... --

June 20 O0 2.75 286 10.2 350

03 2.0 292 8.5 355

12 0.75 232 1.9 317

15 1.25 146 ].5 242

18 2.75 172 1.6 222

"- June 21 ' O0 8.25 ........ 15i - 0.;/ .... 193 ' .....

03 9.25 151 0.6 201

12 10.0 152 3.25 206

15 9.25 154 1.2 217

18 10.5 157 0.4 202
ii ii | - ii i |--- mm,emmmmmemmmm
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velocity beneath Hobson's ice island during the interval of data analysis has been

calculated to be 0.7 crn/s, which is small compared with the largest (non-concurrent)

movement velocity of the ice island (16 cre/s). During the movement episodes the

geostrophic water current velocity was much smaller ( <: 0.01 cm/s), due to the small

sea surface tilt (< 1.0 x 10.7 degrees). It therefore appears justified to assume that

Iv-w,I: Iv,I,

III.11. Frontal Area of an Ice Island

As mentioned previously, the frontal area of a rectangular ice island is changed

with the direction of ice island movement. For example, the shelf ice portion of

Hobson's Choice has a length of 9.25 km and a width of 2.0 km (M. O. Jeffries,

personal communication). Associated with the rotation of an ice island, the frontal

area Af is given by:

Af=2(L[ sinE)I +B coso I )H (13)

For Hobson _ Choice, L =4.625 km is the half length, B= 1 km is the half width,

H =38 na is the depth of the wetted portion of the ice island, (O= Oi - Azi as shown in

Figure 83, Oi is the direction of ice island movement and Azi is the rotation azimuth of

the ice island.

Examination of values in Tables 11 and 12, and Figure 84, show that the

rotation of the ice island itself changed very little; in particular, the total azimuth

difference of the ice island rotation was 7.9 ° and the average rotation angle was 0.79 °

per day in the period May 7-16, 1986; the total azimuth difference of the ice island

rotation was just 1.9 ° in the period June 14-21, 1986, and the average rotation angle

was only 0.24 ° per day. The frontal area changed considerably (Figure 85) as the

direction of ice island movement changed during these movement episodes. For

instance, from 0300Z to 1200Z on May9 the frontal area was changed from 1.52 x 105

--
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Fig. 83. The relationship between frontal width, rotation and movement
direction of Hobson's Choice.
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Table 11. Frontal area change as a result of change in the direction of
ice island movement, for the period May 7-16, 1986

DI ' ice island movement direction
A_, ' frontal areaofice island

azl ' azimuth of ice island rotation
I ii,m I mii I li mir i I _ u

Date Hours azi(degrees) Di(degrees) Ar(mxkm)

May 7 ' 00 31.5 115 349
03 31.5 97 349

12 31.5 201 121

15 31.5 192 189

18 31.5 177 262

May8 ..............................O0 34.4 191 182
03 34.4 195 178

12 34.4 186 234

15 34.4 201 110

18 34.4 189 190
pl m m _ _ m m

May 9 O0 34.8 99 347

03 34.8 22 152

12 34.8 143 354

15 34.8 90 319

18 34.8 343 319
Illq " II

May 10 O0 34.8 46 136

03 34.8 36 83

12 34.8 70 264

15 34.8 49 160

18 34.8 60 218

III' [ I I [ I III 'III 11II .May 11 00 35.9 58 25

03 35.9 51 190

12 35.2 : 57 249

15 35.2 63 247

18 35.2 51 191
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__ iii ' ........................ iiii __ iiiii ___ ] i J___

Date Hours azi(degrees) Di(degrees) A_mxkm)
i i illll lr i ii '-

oo 35.2 41
03 35.2 31 76

12 35,2 45 182

15 35.2 33 99

18 35.2 42 98
L _ - -- i iii ii ii _...... i i i

May 13 00 34.5 43 150

03 34.5 29 91

• 12 34.5 24 121

15 34,5 27 106

18 34,5 Ii 129
iu| iii ii irl _lmmimainOL ,li i I __j_,

May 14 00 34.5 307 ...... 349

03 34.5 307 349

12 34,5 307 349

15 34.5 295 349

18 34.5 302 343
ii li ,i i i i i ii illll i __

luimgili_ _ iii illffli fill ii 1_ __ HMay 15 00 39.0 309 ,.,49

03 39.0 316 348

12 39.0 98 334

15 39.0 278 342

18 39.0 351 304

ob ...........May 16 39.4 345 327

03 39.4 335 310

12 39.4 355 25,6

15 39.4 359

18 39.4 2 266
. llull .... i IF i i u ii ,
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Table 12. Frontal area change as a result of change in the direction of'
ice island movement, for the period June 14-21, 1986

D. ' ice island movement direction
AI, ' frontal area of ice island

azl : azimuth of ice island rotation
_l _ _mommm • j mi .........

Date Hours azi(degrees) Di(degrees) At(mxkm)

o0 - ' 77 - "....June 14 41.8 2 326

03 41.8 97 326

12 41,8 97 326

15 41,8 97 326

18 41,8 277 326
'lal i ii . ii ...... ii i

June 15 00 41.8 197 212

03 41,8 294 342

12 41.8 165 326

15 41.8 171 334

18 41.8 178 76

- J_e'_..... oo .... 4o:9 201 _44"'
03 40.9 203 159

12 40.9 210 114

15 40.9 211 84

18 40.9 209 84
m i :.: .... ii

June 17 00 40.9 9"1 84

03 40.9 277 31.9

12 40,9 213 326

15 40.9 74 121

18 40.9 187 250
_. i i _ i --- i ii ii -_

June 18 00 40,9

03 40.9 175 304

12 40.9 199

15 40.9 177 250

18 40.9 162 311



I I i i i _1 illl i _ __ __i___ IlL __

Date Hours azt(degrees) Di(degrees) Af_mxkm)
_- i ii

June 19 00 43.7 175

03 43.7 159 334

12 43,7 11

15 43.7 14 228

18 43.7 356 281
........ i i,ll iii ii i iii - llll

June 20 00 43.7 350 326

03 43.7 355 301

12 43.7 317 349

15 43.7 242 182

18 43.7 222 83
" _ i i i u i __

June 21 00 43.7 193 20}i

03 43.7 201 137

12 43.7 206 159

15 43,7 217 84

18 43.7 202 137
.... , =,,,,,, ...... r imi . I i i i .......
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(b)

Fig. 84. The rotation of the ice island itself is plotted as a function of time, (a)
for May 7-16; (b) for June 14-21, 1986.
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Fig. 85. The frontal area Ar is plotted as a function of time, (a) for May 7_16;
(b) for June 14-21,'1986.
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m 2 to 3.54 x 105 m 2, a change of 2.02 x l0 s m 2 or 57% within 9 hours. Thus the total

drag force is notably affected. In Figure 86, the additional form drag force due to the

frontal area, divided by the total drag force, is shown. The ratio between them was

transformed from 0.615 at 0300Z to 0.775 at 1200Z on May 9 (Table 11), for example,

which indicated that the additional form drag increased and the proportion of the

additional _rm drag in the total drag increased as weil. The averaged ratio was 0.66

+_ 0.12, which shows that the water form drag was the dominant contributor to the

total water drag.

IIl.12. Force Balance

In Table 13 and 14, and in Figures 87-103 are shown the force balance for 5

times each day at 00, 03, 12, 15 and 18 hours Universal Time for the periods May 7-

16, and June 14-21, 1986. Included are the wind shear force (Fa), total water drag

force (F w = Fw_+Fwp) , Coriolis force (F¢) and the change in momentum due to the

acceleration or deceleration of the ice island (denoted by Ft), as calculated from the

tables and the data shown above.

On May 7 (Figure 87) at 0300Z and 1200Z, because the movements of Hobson's

Choice had just started due to wind shear, which was larger than the Coriolis force,

the force balance shows that the residual calculated forces due to pack ice and sea

surface tilt were 0.5 and 0.6 MN, directed 236 ° and 193 ° to the left of the direct ion of

movement; it is clear ths" pack ice opposed ice island movement. From 1500Z to

1800Z, when the wind speed was 6.25 m/s (Table 9) as a threshold for initiation of ice

island movement, ice island velocity increased, so that the Coriolis i_:,:_ceand the

acceleration terms were increased. The residual forces were redirected from 186 ° u_

119 °, and become increasingly large, with the ice island movement increasing. A

much larger movement occu_:'ed on the day of May 8 (Figure 88); the force balances

--- were almost the same except at 1800Z, when the movement decreased. The force
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Tab:_ 13. The force balance for wind shear force (F_); water shear force (Fwo);
drag force due to the frontal area of ice island (Fw°); the force due to the °

acceleration or decceleration (F.) and the Coriolis fSi;ce (F) (F = F + F ;
• o • W W8 wp

force unit: MN*), In the period ofMay 7-1_.

, . ..... __

Date Hours F a F t Fw_ Fw, F w F c Fw/F W

........ 0o........- .....a 7 00 0.106 -- 0.000 0. 0 0.000 0.168 0.000

03 0.957 -0.082 ....... 0.160 --

12 0.857 0.037 ...... 0.128 --

15 1,847 0,147 0.001 0.001 0.002 0.200 0.713

18 1.847 1.443 0.060 0.161 0.221 1,100 0,728
iii ii iii, ii Ul i

May 8 O0 4.499 I.I0() 0.570 -i'090 i.660 9.000 0.657

03 3,199 -2.001 0,350 0.610 0.959 7.001 0.636

12 1,564 -1.719 0.096 0.227 0.323 5.010 0.703

15 1.847 -2.586 0.005 0.005 0.010 3,001 0.500

18 0.855 -0.162 0.003 0.006 0.009 0.975 0.667
;L,.'7:7_....... II L___'U't L__ '_' _:_-- --

May 9 00 0.664 -0.809 0.002 0.006 0.008 0.735 0.750-

03 0.295 0.311 0.005 0.008 0.013 1.015 0.615

12 0.188 0.025 0.011 0.038 0.049 1.739 0.775

15 0.358 -0.258 0.006 0.020 0.026 1.340 0.769

18 0.239 -0.146 0.004 0.014 0.018 1.114 0.778

Ma'---yl0 00 0.1----'-"--"--'-_6-1.21i0.016 0.022 0.038 1.200 0.579

03 0.047 1.547 0.072 0.061 0.133 3.300 0.459

12 0.003 0.510 0.038 0.102 0.140 2.899 0.729

15 0.073 0.470 0.057 0.092 0.149 1.500 0.617

18 0.579 0.320 0.072 0.159 0.231 4.521 0.688

May ll 00 0.816-0_900-- =-0A30- 0.350 0.480 5.399 0'72§--

03 1.166 1.000 0.190 0.550 0.740 6.899 0.743

12 1.182 0.041 0.248 0.626 0.874 8.I00 0.716

15 1.703 0.721 0.318 0.798 1.116 8.090 0.71.5

18 1.847 2.011 0.560 1.086 1.646 9.980 0.659

J
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__ - II I I Illl _ -- __ ___

Date. Hours Fa F t Fws Fwp F w Fc Fwp/Fw

_M_y_2 oo -- 2.155 1.700 0.650....1.010 1.660_,000 O.sb_
03 1.999 0.929 0.700 o.so, 1.30113.49s 0.462
12 2,318-1.063 0,294 0.544 0.838 9.150 0.649

15 2.487 1.227 0.429 0,431 0.860 9.980 0.501

18 2.487 0.700 0.548 0.545 1,093 11.299 0.500

- .................. 06 .............May l3 O0 1.703 0.060 0.529 0.8 1.355 11.000 0.604

03 1.847 0.060 0,669 0.619 1.288 1.1.800 0.481

12 2.801 0.200 0.217 0.266 0.483 6.800 0.551

15 2.487 -0.023 0.215 0.231 0.446 6.780 0,518

18 2.351 -1.855 0.086 O.112 0.198 4.949 0,566

May1"-'-""_-00 ..... 0.584 0170 {)'227--'-0.804 1.631' 7.300 ():_78_--

03 1.399 0 143 0.240 0.849 1.089 7.400 0.780

12 1.431 -2.231 0.056 0.198 0.254 3.992 0.779

15 1.431 -1.955 0.003 0.011 0.014 0.971 0.785

18 1.703 0.325 0.008 0.026 0.034 1.199 0.765

May 15 00 1.999 -0.178 0.039 0.135 0.17,4 3.317 0.776

03 1.431 -1.564 0.003 0.010 0.013 0.900 0.769

12 1.431 -0.203 ....... 0.139 --

15 1.564 0.018 ...... 0.167 --

18 1.304 1.340 0.018 0.053 0.071 2.239 0.747
iiii iiii i IlL _- -- _ 11111 .... _Jr _. ii iJ

May 16 00 1.564 -0.945 (}.025 0.083 0.108 2.673 0.769

03 1.564 -1.099 0.003 0.010 0.013 0.976 0.769

12 1.304 0.095 ...... 0.100 --

15 ..............

18 1.564 -1.164 0.003 0.003 0.004 0.586 0.750
ii iii i i i !1 ii,lllU ii1 i __ F_• _-_ _ _ __
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Table 14 The force balance for wind shear force (F); water shear force (F);' . , a WS

drag force due to the frontal area of Ice tsland (Fw,); the force due to the
acceleration or decceleration (F.) and the Coriolis fSi;ce (F) (F = F + F ;" " . L . . W ws wp

force umt: MN), In the period of June 14-_1.
............................

..... i i ____ iii

Date Hours F a Ft Fws Fwp Fw Fc Fwp_w
$ i ,11 _ ....... til i i i i

June 14 00 -- -0,651 ....... 0.036 --

03 0.106 0.075 0:000 0,000 0.000 0.152 --

12 0.579 0.038 0.000 0.000 0.000 0.098 --
/

15 0.665 -0,031 0.000 0.000 0.000 0.502 --

18 0.665 0.024 0.000 0.000 0.000 0.089
i iii1,11 ..... LI: .......

June 15 00 0.499 -0.009 0.000 0.000 0.000 0.151 --

03 0.144 0.037 0.000 0,000 0.000 0.208 o-

12 2.318 0.823 0.028 0.091 0.119 2.100 0.76,5

15 1.999 -0.893 0.008 0,025 0.033 1.990 0.758

18 2.487 1,200 0.039 0,029 0.068 2.399 0.427
,, -',,-,',_ ..... Hill ........ . IrJI

June 16 O0 2.661 I._00 0.187 0.274 0.461 51998 0.594

03 4.971 2.OGO 0.727 1.174 1.901 9.900 0.618

12 8.623-3.953 0.767 0.886 1.653 16.000 0.536

15 3.622-7.201 0.039 0.033 0.072 6.500 0.458

18 3.622-1.230 0.007 0.005 0.012 2.200 0.417
I_F--- -- III -- rill li ..... _ __ ' _ -- _ i i __

June 17 00 0.499 -0.032 0.001 0.000 0.000 0.178

03 0.499 -0.084 0.000 0.000 0.000 0.049 --

12 0.579 -0.041 0.000 0.000 0.000 0.031 --

15 0.579 0.065 0.000 0,000 0.000 0.132 --

18 1o182 -0.020 r.000 0.000 0.000 0.101 --

June 18 00 ,.- 1.038 ...... 1.833 --

03 1.431 2.000 0.114 0.351 0.465 3.680 0.755

12 -- -1.502 ...... 4.329 --

15 1.564 1.900 0.225 0.572 0.797 6.000 0.718

18 2.487 1.844 0.414 1.301 1.715 8.990 0,759
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---- --1 -- iiiii iiip ,1 ...... iiiii i ........... _ i ii....

Date Hours Fa Ft Fws Fwp Fw Fc Fwp/Fw

June'i9 -- -3.352 .... :L.... -- " -- 1.584 --

03 0;854 -0,002 0.009 0,029 0.038 1.580 0.763
12 ','_ ,, ,/,

i
.¢,

15 /0.144 0.192 0,059 0.132 0.191 4.098 0.691
[ ,, , /, ,

18 0.239 '0.590 0.036 0.101 0.137 3.187 0.737
._._Lmll ] -- " -- : _..Mmmmmmm_

June 20 O0 0.357 2.000 0.368 1.220 1,588 7,00(} 0.768

03 0.189 -1.097 0.256 0.79'1 1,047 5.542 0,756

12 0.026 -1,316 0.013 0.040 0.053 1.899 0.755

15 0.074 0.376 0,022 0.039 0.061 2,481 0.639

18 0.357 -0.581 0.009 0.007 0.016 1.584 0.437

_June 21 O0 3.'220 1.265 0.002 0.003 0.005 1.500 0.600

03 4.048-0.065 0.001 0.001 0.002 0.s14 0.500
12 4.731-1.s27 0.038 o.oso 0.098 4.000 o.s12
15 4.048-1.330 0.005 0.004 0.009 1.213 0.444

18 5,216-0,517 0,001 0,001 O,t)02 0.900 0.500
--- -- i, _ iii iiii ................. ii, , ii ii i i
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IN N

Ca) (b)

Fig.87. Forcebalanceon May 7 forwind shearforce(Fa),totaldrag force
(Fw),Coriolisforce(Fo)and the forcedue to acceleratingor
decelerating(Ft) _ "
(a)at0300Z,(Fr= 0.5(236°)),
(b)at1200Z,(Fr= 0.6(193°)),
(c)at1500Z,(F,=1.2(186°)),
(d)at1800Z,(.Fr'--'0.7(119°)).
F. residualforce,V" iceislandvelocity(cna/s),dashedlinemeans
tl_' '"atV_istoosmallandjustindicatesthedirectionoftheiceisland
movement.
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N _. o 2_,_ N/V t_

F_ Ft

(a) (b)

v t /!

Fa X l/Iv t

(c) (d)
t
l

0 2cm/s

Fr Fm

(e)

Fig. 88. Force balance on May 8
(a) at 0000Z, (F = 6.6(94°)),
(b) at 0300Z, (Fr = 6.4(127°)),
(c) at 1200Z, (Fr = 5.4(122°)),
(d) at 1500Z, (_ =3.9(155°)),
(e) at 1800Z, (Fr =0.7(143°)).
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N N

Vi FcF_A FCF

qmlmm_ _

Vt _

Fr

Ct) Cd)

F: \ 0 Icml s

(e) _V_

Fig.89. Same asFigure87except
(a)(F = 1.3(123_)),

Fr(b)(_= 1.3(76°)),
(c) (F = 1.5(95°)),
(d) (F_= 1.2,123to)),
(e) (F[ = 1.0(112°)), May 9.
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N

Fig. 90. Force balance on May 10 for
(a) (Fr= 1.6(62°)), (b)(F, = 3.8(63°)),
(c) (F: = 3.0(78°)), (d) (F:= 3.5(83°)),
(e) (Fr = 4.0(92°)).



Fig. 91. Force balance on May 11 for -
8 °(a) (Fr=4.4(90°)), (b) (F,=7. (92)),

" 2 o(c) (F,= 7.0(94°)), (d)(Fr=7. (90)),
(e) (Fr = 9.0(82°)).

170

' ._,l,lrIlll ,,'?'111111' qJ_l.l,'r,"',l.r_1$"_rI ,ll_



Fig. 92. Force balance on May 12 for
(a) (Fr= 10.8(90°)), (b)(Fr= 12.6(94°)),
(c) (Fj = 7.9(108°)), (d)(Fr = S.7(96°)),
(e) (Fr : 9.4(93°)).
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\, N N

Fc
Fc

Ft w w

"' Fr / '_:a ,..Fr.

VI

(a) _ (b!

Vt

(c) (d)

F¢ Vi_F_ o 2._.L_

0 _Ccm/s

(e)

Fig.93. Forcebalanceon May 13ibr

(a)(Fr=10.9(91°)),(b)(Fr=I0.8(96_)),
(c)(F,=6.0(I13°)),(d)(Fr=6.0(I07)),
(e)(F = 6.4(129°)).
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Fig. 94. Force balance on May 14 for
(a) (Fr = 8.1(90°)), (b) (F =9.2(93°)),
(c) (F =5.2(124°)), (d) (Fr=3.7(141°)),
(e) (t_r =2.0(119°)).
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N I,_=

/
Fr

\

F

(b}

\F \F=

F¢\ '"

(_) _ (4)

i

V 0 ].era/s
(e) '_'"

Fig.95. ForcebalanceonMay 15for
(a)(Fr= 4,5(119°)),(b)(F,= 3,1(!61°)),
(c)(F4=°.7(28°°)),(d)(Fr=1.4(13I°)),

: (e)( ,.=2.9(103 )).
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Fr

Fr

Fa Fc

. \

\

Ca) (b)

Fr Ft

Y¢! r Ft.-.

L i
I I
t
I VL+ 0 !._N

Vi+

(¢) (4) 0 i c.m./s

Fig. g6. Force balance on May 16 for
(a) at 0000Z, (F =3.0(140°)),
(b) at 0300Z, (F: = 2.6(168°)),
(c) at 12_}0Z,(F = 1.1(194°)),

! (d) at I800Z, (_ =2.5(181°)).
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/V t
l
t F_

Fa, 1 t _¢Ft_F¢
Fr

(a) r (b)

V_
_Vi

_I Fa FF _ F¢,

F t _ r
0

(¢) CoL)

0 _¢,-_s

Fig. 97. Force balance on June 15 for
(a) at 0000Z, (Fr = 0.2(186°)),
(b) at 1200Z, (Fr= 1.7(137°)),
(c) at 1500Z, (F_= 2.5(159°o)),
(d) at 1800Z, (_ = 1.6(131 )).
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Fig. 98. Force balance on June 16 for

(a) (Fr = 4.4(91°))_ (b) (F.= 6.8(89°)),
(c) (F_:= 12.3(123 )), (d) (Fr =9.2(154°)),
(e) (F_ = 3.0(184°)).
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/Vr
/

/
/

Vt - -_ Ft Fc

Fr Fr

(a,) (b)

I

f
I

F_ Fc

"_" Vt Fr

Fig. 99. Force balance on June 17 for
(a) (F =0.5(136°)),

(b) (F: = 0.3(181:)),
(c) (F, = 0.4(160 )),
(d) (F, = 0.7(187°)).
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|

F:

Fc Fw Fw

(_) Cb)

(=) 0 3cre/s

/.

/
/
/

/

/
/

Fig. 100. Force balance on June 18 for /F °(a) at 0300Z, ( _=3.2(83 )), /

(b) at 1500Z, (Fr = 5.5(7800)), /(c) at 1800Z, (F_= 7.8(86 )).
/
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N N

V t\_

Fa c -

Fr F¢ Fa

(a) Vt

(c)

Ft

0 _cre/s

rVt

Fig. 101. Force balance on June 19 for
(a) at 0300Z, (Fr = 0.8(I09°)),
(b) at 1500Z, (Fr = 3.2(89°)o),
(c) at 1800Z, (Fr= 1.2(132 )).
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Fig.102. ForcebalanceonJune 20for

(c) I_: 7"4(78°))' (b)!F: 8.6(94°)),(e) _ 1.5(134°)).
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N N

Fig. 103. Force balance on June 21 for
F ° °(a)( ,.=3.7(182 )), (b)(F =3.3(207 )),

(c) (F_=4.7(174°)), (d)(F_= 3.6(186°)),
(e) (I_ =4.5(202°)).
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balance shows that the largest residual force was 6.6 MN and directed 94 _ to the left

of the movement direction at 0000Z; the speed of the ice island movement was 10

cre/s, which was also the largest speed on that day.

The movement continued, but more slowly, on the day of May 9 (Figure 89) due

to smaller wind shear.The direction of movement was changed, and the force balance

shows that residual forces were directed from 95 ° to 123 ° except at 0300Z. This

special circumstance may have been due to pack ice or geostrophic currents

transferring some energy to the ice island, which was already slowed down.

Unfortunately, there is no data available at 0600Z and 0900Z to show further details.

However, on the day of May 10 (Figure 90) the same case occurred again (The

movement direction of the ice island was averaged over the time interval from May 8

to May 10 in preparing Figure 70, thus removing the tidally-driven component of

motion). In that case, the wind shear was very small but the movement of the ice

island was not small, as the residual forces were directed from 62° to 92 °. It is likely

that the pack ice or the geostrophic current,s were transferring energy to the ice

island and maintaining its movement.

From May 10 at 1800Z to May 13 at 1800Z the wind shear forces were nearly in

the same direction, and before the resulting large movement started, the pack ice or

the geostrophic currents transferred a small momentum to the ice island at 0000Z

and 1800Z un May 11 (Figure 91). The threshold for initiation of the ice island

movement was a wind speed ranging from 4.25 m/s to 6.25 m/s (Table 4.1). The

movement was increasing until May 12 (Figure 92) at 0300Z, with the largest

movement velocity (about 16 cre/s), and the same direction, until May 13 at 1800Z

(Figure 93). In these three days a large movement event took place and the force

balance shows that the greatest residual force was 12.6 MN, directed 94 ° to the left of

the ice island movement at the same time as the largest ice island movement
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occurred. During the episode, the residual force was directed from 82 ° to 129 °,

usually in fact directed from 91 ° to 113 °.

From May 14 at 0000Z to May 16 at 1800Z the movements gradually slowed.

On the day of May 14 (Figure 94) the residual force was from the direction 90 ° to 141 °,

and also during the day of May 15 (Figure 95) the residual forces were directed from

103 ° to 161 ° except at 1200Z, a transient event for which forces were very small with

residual force shifted to 280 °. This case and a few others, may be due to the wind

shear being larger than the Coriolis force, or it may be due to tidal effects, in which

case it is the same as for May _6 at 1200Z and 1800Z (Figure 96).

From Figure 97 to Figure 103, the force balance is shown for the period of Jnne

15-21. Because during the day of June 14, forces are too small to calculate, that day

was not included. These results present the same behavior as in May; for large

movement the force balance shows that the residual forces were directed from 90 ° to

about 150 °. The greatest ice island movement speed occurred at 1200Z, June 16, and

it was 14.7 cre/s; the residual force was 12.3 MN, directed 123 ° to the left of the ice

island movement direction.

III.13. Pack Ice and Ocean Tilt Forces

As mentioned above, the residual calculated force, including the pack ice force

combined with the ocean tilt force, was the main object of study. Unfortunately no

field measurement data are available for the ocean tilt which occurred near the ice

island. From air pressure charts, it can be seen that the air pressure gradient is only

4 mb over a 400 km distance on May 12, and also on June 16, 1986. The two largest

residual forces and ice island vaovemen_o occurred with values 12.6 MN and 12.3 MN,

and 16 cmJs and 14.7 cfrp/s, respectively, on these dates. For Hobson's Choice (length,

9.25 km), the pressure gradient across its length is about 0.1 mb, corresponding to an

ice island tilt angle of 6.2 x 10 .8 degrees. The ocean surface tilt force is equal to 0.7
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MN. It is very small compared with 12.6 MN and 12.4 MN, the total residual forces.

During the other movement episodes the ocean surface tilt force was much smaller

(< 0.01 MN), due to the small sea surface tilt (< 1.0 x 10 'f degrees), so it may be

ignored. In Figure 104, the directions of ocean tilt force at 0300Z May 12 and at

1200Z June 16, 1986, when the two largest residual forces occurred, are shown. The

dashed line indicates the direction of the ocean tilt force, but the magnitude was very

small compared with other forces. Therefore, the residual force mainly includes the

pack ice force and the tidal forces.

Using the numerical method as described in the Appendix of the thesis (Lu,

1988) applied to the force balance results, the magnitude of the residual force (F r) can

be written as

F = 0.36 + 2.57V -- 1.28V_ 0 < V < 1.5 cm/s (14)

or

Fr = 0.02 + 0.89V.! - 0.009V_, Vi _>1.5 cm/s (15)

where V i is the speed of the ice island movement in cn_/s, equation (14) is for V i less

than 1.5 cre/s, and equation (15) is for Vi equal or greater than 1.5 cm/s and is the

more important part.

The parts above the cubic polynomial for equation (15) were deleted because the

coefficients were so small ( < 0.0004).

In Figure 105, the results of numerical methods applied to analyze the

relationship between residual force and ice island movement are shown. From both

Figure 105 and equation (15) the relationship between them is almost linear.
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0 2M_

- ' 0 3c_s.

Fig. 104. Ocean tilt forces, {a) at 0300Z May 12; (b) at 1200Z June 16, 1986,
when the two largest residual forces were occurred. Dash line
indicates only the direction of ocean tilt force.
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The direction of the residual _'orce, associated with both wind _nd ice island

movement, can be written as (Figure 106)

O,O1V
¢ = 108°+ 26.0 x _n(------2a) (16)

V
1

where Va is sure'ace wind in cm/s, VListhe speed of the ice isiand movement in cre/s,

and _ is the angl_ of the residual force in degrees measured to the left of the direction

of ice island movement. It is our subjective opinion after considering all of the graphs

Figures 87-103 that the accuracy of the angle of the residual force is estimated as
(

approximately -+_15 degrees.

From this result, if 0.01VJV i is less than 0.5 the residual force is directed less

than 90 °. This shows that the pack ice or geostrophic currents may transfer some

momentum to the ice island; if 0.01VJV i is greater than 10.0 the residual force is

directed greater than 180°; this shows that the threshold for initiation of movement of

the ice island is a wind speed of 5.25 +_ 1 rrgs. In the initial stages of ice island

movement, the residual force is directed at 190 ° _. 15 ° to the left of the movement

direction. When ice island velocity exceeds 4.0 crrL/s and ranges up to 16.0 cm/s,

during the most active stages of movement, the residual force on the ice island is

directed from 90 ° to 170 ° to the left of the movement direction. Extremely high

velocity episodes (10.0 cm/s to 16.0 cre/s) produce a residual force direction of 92 ° to

120 °. During the final stages of a movement episode, when deceleration is obvious,

and has values of 0.0004 crn/s 2, the residual force is directed at an angle of 80 ° + 10 °.

The magnitudes of residual force are usually much larger during the most active

stages of movement than during both the initiation st_age and the final stage of

movement. Deceleration intervals are typically associated with low wind speeds and

low residual force, implying that water drag forces cause the final deceleration.
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III.14. Summary

Trajectory analysis of Hobson's Choice showed five large movement episodes in

the intervals of May 7-14, June 14-21, July 1-4, August 22-27 and September 11-17,

1986, respectively, which were in the southwest or northeast direction along the

coastline of Axel Heiberg Island. The May and June movements were analyzed in

detail. The averaged speed ratio between the ice island and the surface wind was

1.4%, the ratio of ice island speed to geostrophic wind speed was 0.86%, and the

average ratio of surface wind speed to geostrophic wind speed was 0.62. The angle of

the ice island velocity vector in relation to the surface wind vector ranged from 15 ° to

25 ° clockwise from the surface wind direction, and the angle of the ice island velocity

vector in relation to the geostrophic wind direction ranged from 25 _' to 35 .°,

counterclockwise from the geostrophic wind direction.

Evidence was found for the mountain barrier effect. The surface wind produced

by a geostrophic wind blowing towards a mountain barrier is directed to the left (in

the Northern Hemisphere). Episodes of coastward air flow from the west induced a

component of the surface wind from the south. This movement implies that the

mountain barrier effect should be taken into account when predicting ice island

movement near a coastline with mountains.

Force balance on the ice island shows that the residual force (F r) increased with

ice island velocity. From analysis of many transient events, the relationship for the

residual force can be expressed by

F =0.36 +2.57V.- 1 28V2, 0_ V __l 5crrgsr , , , " (17)

F =0.02 +0.89V -0.009V 2 V > 1.5cm/s
r , i' i - (18)



where V i is the speed of ice island movement in cre/s, Fr is the residual force in MN,

and the equation for V_ _ 1.5 cm/s is the more important part. The residual force

coefficients for ice island movement are shown from the statistical analysis in Table

15.

Table 15. Residual force coefficients for ice island movement

Power ofV i Median Variation

0 0.36 _+0.08

V_< 1.5cm/s 1 2.57 + 0.25

2 -1.28 +_0.15
i i m ,1 lr|ii

o o.o2

V i_.1.5cm/s 1 0.89 -+0.10

2 -0.009 +_0.001
..... i , w iiii i ii

The direction of residual force is a function of both wind speed and ice island

movement speed, and can be written as

0,01V
a

¢ = 108° + _,n(-m)
V,

t

where V a and V i are in cre/s, and ¢ is the angle of the residual force in degrees,

measured to the left of the direction of ice island movement. From analysis of many

transient events the variation of coefficients are 108 ° ± 10° for the constant part in

the equation, and 27 ° -+ 5 ° for the part of en(0.01VJVi).

From this result, if 0.01VjV i is less than 0.5 the residual force is directed less

than 90°; this shows that the pack ice or geostrophic currents transfer some

momentum to the ice island. If 0.01Va/V i is greater than 10.0, the residual force is

directed greater than 180 °. This also shows that the threshold for initiation of

movement of the ice island is a wind speed of about 5.25 _ 1 m/s. In the initial stages

of ice island movement, the residual force is directed at 190 ° +_ 15 ° to the left of the

movement direction. When ice ':sland velocity exceeds 4.0 cm/s and ranges up to 16.0
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cre/s, during the most active stages of movement, the residual force on the ice island

is directed from 90 ° to 170 ° to the left of the movement direction. Extremely high

velocity episodes (10.0 cm/s to 16.0 cm/s) produce a residual force direction of 92 ° to

120 °. During the final stages _f a movement episode, when deceleration is obvious,

and has values 0.0004 cm/s 2, the residual force is directed at an angle of 80 ° +_ 10°.

The magnitudes of residual force are usually much larger during the most active

stages of movement than during both the initiation stage and the final stage of

mevement. Deceleration intervals are t:ypically associated with low wind speeds and

low residual force, implying that water drag forces cause the final deceleration.

Orientation of the ice island changed very little during movement episodes,

regardless of direction of movement. Because of the rectangular submerged shape of

the ice island, the water form drag thus varied during movement episodes, ranging

from a calculated value of 0.417 to a maximum of 0.785 of the total water drag. This

is thought to contribute to an ice island trajectory different than that of the adjacent

pack ice.

The force balance examination ef ice island movement is only applicable to

Hobson's Choice. To further examine ice island movement near other coastlines or

mountains, detailed data and more weather stations in the local area are necessary.

Ice island trajectories far away from coastline or mountains should be analyzed in the

future.

i

I
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CHAPTER IV

SIMULATION OF THE RECURRENCE PROBA Y OF ICE ISLANDS

IN THE ARCTIC OCEA

(F. C. Li)

IV.1. Introduction to the Trajectory Simulation

A detailed Monte Carlo simulation of the probai _ility of ice island presence in/

the various regions of the Arctic Ocean was made by/Li Fucheng (1988; 1989). The

discussions in this chapter are based upon that work _nd current Ph.D. research.
t

I i

The tabular icebergs of the Arctic Ocean are termed "ice islands", and they are

the most massive ice features that have been discovered in the Arctic Ocean. These

ice features are normally characterized by a large surface area and often by a deep

keel depth. The !argest ice island presently known to exist in the Arctic Ocean has a

mass oi" approximately 700 x 106 tonnes, an area of about 26km2 and a mean

thickness of 42._ meters over 64% of its area (_Jeffries et al., 1988). These massive ice

features, drifting in open water or within the pack ice zones, may approach the sites

where offshore oil platforms or vessels are in operation. To design such installations,

it is important to estimate the risk of ice island interaction with offshore structures or

stationary vessels.

One important objective in quantitative estimates of the risk to offshore

structures is to determine the recurrence interval for ice islands in a given area in the

Arctic Ocean. The recurrence intervals are dependent upon the probability o£ ice

island trajectories, as well as upon the rate of ice island generation, the probability of

natural fragmenting of ice islands, and the ice island dimensions. One may directly

observe the statistics of ice island trajectories, but this approach is constrained

because of the very limited data at the present time. Many years are needed to

gather such data. DePaoli (1982) presented an analysis of interaction probabilities

between large ice features and offshore structures in the Canadian Beaufort Sea. The
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basic assumption was made that the Beaufort Gyre (the clock-wise circulation system

of the pack ice) is that mechanism whereby large ice features (ice islands and multi-

year hurmlmck fields) drift into the Southern Beaufort Sea, i e., the large _ce features

are transported by multi-year ice into the Southern Beaufert Sea. Further, he

considered that the probability of large ice features ente_'mg an area of concern is the

same as the probability of multi-year intrusion. He then calculated the probability of

multi-year ice (for an averaged concentration of 5%) entering the area of concern

based on the statistical data of multi-year ice. De Paoli et al. (1982) also calculated

the probabilities of pack ice edge intrusion and the intrusion of the edge of 1/10

concentration of multi-year ice in summer, and took these as the probabilities of

intrusion of large ice features, to compare with the probabilities of the average d

concentration r_f5% multi-year ice. In fact, as shown by Lu (1988), the ice islands

move in a different trajectory pattern from that for pack ice or multi-year ice. An

alternative approach t_ analyse the probability of ice island trajectories is a computer

simulation by the Monte Carlo method. This approach needs to make use of a

dynamic model of ice island movement, and the statistical distributions of related

driving forcc _, ice island generation and the natural fragmenting of ice islands.

As for the dynamics of ice island movement, the most detailed study has taken

place only since 1983. Worthy of mention, however, is the analysis of some aspects of

the drift of ice island T..3 for example (Brown and Crary, 1958; Hunkins, 1967).from

1952 to 1983. Since April 1985 several satellite positioning buoys have been

deployed on a number of different ice islands, which have delivered data by both the

Argos system and satellite navigation systems as discussed in Chapter III. A

substantial amount of data has been obtained from these stations, including ice

island drift, surface pressure variations, and surface temperatures. These data has

provided a good basis for dynamic analysis of ice island movement. A comprehensive

work by Yan (1986) gave details of three types of ice island movement in 1983-85. It
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was indicated that the speed ratios between the ice island and the, eostrophic wind

ranged from 1.0% to 1.5% for large movements, and the average angle of the

geostrophic wind ranged from 20 to 26 degrees counterclockwise from the ice island

motion direction. More detailed analysis of ice island movement (Lu, 1988) has

resulted in more accurate relationships between ice island movement, surface wind

velocities and geostrophic wind velocities, and evidence of a mountain barrier effect,

presented in Chapter III. A relationship between residual force and the speed of

Hobson's Choice Ice Island was also obtained.

Regarding the generation of ice islands, several ice shelf calving events have

occurred at the Ward Hunt Ice Shelf on the north coast of Ellesmere Island

(Hattersley-Smith, 1963; Jeffries and Serson, 1983). A report (Sackinger et al., 1985)

of ice island generatton rate gave a statistical review of calving area of the ice shelves

and the calv;.ng event time intervals. A statistical analysis o: ice island dimensions

was presented by Jeffries et al. (1988). All of this provides a good base for

understanding the statistical d!,stributions of ice island generation.

Because many meteorological studies have investigated arctic sea ice, the many

sources of information available enable one to make reasonable assumptions on the

statistical characteristics of the wind field in the Arctic Ocean. Because wind force is

commonly considered as the dominant driving force on ice islands, accurate wind

data should be used. Moreover, it has not been observed that ice islands frag nent as

they circulate in the Arctic Ocean. The observed ice island fragmenting events have

occurred only in shallow water areas after the ice islands have become grounded. Ice

islands T-3 and WH-4, for example, grounded a short distance nc,'th of Pt. Barrow,

Alaska and disintegrated into many smaller pieces. The sizes of these pieces were

less than lkm. Considering many uncertainties on ice island fragmentation and

particularly the small sizes of ice island fragments, relative to ice island sizes, the

decision was made to neglect the fragmenting of drifting ice islands.
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The basic dependencies of the probability of an ice island occurrence in an area

of interest, considered in this study, are the ice island generation and ice island

movement. The spatial and temporal distributions of ice shelf calving events are to

be explained. Thereafter, the methods for generating random ice island dimensions

and the numbers of random ice islands existing in the Arctic Ocean are illustrated.

An explanation will be given of the governing equation of ice island movement,

involving wind driving force, comparison of water form drag and ice island bottom

friction, and extension of an empirical formula for pack ice force calculation. The

development of a Monte Carlo model for generating random geostrophic wind will be

explained, as will the domain and mesh of the computer simulation. Simulation

results and comparisons are then illustrated, and conclusions and recommendations

given.

IV.2. Random Ice Island Generation

One important factor affecting the probability o£ ice island occurrences is the

population statistics of ice islands in the Arctic Ocean. This population is directly

related to ice island calvings or generation. The generation in this study includes the

spatial and temporal distribution of ice island generation, the ice island dimensions,

and appropriately generated numbers of ice islands.

Because ice islands are generated by calving from the ice shelves, the spatial

and temporal distributions of probability for such ice island generation is equivalent

to that for the calving event of ice shelves, which can be quantified by historical

statistics, assuming a time-invariant statistical process. Thus, long term global

change and depletions of ice shelf ice are neglected. Many observations on ice shelf

calving have been done, and ice islands related to ice shelf calving have been

observedand recorded since the early 1880's (Sackinger et al., 1.985), A thorough

review of this, especially on the systematic traverses of the ice shelves for the past
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two decades, (Sackinger et al., 1985) has revealed that calving events occur at ice

shelves along the northern coast of Ellesmere and Axel Heiberg Islands, i'rom

Clements Markham Inlet west to the mouth of Sverdrup Channel (Figure 107). The

statistics of calving events should not be considered as an annual stochastic process,

but, rather, calving takes place every third or fnurth year, at seemingly pseudo-

random intervals, as shown in the review summary for the period 1963 to 1983 (Table

16).

On the other hand, ice shelves can grow by seaward growth of glaciers, by sea

ice accumulation, and ridge-building, and pressure ridge ablation along the seaward

edges of ice shelves. Due to such gro,-th, the ice shelves do not tend to vanish by

calving. In the period 1963 to 1980, a total of 41 km2 of ice was gained by ice shelves,

mainly in Ayies Fiord and other areas. The ice shelf regeneration process and calving

process is a virtually continual one when considered over time intervals of centuries

(Sackinger et al., 1985).

In the computer simulation, a uniform spatial distribution of probability of an

ice shelf calving event was assumed along the northern coast of Ellesmere and Axel

Heiberg Islands, from Clements Markham Inlet west to the mouth of Sverdrup

Channel, as shown in Figure 108. This uniform assumption in this small distance

scale should not have an obvious influence on the simulation results of the

probability of ice island trajectories in relative large spatial scale over the entire

Arctic Ocean. For the temporal distribution, one calving event occurring every

fourth year was assumed in the simulation. This is an approximation at the present

time, based on limited data. As more data on ice shelf calving become available, this

assumption can be easily adjusted in the simulation, and several simulation runs

with 3-year and 5-year intervals have been run to test the sensitivity of the results to

this assumption.
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Table 16. Km2 Ice Lost (Gained) Since Previous Observation)
I I , H |ltH, JiB iJ El EH -- mr ,,,, t , ,

Year W. Hunt McClintock Nansen Milne Ayles Other Total

5'"96 ...... - .....
.. ::__, | i.... ._,..__,_

1963 569
,, ,, ...... , ........ __ ......

1964

1965

1966 95 110

1967 ' 35 15 (25) 10a (i5c) 45 i40)
,. ,, ,.

1968

1969

1970
..... ! ............

1971 4.5 240 244.5
....

1972 1.5 1.5__ _

1973

" 1974 '"' 10 ............ iO
.... , , ,, ,, , ,, ,, ........ , ,

1975 ......
.... , ,., ,,,

1976

1977-
1979 ......

1980 ( 1) 3b 3 (1)

TOTALS 585 (1) '95 ' 240' 35 15 (25) 13 (15) 983 (41) -

a) west of]:_r6mley lst_nd .............
b) Cape Fanshawe Martin
c) East of Hansen Point

Ice island dimensions affect movement, and therefore affect the trajectories;

they are important random variables. The statistical characteristics of these

variables used in this study are based on observational data analyzed mainly by

Jeffries et al, (1988), which is believed to be the most complete summary at the

present time. During the past 40 years, a total of 52 ice islands have been recorded

with dimension estimations, including new ice islands which are completing their

first full Beaufort Gyre drift circuit, and old ice islands completing a second or

greater drift circuit. The length and width of each of the ice islands are plotted in
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Fig. 108. Spatial Distribution of probability of ice shelf calving eve=_t. M.S.C. -
mouth of Sverdrup channel. C.M.I. - Clements Markham Inlet.



Figure 109. The dimensions of concern in this study are for newly calved ice islands,

so only the dimensions for categories of"new" and "other" ice islands in Figure 109

are considered for distribution calculations. The reason for including "others" is that

those which were found freely-floating in the Arctic Ocean in the 1960s and 1970s

were all large, which suggests that they were relatively young wher_ first sighted

(Jeffries et al., 1988). The range of dimensions for these ice islands was from a

minimum of 0.5 x 1.48 km to a maximum of 27.0 x 29.0 km. For the random

dimension generation of the ice islands the length distribution is of interest, and

according to these data, the length distribution to be used in the simulation was as

shown in Figure I10. The length range is quite wide, but the distribution is

positively skewed; 60% of the data occurs in the class length 1-10 km alone and

almost 92% of the data is in class 1-10 km and 1.0.1-20.0 km combined. Only 7.2% of

ice islands have a length greater than 20 km when calved, according to the data.

Observations have shown that ice islands are sometimes irregular in shape, but

are frequently almost rectangular with quite straight edges. Thus, they can be

assumed to be rectangles and may be expressed in terms of standardized length-

width ratios (Jeffries, et al., 1988). These ratios of ice islands sighted in the past 40

years have a frequency distribution as shown in Figure 111. The highest frequency,

almost 50%, is for the ratio 1.0 to 1.99 and 80% are in the ratio classes from 1.00 to

2.99. This distribution was used in the simulation to generate a random length-

width ratio which was used in combination with random length, for calculation of the

random area of ice islands generated.

For the new ice island thickness, the only data from observation on Hobson's

Choice Ice Island shows 42.5m (Jeffries et al., 1988), and this was assumed to be the

mean thickness for all new ice islands. The ice island thickness may decrease at a

variable rate in different latitudes, due to ablation during its drift in the

Arctic Ocean. The only data to quantify this thinning rate is
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Fig. 109, Scatter diagram of the length and width of ice islands. The parallel
diagoaal lines are for length-width ratios of 1 to 6. Note that a
logarithmic scale is used for the axes (source: Jeffries et. a]. 1988).
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Fig. 110. ,Assumed length distribution of ice islands newly calved from ice
shelves (basedon analysis ofJeffries et al., 1988),
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II NEW, 1946-50

s II NEW,1962
NEW, 1985

i _ OLO, 19705

6 30._,_ [] OLD, 1984
OTHERS

,I 15.1°/.

_ 2.8% 2.8%

o I
1.0-1o99 2.0-2.99 3.0-3.99 4.0-4.99 5.0-5.99

L_GTH+WIDTH RATIO CLASS

Fig. 111. Frequency distribution of ice island Length-Width (L-W) ratios. The
distribution is very similar to that observed icr Antarctic tabular
icebergs, most of which have L-W ratios between 1 and 2 (Nazarov,
1962 [see 'Weeks and Mellor, 1978], (source: Jeffries et al. 1988).
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from ice island T-3. T-3 had a mean thickness of about 48 m in 1952, as measured by

a seismic method (Crary, 1958), and a thickness of about 30 m in 1973 (Holdsworth

and Traetteberg, 1974). This means that it might have thinned by as much as 18 m

in 21 years, and the average thinning rate was about 0.82 m per year. According to

such a rate, a newly-calved ice island with thickness of 42.5 m could only drift for at

most about 50 years before it melted completely. The drift time in the Arctic Ocean

may be less than this, due to grounding, fragmenting, or to ejection out of the ocean

boundaries. Since no other data was available at this point in time, it was decided

that the average thinning rate from T-3 should be used in this simulation.

Few observations are available on the numbers of new ice islands calved from

ice shelves in one calving event. Therefore, it was decided to use an indirect method

to obtain the numbers of ice islands randomly generated in one calving event. One

statistical data source available is the areas of calved ice shelves along the northern

coasts of Eilesmere and Axel Heiberg Islands, as shown in Table 16. The data listed

in Table 16 covers a period of 20 ,years, from 1963 to 1983. Observing this data, a

distribution of calved area of ice shelves was then assumed for the simulation, as

shown in Figure 112. Tbe random area of calved ice shelf in one calving event can

then be generated in the computer simulations according to this distribution. By

deducting each random ice island area from this random calved ice shelf area, ur_til

the remaining ice shelf area is less than the last ice island area, the number of

randomly-generated ice islands in one calving event was an automatic result.

One may consider a possible decreasing trend in ice shelf area calved over time,

as seen in Table 16. This decreasing trend may be related to the decreasing trend of

ice island sizes observed from 1946 to 1983 (Jeffries et al., 1988). The reason for this

decrease may be that as the total area of ice shelf decreases over time, the smaller

individual ice shelves occupy only fiords and bays and do not extend far offshore

(Jeffries, et al., 1988). However, entire fiords may lose their
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ice shelves in single large calving events (e.g., Yelverton Bay) and their ice shelves

may rebuild in the bay or fiord. Moreover, ice shelves will not vanish in the near

future, due to regeneration by multi-year ice attaching to the seaward edge of

existing shelves, followed by accumulation of iced firn from above and also accretion

from below. In fact, the ice shelves of Ellesmere Island have. been producing ice

islands sporadically for many decades, and calving processes are st:ill taking place

(Sackinger et al., 1985). Since there is not enough data sources to quantify these

longer-term statistics, this decreasing trend of ice shelf area was neglected in this

simulation.

IV.3 Dynamic Model of Ice Island Movement

Observations of ice island movement show a strong correlation between ice

island motion and wind velocity, even in pack ice zones (Sackinger et a1.,1988). Ice

island movement was therefore considered as wind-driven motion, as is commonly

assumed for sea ice movement models. Geostrophic scale winds over the whole Arctic

Ocean were used in this study. Therefore, wind drag force acting on an ice island was

considered as the unique primary driving force. The secondary forces, which are

caused by ice island motion, may include water skin friction, Coriolis forcer and sea

surface tilt pressure, as commonly considered in sea ice dynamic models. The sea

surface tilt pressure is very small compared to Other forces (Lu, 1988) and is therefore

neglected in this ice island dynamic model. As shown in Chapter III, a lateral pack

ice force acting on the ice island edges is significant and was considered in this ice

island dynamic model. Another force acting on an ice island, which differs from that

for sea ice models, is water form drag resulting from great keel depth. This force is

usually larger than water skin friction, as will be shown. These two forces acting on

an ice island make an ice island motion pattern different from that of the same area

of sea ice. For example, trajectory data show that the ratio of ice island speed to wind

= 207



speed is from 0.86% to 1.40% (Lu, 1988), while a ratio of 3.0% to 5.0% for wind and sea

ice is generally found.

The dynamic equation which controls the movement of ice islands in the

presence of pack ice can be written as

---=F + F +F +F +F (19)
M dt a ws wf c p

where M is ice island mass, vi is ice island velocity, P, is surface wind shear force, Pws

is water skin friction acting on the lower surface of the ice island, Pwr is water form

drag due to the frontal area of the submerged portion of the ice island, Fc is Coriolis

force, and Fp is the pack ice force acting on the boundary of the ice island. There is a

high incidence of transient processes in observed experimental data and in the

simulations of ice island motion sequences, so the acceleration term should not be

neglected. In Figure 113 a schematic illustration of the various forces acting on an

ice island is depicted.

The air drag force, Fa, is expressed with a quadratic dependence upon the wind

velocity r_lative to the ice velocity. This formulation, verified in numerous field

observations (e.g., Brown, 1980; Banke et al., 1976), may be written:

F_=pCAIV..-ViI(V.-V_)
(20)

where Pa = 1.3 kg/m 3 is taken as the air density, Ca = 0.0012 is a skin drag

coefficient for wind over smooth ice at 10 meter height (Pease et al., 1983), A is ice
i

island area, and Va and Vi are the speeds of surface wind and ice island, respectively.

The form drag term due to air flow over the ice island edge is neglected because

observations have shown that pack ice rubble and snowdrifts make this a relatively

-: smooth, gradual transition. A relation of Va =0.6Vgei26o (Albright, 1980) was used

to transform geostrophic wind to surface wind. From the analysis of observed data, as

-= 2O8

i
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Fig. 113. Sketch of forces acting on an idealized ice island.
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reported in Chapter Eli, a threshold wind speed of about 5 m/s appears to be necessary

to initiate ice island motion.

Water skin friction, Fws, is represented as a drag law with a quadratic

dependence on the ice velocity relative to the water velocity. The quadratic

dependence has been widely used in sea ice dynamic models and other hydraulic

problems over the past several decades and has been verified by sea ice field

observations by McPhee (1979). We therefore may write

F -PwCwA]Vw -V_l(V -V) (21)W8 W t

where Pw := 1032kg/m3 is a representative sea water density. A flat bottom is

assumed for the ice islands; therefore a surface drag coefficient Cw = 0.00132 for

water and smooth ice (Langleben, 1982) was chosen. The quantity Vw is the

geostrophic water flow in the ocean. The direction of Fws is assumed to be turned 240

to the left of the negative relative velocity (_rw - _ri), to account for the Ekman spiral

(McPhee, 1982), as an initial approximation.

The pattern of surface water movement in the Arctic Ocean is generally a slow

westerly drift, driven by average wind and ice motion, forming a large clockwise gyre

over the major part of the Arctic Basin. The greatest volume of water leaves the

Arctic Ocean through the western part of the passage between Greenland and

Svalbard. The annually-averaged current speed into the Arctic Ocean through the

Bering Strait is 25 cre/see. (Coachman and Aagaard, 1988), a not insignificant

quantity, and the influence of the water currents on ice island motion in the Chukchi

Sea is considered in the simulation. Time invariant surface water current data for

the Chukchi Sea (Johnson, 1987) were used to compute the water force. The data of

Johnson (1987) shows a velocity range from 0 - 30cm/s. The current is generally

northward from the Bering Strait, and then is divided into two currents, one directed

northwest toward Wrangel Island, and another toward the northeast along the
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Alaskan coastline from Point Hope to Point Barrow. Surface current data (Brower et

al., 1977) near theAlaskan Beaufort Sea area were also used in some simulation runs

to compute water stress. The currents given by the Climatic Atlas (Brower et al.,

1977) are generally westward with a wide velocity range of 2cm/s to 30cm/s.

Co_sidering the fact of ice cover during all seasons, and the limits of published data,

the water cur,'ent influence on ice island motion in the other areas of the Arctic

Ocean was considered to be zero in this study. The general form of water form drag is

(e.g., Hoerner, 1965)

-( -)FM'= _PwC_'At'l< _>D- Vii _w >D'- Vi (22)

where the Cfis a form drag coefficient, taken for this simulation to be 0.71, from the

results of Shirasawa et al. (1984) for the form drag of a cube. The quantity Ai" is the

average frontal area of the wetted portion of the ice island. For calculating the water

form drag, the submerged portion is set to be

Pi
Af = (-- ii. ) v/_, (23)

Pw i

where Hi is ice island thickness, and < Vw >D is the vertically-averaged water

velocity over the frontal area Af of an ice island. As an initial approximation,

<'_w > D was treated in the same manner as for surface water current in the above

section.

For a comparison of the magnitude of water skin friction and water form drag,

one may calculate the ratio of these two forces, which yields

F¢ I Cf Pi H_ Ii.
_ (..____ (24)

F 2 (_w)(-)( ) .-'- 284 )77 vA

with numerical values of densities and drag coefficients as mentioned above.

According to this result the form drag force will be greater than the water skin
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friction drag force on the bottom of the ice island when Hi > V_284; most known ice

islands fail in this range, The ratio of water form drag force and water skin friction

drag force as a function of thickness and horizontal dimension of an ice island is

shown in Figure 114.

Force balance analysis for Hcbson's Choice Ice Island, based on observed data,

shows that the pack ice force may be significant and comparable to the Coriolis force.

The pack ice force may be a function of the relative velocity between the ice island

and. the pack ice, of the pack ice concentration, and of the time within a movement

sequence of the ice island, as shown in Chapter Hl, In some nearshore areas, pack ice

conditions will change seasonally, and it is expected that a relatively small pack ice

force may be exerted on the ice island in summer. On the other hand, in the case in

which the pack ice cover is compressed between the ice island and the shore, the pack

ice force exerted on the ice island prevents the movement of the ice island toward the

shore. For Hobson's Choice Ice Island, an empirical relation between pack ice force

and ice island velocity has been obtained (Lu, 1988), as developed in Chapter HI;
,

Fp = 0.36 + 2.57V.1- 1.28V.21 0_V._ < 1.5cm/s (25)

and

F = 0.02 + 089V - 00009V. 2 1.5cm/s _ V,
p ' i ' , , (26)

with a direction angle ¢ measured counterclockwise from the ice island velocity, of
O.OlV

#= 108°+ 26xln(-----2a) ; (27)V.
1

here Fp is the pack ice force in M N, Va and Vi are in cm/s.

Because the pack ice force is a lateral force acting on the ice islands' sides, its

magnitude must be influenced by the ice island size. In the general case for various

sizes of ice islands, there must be a dimensional dependence on the pack ice force.

This effect can also be shown by the fact that it is comparable to Coriolis force, i.e.
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Fig. 114. Ratio of ice island form drag to surface water drag, as a function of ice
island normalized dimension X/X_.
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F -F = MfV =PiHAfV = [_AVp c i , , , (28)

with

= PiHif' (29)

where f is the Coriolis parameter. Because Fp is an integrated value of pack ice

pressure over the whole lateral contact area of an ice island, it can be written as

L f 1t(1)F - odldh-A o - X/AH o (30)
p,V L =Vu, t+to- p P P PO _ 0

where L is the contact length along the ice island edge; Hp (1) is the contact thickness

at length l; o is the pack ice pressure distribution on the ice island, which varies with

location (l, h) on the contact area, Ap is total contact area, Op is average pack ice

pressure, VIA is the normalized size of the ice island, and Hp is the average thickness

of the pack ice in contact with the ice island. The quantity o p is a function of the

relative velocity of the pack ice and the ice island, and of the sea ice constitutive law.

A maximum value is the sea ice strength ou, i.e.

o = Function(V - Vi,o - c)_ o (31)p p u.

The strengthofsea ice,Ou, isa functionofstrainrateand thetemperatureprofileof

thesea ice.For thegeneralcaseinthesimulationcalculation,itwas assumed thata

constantpack icethicknessprevailedin the pack icezones,and an invarianto-

relationheld. FurtherapproximationsofOp as a functionofthe velocityofthe ice

islandwere made. The above formula was relatedtothe empiricalformula for

Hobson'sChoiceIceIslandas listedabove with itsarea 26 x I06m2,in the following

way:

0.360+ 257,00OVi - 12800.(X)0Vi2 I 0<V. <:0,015m/sV'26x 106(H e )= 106x , (32)
P P t0.020+ 89,000V - 90.0(}0V.2 [ 0.015m/',_< V nVs

I I 1

or
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{0'34_0+257'000Vi-12800'000ViI 0<-V'<0"015m/s (33)
(H o ) = 200 x t

P P 0.0"20+ 89.000V.- 90,000V.2 0,015m/s_ V rrds
l _ t

For thegeneralcase,therefore,thepack iceforcewas calculatedby theformula

(o.ae + 2sT,o_Iv_- _2soo.o_vi2 o o_v. < o.ols,_s (34)F = 200v'_ x ' '
P tO,020+ 89,00OV- 90.000V2 0,015m/s_ V.mYs '

I ! I

with pack ice force Fp in N and ice island area A in m 2, V_is in m/s. It was beyond the

scope of' this study to parameterize the pack ice pressure, and to consider the

variation of pack ice thickness in space and time near the ice island.

Coriolis force Fc can be written as

F =Mfkx Vc i (35)

where the Coriolis parameter f = 2 _ sin cD,fi is the angular speed of rotation of the

earth, and _) is the latitude of the ice island position. The vector k is the vertical unit

vector, positive upwards. The Coriolis force is larger than the same area of sea ice,

due to the huge mass per unit area of an ice island, but the magnitude of the Coriolis

acceleration

F
(36)a .... f_¢.

c M I

may be small for low values of ice island speed.

IV,4. Monte Carlo Model of Random Wind Generation

Sincewind-ch'ivenmotion was consideredinthisstudy asthe primary cause of

iceislandmovement, onlythe wind was consideredas a random drivingforceinthe

simulationsofthe dynamic equation. !n the Monte Carlo simulationof such ice

islandmovement, one must generate,the random wind accordingto itsstatistical

distribution.For convenience,theCartesiancoordinatesystem was definedwith the
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North Pole as the origin, the X axis along the Greenwich meridian, and the Y axis

along 90°E. The geostrophic wind vector was considered in the form of two

components u and v, along the X, Y axes respectively.

For the correlation of the two components of wind, u and v, Thorndike (1982)

obtained a zero covariance of u and v at two points. This implies zero correlation and

therefore one can consider the wind random process as two independent random

processes u(t) and v(t). From the time correlation function (Thoradike, 1982) for

geostrophic wind components (u and v) at zero space lag, the correlation coefficient is

less than 0.2 when the time lag is greater than 4 days (Figure 115). The correlation

coefficient is even smaller for non-zero space lag and greater than 4 days time lag. tks

an approximation, the time dependency of wind components were considered within 4

days and a time-step of 2 days. Both of the distribution functions of the random

processes u(t) and v(t) can be written as F 3 (x 1, x_, x3; t1, t2, t 3) where t 2 = t l + 2 days

and t3 = t_ + 4 days. We assume an approximately Gaussian random process with a

density function

1 1 -- -), 1 - ]
/'3 (xl'x2'x3;tl't2't3) -: ------.-- e:cp --(X - _ C- (X- ta)l (37)

Vt (2n) 3 IC_ 2

where the variable vect_r is

Xl

x 3

the mean vector is

P, (tl)
1] = ( p,(t 2) ) (39)

P_ (ta)

and the autocovariance matrix

Z

21.6

_
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Fig. 115. Observed time correlation function for g_eostrophic wind at zero lag.
The variances are var(u) =var(v) = 44m2s -z (source: Thorndike, 1982).
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C = (cxCti, tj)) i,j := 1,2,3 (40)

is symmetric. ICI = det.C. This Gaussian process is compl3tely determined by t] and

C.

The determination of the mean vector ii and the autocovariance matrix C may

be obtained as follows. The mean vector of the geostrophic wi_d was obtained for

each month from mean pressure field charts by

v
s (41)

where _rg is geostrophic speed, c = (pal) 1, and P is sea level pressure. The monthly-

averaged pressure maps of the Arctic Ocean (Colony, 1987) represented a refinement

as compared rx) the previous use of quarterly maps (Li et al., 1988).

In general, the annually-averaged surface geostrophic wind field over the Arctic

Ocean is an anticyclonic system. When considered over short periods of time

(months), however, it is more variable (Figures 147-159). The maps from October to

May show that the average sea level air circulation is basically dominated by a large

high pressure center over the west portion of the Arctic Ocean, i.e., anticyclones are

common over the winter frozen ocean (Colony, 1987). The highest mean pressure

gradient period, on the average, appears in December. After May, the mean pressure

field undergoes rapid change, high pressure gradients are weaker and the prevailing

air streams are directed from the Chukchi Sea to the Greenland-Spitzbergen area. In

summer (August), there is a relatively weak low mean pressure centered near the

North Pole, and the prevailing circulation is cyclonic. In September, there is an

average prevailing weak air stream from the Siberian continent over the polar region

to the Canada-Greenland area (Colony, 1987).



Fig. 116. Observed autocovariance function for pressure at space lag r(km) and
time lag_ (days) (from Thorndike, 1982).
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From an analysis of observed data, a threshold wind speed of 5.25m/s appears to

be necessary to initiate ice island motion (Lu, 1988). A 5.00m/s threshold wind speed

was used in the simulation.

Thorndike (1982) presented a variance of 44m2s 2 for u and v, and a formula for

calculating the autocovariances of wind components, which can be written as

Ci(t,t+L)=c 2 _ - - - i= 1 2
ra r Or r2 ar2 ' '

where Ci = Cu and hxi = Ax for i = I, Ci = Cv and Axi = hy for i = 2. The term r is

space lag in kilometers, the quantity _ is time lag in days, and R (r, _) is the

autocovariance function of pressure shown in Figure 116 (Thorndike,1982). For a

time lag of zero, two and four days, R (r, _) can be approximately expressed as

R(r,_)= o(L)2exp [- r2/130021 (43)

where

122 if_ = 0days (44)
o(1;)2 = 74 if_ = 2 days,

46 if_=4days

Then from R(r, z), one may obtain

( t,x, )2Ci(t,t + t)=0.36[1-2 1-_ ]exp[-(r/1300)21°(02 i= 1,2. (45)

Thus the elements of the autocovariance matrix of the geostrophic wind are:

Ct(tj,t j) = 44 j = 1,2,3.

Ct(tl,t2) = C,(t2, t3) = Ci(t, t + 2) i = 1,2. (46)

C,(tl, t3) = Ci(t, t +4) i = 1,2.

The transfor_nation from uniform random numbers to a Gaussian random

vector may be accomplished as follows. To produce a Gaussian random vector of

geostrophic wind 2=[x(tl), x(t2), x(t3)], which has a mean vector [a and

- 220 _-
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autocovariance matrix C, from uniform random numbers generated directly by the

computer, procedures described by Shreider (1962) were used. For independent

random numbers hi (i = 1, 2,.., n) uniformly distributed over the interval (0, 1), the

mean is 1/2 and the standard deviation is 1/2V'3. From the Central Limit Theorem,

one can obtain a Gaussian random number

_'= }'1+ 'k2 + "+ _ 12- 6 (47)

which has zero mean and variance of 1.

To produce a Gaussian random vector rl = (rll, r12, ria) whose mean vector l_ = 0

with three independent Gaussian random numbers _,i (i = 1, 2, 3) whose mean

E(_,i) = 0 and variance D(_,i) = 1, we choose a linear transformation

til = allyl

r12 = a21_l + a22_2

r13 = a31_,l + a32_2 + a33_,3

where aij (i,j = 1, 2, 3) are to be found from the conditions

E(qk - 0)(ql- 0) = E (rlkql) = Ckl k = 1,2,3 (49)

and

E[(_k-0)(_-0)=E(_)=Sk{ l= 1,2,3 (50)

where Ckl are elements of the autocovariance matrix of vector rl. Therefore we have

E(rl21)= allE =a 2 =c l11 l' (51)

ali = Veil. (52)

Similarly, we have

c21 (53)
a21 -- __.

ali
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,2
a22= V/c22 a21 (54)

,

c31

a_l = -- (55)
ali

c32 - a2! a31 (56)
a32 -

a22

,2 2 (57)a33 - V/c33 - a31 - a32

Then one obtains a Gaussian random vector with mean vector 13by

x = _ + l_ (58)

IV.5. Simulation and Domain Mesh

The domain used in the simulation includes most of the Arctic Ocean and some

- marginal seas, except the shallow water areas, and is surrounded by simulated land

boundaries and four open water boundaries (Figure 117). Ice islands will ground on

the sea floor when they move towards the shore in shallow water coastal zones, and

o the water depth at which they will ground depends on the ice island thickness. On

the basis of recent ice island thickness observations (Jeffries et al., 1988), a 36'meter
2

water depth contour was considered to be appropriate as the land boundary, with
z

some simplification on the broad continental shelf off Siberia. In the simulation, once

the ice island reaches the boundary it stops moving towards the coast and can only

= move in a direction along or away from the coast depending on the wind direction.

The open water boundaries are considered to be the main connections oi"the Arctic

Ocean with other oceans, allowing ice islands to move out of the Arctic Ocean. The
_



Fig. 117. Simulation mesh for trajectory calculation, 56 x 51 elements with 50
km spacing.
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first one is simply represented as a straight line from the northeast end of Greenland

to Severnaya Zemlya. The second one is at the shallow and narrow Bering Strait.

The third one is at the mouth of Nares Strait. The final open water boundary is at the

Amundsen Gulf, between Banks Island and the North American mainland. Once an

ice island moves beyond one of the open water boundaries, it is considered to have

escaped permanently from the Arctic Ocean. There are also other connections from

the Arctic Ocean through the Canadian Arctic Archipelago channels. However,

these passages are usually covered by fast ice, and ice islands penetrate tI:_.m only

infrequently; thus, these connections are considered as land boundaries in the

simulation.

The simulation is performed on a 56 x 51 element grid with a resolution of 50

km for recording movement events of ice islands (Figure 117), and with a 10 x 9

element grid with a resolution of 300 km for the monthly-averaged wind field, and for

the water current field (Figure 118).

The simulation area is divided into grid blocks, each with a dimension of 50 x 50

km for recording the passage of an ice island. The event of one ice island passing

through an individual block (i,j)during every 2 days is recorded as 1 and added to the

accumulated sum Sid for this block. After a long running time, normalized in n years,

one obtains an approximation of the probability of ice islands passing through a block

during n years as

S,,

p.,_ 'J (59)
ij

2?. s..
_j= I IJ

The return period (years) for block(i j) is

n

a,, = -- (60)
ij S,,

ld
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Fig. 118. Simulation mesh for wind calculation, 10 x 9 elements with 300 km
spacing.
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The computer program flow chart is shown in Figure 119 and the actual program is

reproduced in the Appendix.

IV.6. Simulation Results and Comparisons

Severa _,results were recorded in the simulation, including random trajectories,

lifetimes of ice islands, total numbers of live ice islands in the Arctic Ocean,

frequencies of ice island ejection through each open water boundary, and probability

recurrences (in years) of ice island trajectories. All of these results are explained and

compared with observed data, to the extent that the data is available. Certain

sensitivity tests are also described.

In the simulation, each random ice island trajectory can be tracked, and the first

21 trajectories were recorded in this simulation and plotted as shown in Figures 120 to

140. In order to be more explicit, these fig_,res were plotted irl different data point

intervals. From these random trajectories, two basic patterns of ice island trajectories

can be seen. The first pattern, is a short trajectory near the northern side of Axel

Heiberg and Ellesmere Islands, directed to an ejecting route at north Greenland and

Nares Strait, as shown in Figures 125,139 and 140. Few ice island trajectories are in

this pattern with only about 10% frequency, calculated from these results. The island

WH-6, which is known to have entered Robeson Channel shortly after generation, is

the closest known example of this brief lifetime (Nutt, 1986). The second pattern is the

clockwise circulation or gyre pattern, in a large scale, covering the Beaufort Sea, as

shown in Figure 120 to 140 (except for Figures 125, 139 and 140). Most ice island

trajectories are in this pattern, with a frequency of 90% according to these simulated

results. After generation, ice islands move down towards the southwest_ along

Ellesmere and Axel Heiberg Islands, with more intensive loops in the area near the

Canadian Beaufort Sea coast. Then they turn right and move northwest to the

Chukchi Sea, and often move into another intensive loop area nearby. Further, in
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l "Input" : wind, current, boundary and ]ice island parameter data I
" -- .J ii

] =

L Setlrun time IYear l

I Generate random ice island length and width, I
[ original location and fh'st date of drift. ]

[ Set initial Vi = 0, N = O, Year = 0 _.J
I

El N = N+I Wind time-sre = 2 da,

Thickness = Hi = Hi - 0.5 m/year
.'4=180? Year = Year + 1

NO ' N=O

Pick up local mean monthly geostrophic wind and current

[ Generate random local geostrophic wind ]

Calculate displacement of ice island

Out of boundary ? Across block [i, j]

NO YES
Year = I year ? Crossing event, Grid [i, j]

Block Ii, j] = Block [i, j] + 1

Prob. [i, j] = Block [i, j] / £ Block [k, I]
k,l

"Output "' Prob. [i, j]

Fig. 119. Computer program flow chart.
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Fig. 120. Random ice island trajectory 1.
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Fig. 121. Random ice island trajectory 2.
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Fig. 122. Random ice island trajectory 3.
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Fig. 123. Random ice island trajectory 4.
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Fig. 124. Random ice island trajectory 5.
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Fig. 125. Random ice island trajectory 6,
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Fig. 126. Random ice island trajectory 7.
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RANDOM ICE ISLAND TRAJECTORY 8

.. .i, , i i i [ | all
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Fig. 127. Random ice island trajectory 8.
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Fig. 128. Random ice island trajectory 9.
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RANDOM ICE ISLAND TRAJECTORY 10

1 .............,, f_/' " L'EGEND ' ' • ',ECO i";" -

, ORIGINAL POSITION _,.
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R.AND.OM TRAJECTOR f/
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Fig. 129. Random ice island trajectory 10.
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Fig. 130. Random ice island trajectory 11.



RANDOM ICE ISLAND TRAJECTORY 12

Fig.131. Random iceislandtrajectory12.
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Fig. 132. Random ice island trajectory 13.
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RANDOM ICE ISLAND TRAJECTORY 14
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I

Fig. 133. Random ice island trajectory 14.
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RANDOM ICE ISLAND TRAJECTORY 15

® ORIGINAL POSITION L_ : _-'-"
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Fig 134 Random ice island trajectory 15
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Fig. 135. Random ice island trajectory 16.
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Fig. 136. Random ice island trajectory 17.
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Fig. 140. Random ice island trajectory 21.
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their path, they move clockwise in the large scale gyre. Some ice islands simply

complete one circulation before being ejected out of the Arctic Ocean, while others

may complete two,three or even four circulations in the Arctic ocean with frequencies

of 47%, 6%, 29% and 18% respectively. The most frequent behavior is 47% for one

circuit. To examine this Second pattern, the ice island T.,3 drift track in the Arctic

Ocean is shown in Figure 141. The ice island T-3 completed 3-4 circuits of' the

Beaufort Gyre from 1950 to 1984 before it drifted out of the Arctic Ocean (Sackinger,

1985). There is a common character in both trajectory patterns, in that the large

scale trajectory consists of many small loops, either' clockwise or anti-clockwise as

shown in Figure 142 which represents the random trajectory 8 in Figure 127, but

which is plotted with more detailed data points. This behavior can be compared with

the tracking of Hobson's Choice Ice Island; as shown in Figure 143.

In the real case of ice island drift, the probability of ice island trajectories is

related to the ice island life-time and number of live ice islands in the Arctic Ocean.

These two factors were automatically produced from this simulation. By recording

these two values in the simulation, the distributions of lifetime and number of live ice

islands were obtained as shown in Figures 144 and 145.

Irl Figure 144 a distribution of ice island lifetimes in the Arctic Ocean is given,

with cumulative frequencies of approximately 40% between 5 to 15 years and 85%

less than 35 years. The approximate 10% frequency for less than 5 years is consistent

with the frequency of the short trajectory pattern. This means the ice islands moving

in the second trajectory pattern- circulation covering the Beaufort Gyro, will drift at

least 5 years to complete one circuit in the Arctic Ocean. This is consistent with the

estimation of one Beaufort Gyre circuit time of 5 to 10 years for ice island T-3.

In Figure 145, the distribution of the number of live ice islands in the Arctic

Ocean is shown. This is approximately a Gaussian distribution with mean value of
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250



...................LEGEND : __--J 't"-,_ (_.// i
• ORIGINAL POSITION /12"J

-' FINAL IPOSITION %__/RANDOM TRAJECTOR "-- ""_-_ "-J "

// \ -7, f ...... , ....

/-...j'

Fig. 142. Random ice island trajectory in fine detailed scale showing many small
loops.

251



83 8_
ICE ISLAND POSITIONS

FROM _IUG 19(231 ) 1983 TO AUG iI(224 > 1984

Fig. 143. Hobson's Choice Ice Island track showing many small loops (source'
Yah, 1986).
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18, and with an approximate 90% probability of less than 3(} ice islands existing in

the Arctic Ocean at time. This is only for ice islands without fragments; the real

number of ice islands, including fragments, may well be greater than this. More

detailed examination has shown that these distributions are not affected appreciably

by the time intervals of ice island generation, which have been tried at 3, 4 and 5 year

intervals.

The results of probabilities of simulated ice island trajectories are plotted in the

forrr, of differential return period (years) contours over the Arctic Ocean (Figure 146).

The contours represent the recurrence interval (years) of ice islands in each square

area of 50 x 50 km. The results show that there are two zones of highest recurrence.

One is near the Canadian Beaufort Sea,which is likely due to ice islands originating

at Ellesmere Island and which are then driven southwestward by northeasterly

winds along the Canadian coast. Another high recurrence zone is near the Chukchi

Sea, which is likely due to ice islands being driven through the Alaskan Beaufort Sea

by easterly winds to the boundaries of the Chukchi Sea ,where they are temporarily

confined to some extent by boundaries and currents from the Bering Strait, and then

are pushed back to the Arctic Ocean under the influence of ocean currents and winter

geostrophic winds. There is abroad area of 1 to 10 year recurrence interval in the

central ocean, and the gradient of probability is high along the Alaskan Beaufort Sea

coast and in the Chukchi Sea. The contours are deflected toward the Arctic Ocean at

the Chukchi Sea due _ the influence of Bering Strait water inflow. There is a high

probability zone near the north end of Greenland, which implies that most of the ice

islands escape out of the Arctic Ocean through Fram Strait between Greenland and

Svalbard.

To quantify the frequencies of ice islands ejected out of the ocean at each open

water boundary, a record was made of the numbers of ice islands ejected through each

boundary and the number of ice islands melted down in the ocean.
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Fig. 146. Return period contou:s (years) of simulated ice islands in the Arctic
ucean.
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From Table 17 the most frequent situation is ejection at the boundary between

Table 17. FrequeLncies ofejection alice islands.
--- iii[ ] ] [[ __ _ I , : ......... __ILL

Ejection Route Number of Ice Island Ejected Frequency
--- : __ i1|1 i ii IlL ._._

Between Greenland 582 75.0%
and Svalbard

Nares Strait 151 19.5%

Amundsen Gulf ...... 42 " 5.4%

Bering Strait .... 0 0.0%

Melted down in ocean 1 0.1%
......... i ....... ;. ___.

Greenland and Svalbard, which is consistent with observations. Less frequent

ejection at the Nares Strait and Amundsen Gulf are noted with zero chance for ice

islands to escape out of the ocean by the Bering Strait. The number of ice islands

melted down in the ocean is not significant, and has a frequency of(0.1) %.

Because wind force is the only random driving force on the ice islands

considered in this simulation, pressure maps averaged over a short time period

(monthly) were used to calculate the wind field. The maps in Figures 147-158 show a

extremely variable surface geostrophic wind field, from an anticyclonic pattern in

winter to a cyclonic pattern in summer. The annually-averaged surface geostrophic

wind field over the Arctic Ocean is an anticyclonic system as shown in Figure 159. To

compare the effects of these two types of different time-averaged wind fields, the

simu!-tion program was run with the annually averaged wind field as input wind for

each month. The probability of_ :e island trajectories obtained is shown in Figure 160

in the form of contours representing different recurrence intervals (years) of ice

islands in a square area of 50 x50 km. Comparing this result with that shown in

Figure 146, we can see that the regions of 1-year return interval are alohg the

Canadian and Alaskan Beaufort Sea coastline, rather than covering the entire

Beaufor_ Gyre. The influence of the Chukchi Sea current in reducing the frequency of

_
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Fig. 147. Monthly averaged pressure map over the Arctic Ocean for January
¢_ft_r P,nlnny 1_)
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Fig. 148. Monthly averaged pressure map over the Arctic Ocean for February
(after Colony, 1987).
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Fig. 149. Monthly averaged pressure map over the Arctic Ocean for March (after
Coloay, 1987).
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Fig. 150. Monthly averaged pressure map over the Arctic Ocean for April (after
Colony, 1987).
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Fig. 151. Monthly averaged pressure map over the Arctic Ocean for May (after
Colony, 1987). >_
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Fig. 152. Monthly averaged pressure map over the Axctic Ocean ibr June (afro
Colony, 1987).
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Fig. 153. Mor;thly averaged pressure map over the Arctic Ocean for July (after
Colony, 1987).
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Fig. 154. Monthly averaged pressure map over the Arctic Ocean for August
(after Colony, 1987).
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Fig. 155. Moathly averaged pressure map over the Arctic Ocean for September
(after Colony, 1987).
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Fig. 156. Monthly averaged pressure map over the Arctic Ocean for October
(after Colony, 1987).
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Fig. 157. Monthly averaged pressure map over the Arctic Ocean for November
(after Colony, 1987).
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Fig. 158. Monthly averaged pressure map over the Arctic Ocean for December(after Colony, 1987).
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Fig. 159. Annually averaged pressure map over the Arctic Ocean (after Colony,1987).



Fig 160. Return period contours (years) of simulated ice islands in the Arctic
Ocean for the case where the annually-averaged presstlre field was
used throughout the year for wind generation. This is less exact than
Fig. 146,
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ice islands on the Chukchi Shelf was offset by the wind patterns assumed in the

calculation which produced Figure 160. The results in Figure 146 are believed t_ be

closest to reality.

To examine the sensitivity to the water current effect near the Chukchi Sea and

the Alaska Beaufort Sea, the simulation program was also run, neglecting the water

current in these areas, and the simulation results are shown in Figure 161.

By comparison of this result with that shown in Figure 146, we can see that the

dominant effect of the Chukchi Sea currents is to increase the return period from 1-10

years to 10-100 years in the northern Chukchi Sea.

1V.7. Conclusions of the Simulation

A random ice island motion model has been established which is capable of

simulating random ice island movement and the probability of ice island trajectories

over the Arctic Ocean. The model is unique in that it uses a dynamic equation and

the Monte Carlo method to overcome the difficulty of lack of extensive field data on

ice island trajectories, and makes use of statistical data oi' wind fields, ice island

generation, and movement laws as inputs, which are available at the present time.

The results of' probabilities of simulated ice island trajectories show that there

are two zones of highest recurrence of ice islands, one near the Canadian Beaufort

Sea, another near the Chukchi Sea. There is a broad area of 1- to 10-year recurrence

interval in the central ocean, and a high probability zone near the north end of

Greenland, which implies that most of the ice islands are ejected out of the Arctic

Ocean through Fram Strait between Greenland and Svalbard. The frequency of

ejection by this route is the highest at (75)%. The lifetime of ice islands has a

cumulative frequency of 40% for between 5 t_ 15 years and of 85% for less than 35

years. The distribution of the number of live ice islands in the Arctic Ocean is

approximately a Gaussian distribution, with a mean value of 18 years and a 90%
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Fig, 161. Return period contours (years) of simulated ice islands in the Arctic
Ocean fi._rthe case where the Chukchi and Beaufort Sea water currents
were set to zero. This is less exact than Fig, 146.
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probability of numbers less than 30, excluding ice island fragments. The ice island

motions mainly display two basic patterns. For the first pattern, approximate 10% of

ice islands move directly out of the ocean by northeast Greenland in less than 5 years

after generation. About 90% of the ice islands fall iz_to the second motion pattern, in

which the ice islands circulate clockwise covering the Beaufort Sea in one to four

circuits. Among them, 47% of the ice i_lands complete only one circuit in at least 5

years.
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CHAPTER V

CONCLUSIONS

(W. M. Sackinger, M. O. Jeffries, M. C. Lu, F. C. Li)

Most ice islands originate by calving from the floating, partially-grounded ice

shelves located along the northern coast of Ellesmere Island in Arctic Canada. The

calving records of the past century have been assembled from historical records, to

the extent possible. Regeneration mechanisms of the ice shelves have been estab-

lished from ice core analysis. Surface snow accumulation, and ice accretion from be-

low, tend to build additional thickness into sea ice ridges which are held against the

coast throughout most of the year by prevailing Arctic wind systems, with the moun-

tain barrier effect and the general trend direction of the coastline playing a comple-

mentary role. Calving of ice islands seems to occur at seemingly random intervals,

generally with a spacing of 3 to 5 years. Two thickness categories, 42 meters and 10

meters, are most likely. Movement of ice islands along the coast in the direction of

the Beaufort Sea is most common, under the dominant forces of wind, current, Cori-

olis effect, and pack ice forces. Analysis of movement episodes has determined that

the ice islands have short-term trajectories different from sea ice, due to the large val-

ues of water drag and Coriolis effect. Open water on one side of the ice island, and sea

ice ridge building on the opposite side, is the result. Field observations of ridge

heights exceeding the 5-meter ice island freeboard have been made, and the accumu-

lation of attached additional multi-year sea ice around ice islands is evident from ra-

dar imagery. A threshold windspeed of about 5 meters/second is needed to initiate a

major movement episode in regions of 100% pack ice cover.

A computer-based Monte Carlo simulation study of ice island generations and

movements in the Arctic Ocean has resulted in contour plots of the return intervals

for ice islands in the Arctic Ocean regions. Coastal regions of the Beaufort and
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Chukchi Sea, which have been suggested for offshore oil development, show return

intervals of 10 years to 100 years, depending upon water depth. This implies that the

ice island hazard must be considered thoroughly, and appropriate safety measures

must be adopted, when offshore oil production plans are formulated for the Alaskan

Arctic offshore,

J
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