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MOVEMENT OF THE WARD HUNT ICE SHELF,
ELLESMERE ISLAND, N.W.T., CA l ADA
By E.

DORRER

(Department of Surveying Engineering, University of New Brunswick, Fredericton , New
Brunswick, Canada)
ABSTRACT. The movement at a marginal location on the Wa rd Hunt I ce Shelf, northern Ellesmere
I sland , was determined by repeated survey measurem ents with theodolite and geodimeter. The purpose
and duration of tbe field work, and red uct ion of the observationa l da ta a re described, and the resulting
mean ice velocity of 0.53 m year- I is discussed. Strain-rates of a 1 km by 1 km deformation figure are
determined. The parameters nand B of Glen's power flow law a re d etermined by using the eq uations given by
Nye and Weertman. The results are compa red with experimental data. Computed ice stresses show that
the " ridge-and-trough" structure on th e ice shelf surface is not o riginated by internal ice forces. The elevations
of all survey markers h ave been d etermi ned from vertical-angle measurements, a nd the peculiarities of
atmospheric refraction in near-surface layers a re discussed .
R ESUME. Mouvement de la Ward H Ullt Ice Shelf, Ellesmere Island, N. W . T., Canada. Le mouvement su r le
bord de la W a rd Hunt I ce Shelf a u nord de Ellesmere I sla nd , a ete determine pa r des mesures repetees au
theodolite et a u geodimetre. On decrit le but et la duree du travail sur le tcrrain et la mise en forme des
donnees d 'observation, on discute la vitcsse moye nne qu i en resul te de 0,53 m par an. On determine la
repar tition des tensions grace a un polygonc de deformation de I km sur 1 km . L es pa ra metres n e t B de la
loi puissance de Glen pour I'ecoul em ent so nt determines en usant les eq uations donnees par Nye et vVeertman.
L es resultats sont compares a ux donnees de l'experience. Le calcul des efforts dans la glace montre q ue la
structure en creux e t rid es de la surface de la ca lotte glaciaire n'a pas pour origin e des forces internes dans la
gla ce. L'altitude de toutes les balises a e te determinee a partir de mesures d ' angles ve rti caux, e t les particula rites de la refraction atmosphe rique dans les niveaux voisins de la surface sont discutees.
ZUSAMM ENFASSUNG. D ie B ewegllllg des Ward H Ullt I ce Shelf, Ellesrnere Island, N. W. T. , Kallada. Die Bewegung
ei nes ra ndnahen Gebietes auf dem ' '''ard Hunt I ce Shelf, nordliche Ellesmere I sland, K a nad a, wurde durch
wi ederholte Vermessungen mit Theodolit und Geodimeter bestimmt. Der Zweck und die D a uer der
Feldarbeiten, sowie die R ed uktion der Beo bachtungsdaten werden beschri eben, die resultiere nd e mittlere
Eisgeschwindigkeit von 0,53 m pro J a hr wird diskutiert. Die j a hrli chen Deform a tionen eines I km X 1 km
grossen Vierecks werden bes timmt. Die Parameter n und B filr Glens Fliessgesetz werden durch Anwendung
der Gleichungen von Nye und Weertman crmittelt. Di e Ergebnisse werd en mit experim entell bes timmten
We rten verglichen. Die berechn eten Eisspannungen zeigen, dass d ie vVell enstruktur a n der Schelfeisoberflache nicht von inneren Eiskraften hervo rgerufen wird . Di e H o hen a ll er Vermessungspunkte wurden aus
V ertikalwinkelmessungen bestimm t. Di e Eigentilmlichkeiten d er atmospharischen R erra ktion in oberflachennahen Luftschich ten werden d iskutier t.

INTROD UCTION

Between August 1961 and April 1962 a n extensive break-up of the Ward Hunt I ce Shelf,
northern Ellesmere Island (lat. 83.2 ° N., long. 74° VV. ), occurred. A total area of almost
600 km2 calved from the ice shelf to form several large ice islands (Hattersley-Smith, 1963).
One of these ice islands subsequently drifted to the east along the northern coast with a speed
of more than I km/d. It finally blocked Robeson Channel between Canada and Greenland,
thus preventing pack ice from entering it (Nutt, 1966) . Prior to these observations, after
first sightings of similar ice islands in 1946 (Hattersley-Smith and others, 1955), intensive
correlative studies b etween the structure of the Ward Hun t I ce Shelf and several ice islands
floating in the Arctic O cean were carried out (e.g. K oenig and o thers, 1952; Crary, 1958).
A fundamental part of the variou field investigations on the Ward Hunt I ce Shelf has
been the measurem ent of ice movem ent . A pecial preci e horizon tal survey of parts of the
ice shelf was initiated in 1964 and conducted by K onecny and Faig (1966). This survey was
also supposed to reveal evidence of any influ ence of ice deformation upon the regular east- west
orientated " ridge-and-trough system " on the ice shelf. It is assumed (Hattersley-Smith, 1957;
Crary, 1958) that prevailing surface winds parallel to the ridge-and-trough system are the
main cause of this phenomenon.
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FIELD WORK

A first survey, preceded by intensive reconnaissance, was carried out, due to logistic
reasons, between June and July 1964. During this time of the year, the pack ice of the Arctic
Ocean has usually drifted away, leaving large areas of open water. As a consequence, most
of the time heavy fog prevents the necessary visibility. Therefore, in 1964, the field party
was only able to set out four points (15, 16, I7 and 18) on the ice shelf, connected with a
well-fixed base line (11- 13) on Ward Hunt Island by two quadrilaterals, two points of which
( 12 and [4) are situated on the ice rise (Fig. I ). All points on the ice were marked by aluminum
tubes drilled vertically into the ice. For proper identification they were signalized by flagged
bamboo poles. The end points of the base line were marked by bench marks cemented into

Fig.

I.

General situation on the Ward Hunt Ice Shelf mzd Ward Hunt Island.

solid rock. Due to unfavourable weather conditions, the network could not be surveyed as
planned. Whereas the quadrilateral 15- 16- 17- 18 was completed, the connection to solid
rock remained insufficient.
A second initial survey was organized in the fo ll owing year but, due to the previous year's
experience, about a month earlier. The expectation of avoiding the foggy season was only
partly met since the weather proved to be unfavourable during much of the available time.
The network was surveyed as completely as possible (i.e. almost all angles and distances),
with a very high degree of redundancy. The results of both the 1964 and 1965 surveys have
been discussed by Konecny and Faig (1966).

MOVEMENT OF THE WARD H UN T

I CE SHELF

It was not until 1968 that a re-survey of the Ward Hunt I ce Shelf network could be carried
out. According to the experience gained during the two previous campaigns, a party consisting of S. E. Masry, R. Storm and the author (together with G. Hattersley-Smith and
D. Finlayson) was flown to Ward Hunt Island as early as 12 May 1968. The same camp
facilities as before could still be used .
A preliminary reconnaissance drive with a Snowmobile, which had been left behind by a
third party coming from Disraeli Fiord, revealed that all point on the ice were still marked
properly. In order to connect the camp with the survey net, a preliminary point (0) was
chosen near the kitchen hut (Fig. I ) . Later, another point 0 on solid rock was finally selected
beside the meteorological shelter (Fig. 3) . The weather stayed extremely favourable during
the entire month of May. Only occasional blizzards prevented mea urem ent on a few days.
Some light snowfall and fog occasionally caused low visibility towards the end of May .
The survey was started at the camp, progres ing towards the east. Due to the early season,
the solid ground on th e isla nd was still covered with snow. This and the fact that the northern
part of the island does not receive direc t sunlight during the daytime were probably the
reasons that bench mark 1 I , situated on a steep rock outcrop, could not be found at the first
attempt. The survey, however, was carried on until a second search revealed the mark later.
Therefore, all previously m easured directions and distances which included point II had to
b e re-measured . Consequently, horizontal directions were m easured with a Wild T2 theodolite
in three full sets, but all vertical angles were m eas ured in one se t only. A Geodimeter model 6
with high-pressure m et"cury-vapor lamp was used for distance measurem ents; distances were
m easured only once, except for one of the two diagonals of each quadrilateral, which was
measured twice.
The entire survey equipment was loaded on a single Nansen sled pulled either by the
Snowmobile, or later by a heavy John D eere tractor which turned out to be more reliable than
the Snowmobile. Power for the geodimeter was supplied by a special motor generator
constructed for geodimeter use only ; it was mounted on the sled .
For the measurement of directions and distances, overcast weather provided optimal
observing conditions. This was expected for angular observations as under such environmental
conditions virtually no noise contrast disturbs the sigh t to the target. But this was also found
to be true for distance m easurements with the geodimeter; almost perfect reflections could be
obtained from reflectors consisting of 3 X 3 retrodirective prisms over distances up to 3 km ,
despite the very high global light inten ity. Under such conditions, there was no need to
use a black screen behind the reflectors as is recommended for the G eodimeter model 4.
On the other hand, during sunshine, air scintillation due to turbulent vertical air movement
caused the signal to noise ratio to deteriorate considerably even for relatively short distances
of 1 km when no artificial background was used . Generally, it seems that, due to the coaxial
Cassegrain optics of transmitter and receiver and to a narrower m odulated light beam, the
Geodimeter model 6 is not as sensitive to background noise light as model 4.

DATA RED UCTION

During the field period, when weather did not permit any measurements, and after all
observations had been completed, the original observation were reduced in a preliminary
way. This involved the computation of the m eaned sets of directions on all stations which
could be used later for the net adjustment. Furthermore, with the aid of vertical angles, all
m easured slope distances were reduced to the horizontal. All possible net conditions, such as
station and angle conditions, and sid e and distance conditions were checked in each quadrilateral b efore leaving the survey area.
All required reductions were repeated at home after the close of the field operations. Any
discrepancy between preliminary and final redu ction was traced until the mistake was found .
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Therefore , all finally reduced observations listed in Table I have a high reliability. This is
also reflected in their standard errors; the overall value for any direction (m ean of three sets
of two values each) is 2.0 seconds of arc, and the corresponding value for a distance is 0.015 m .
This last value corresponds to a value for an average distance of about 1.7 km . The variation
of the standard error with distance has been considered negligible; also the fact that a few
of the distances were measured twice.

TABLE

I.

1968

HORIZONTAL DIRECTIONS AND DISTANCES FOR TH E

I.

SU RVEY

Horizontal directions ill degrees, minutes alld .rtconds of arc
Station

(0 )

number

(0 )

o 1039.0
0
163455•. 5

11

I.
13
14
15
16
17
18

1.7 163S.S
0
13S 10 36 .3

Target number

30 53454. 0
SS 54 55·0

13

14

1570 1 18.0

1002731.2

663520.0

0
654507·S

51 12 18. 0

1792 1 23.0

Ave rage sta nd ard CITor
(1r = 2 .0 seconds of a rc

So 33 27.0
133453 2 . 8
0

15

16

125 190S.0
0

140 554S.0
0

17341 55.0
44 06 24·3

17

IS

385548.3
0

194637.0
880 1 08.0
4 8 2959.5
0

9 2 35 2 1.8
44 32 50.2
1183858.5

930 1 47.2
166 32 29.0

205004 1. 3

15

16

17

968.685

I 292.416
S I 2.944

Horizontal distances between stations iu melers
Stalion

Target number

number
(0 )

(0 )

12
2 139.428
I 744.107

11

11

12
13
14
15
16
17
IS

13

14

1 95 1.226
20 76 .33 0

2 10 7.793
530.066
I 928. 139

2962.593
2587. 779

Average stand a rd erro r
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Geodetic network ( 1968) with error ellipses.
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For the final adjustment of the n etwork, a Cartesian coordinate system was chosen as
indicated in Figure 2; point 1 3 with the coordinates x = y = IQ 000 m and point 1 I with
y = 1 0000 m. A general FORTRA IV program for the "adjustment or optimization of
triangulation/trilateration/traversing or combinations of these by the parametric method",
d eveloped by J. S. Allman (D epartment of Surveying, University of New South 'W ales,
Australia), provided the final adj ustment of all observations, resulting in the most probabl e
coordinates of the other points in the network. The positional accuracy (with respect to
point 13 ) of these adjusted points is expressed by their computed error ellipses, hown in
Figure 2. As expected from the special configuration of the network, the quadrilateral of
most concern (viz . 15- 16- 17- 18) has maximal errors of 0.03 m in position. The actually
T ABLE If. ADJUSTED COORDINATES, DISPLACEMENTS AND VELOCITIES

Point
number

Adjusted coordinates x, y after
scale adjustmetlt for the two
surveys (m )
19 68
19 65

0

11

1 I 95 1.256
10000.000
I I 300.801
I I 6 18.348
10000.000
10000.000
10 78 9. 8 34
I I 758.947
8287.122
124 15. 6 33
7 3 28 .759
12557.8 12
7 173. 19 0
11 760.097
8 122·733
I I 522 .499

12
13
14
15
16

I7
18

13 128.980
10 5 17.648
I I 95 1.256
10000.000
11 300.884
11618 .330
10000.000
10000.000
10789.8 11
11 758 .938
828 7. 17 6
124 17 .32 1
73 28 .97 1
12 559 .47 1
7 173473
I 1 76 1.534
8 122 .873
11 5 2 3. 81 4

Coordinate
displacements
m

Velocity
ll, v
m year- '

+ 0. 08 3
- 0.0 18

+ 0.028
- 0 .006

+
+
+
+
+

+
+
+
+
+
+
+
+

t.x, t.y

0 .02 3
0.009
0 .054
1.688
0.2 12
1.659
0 .28 3
..l.. 1.437
+ 0. 140
+ 1.3 15

0.008
0.003
0.0 18
0.57 8
0.073
0 .568
0.097
0·493
0.04 8
0 .45 1

\

l

- ..
~.

-

IIi
.I '

-

""

-t

POINT 0

Fig. 3. "NIollumented" point

0

at the Ward HUllt Island camp.
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computed coordinates are listed in Table n , together with the corresponding values of the
1965 survey, taken from Faig (unpublished) and reduced to the same orienta tion of the coordinate system. The resulting variance factor of the adjustment was I . I I , which proves
that the used a priori standard errors of the observations are good estimates.
Additional horizontal-angle m easurements within the camp area provided the coordinate
transfer from the preliminary chosen point (0) to a " monumented" point 0 (Fig. 3). Table II
shows only the local coordinates of this point o.

DATA ANALYSIS

Ice movement
The only fixed distance on solid ground in the n etwork, common to both the 1965 and
1968 surveys, lies between points I I and 13. A comparison of the adjusted values obtained
from both surveys shows a difference of 0.028 m ( I 951.270 m in 1965, 1951.242 m in 1968),
which is most likely due to random measurement errors as well as systematic scale differences
between the two different geodimeters used. Before the coordinates of both surveys can be
compared , this differen ce must be distributed over both surveys, i.e. the scale of each survey
must be changed so that the average distance ( 11 - 13) becomes (1951.270 + 1 951.242 )/2
= 1 951.256 m. This means a slight scale change for both surveys. For the 1965 survey data,
the scale must be reduced by about 7 p.p.m.; fo r the 1968 data, the scale must be increased
by the same amount. The resulting coordinates, listed in Table n , are likely to provide a
better comparison than the originally adjusted coordinates, although they only differ by at
most 3 cm (point 16). In Table n , the coordinate differences 6.x, 6.y (displacements) and
the actual velocity in m year- l are listed for all p oints on the ice. The time difference between
both campaigns was 2 years and I I months.
The displacements of points 12 a nd 14 on the grounded ice rise (Fig. I), compared with
those on the floa ting ice shelf, are very small . Any movements on this ice rise are only oflocal
origin and are mainly depend ent on the surface slope. Due to the various kinds of observational errors and possible changes in inclination of the survey markers, these d etermined
displacements may not be of great significance.
There is an obvious movement of the ice shelf of about 0.5 m year- I towards the north.
Assuming this value as constant across the eastern part of the Ward Hunt I ce Shelf (east of
Ward Hunt Island), the rate of discharge can be estim ated . With the present distance of
about 13 km between Ward Hunt Island and Cape Albert Edward, an ice thickness of 40 m
(Crary, 1958) would give a discharge of 0.26 X 10 6 m 3 year- I. Neglecting continuous smallscale ice calving, an area of approximately 6.5 km2 of ice will be formed each year. Despite
this low value and the fact that the present ice front is fixed tightly at both ends, it seem s rather
difficult to predict another extensive break-up of the eastern ice shelf in the near future.
Massive ice calving also dep ends to a great extent on oceanographic effects (e.g. tide and
swell).
According to Nye (1959), an average deformation or strain-rate tensor within a quadrilateral
can be determined, if all of its sides were measured twice at different instants of time. This is
the result of the transformation properties of strain-rates. Assuming a steady-state ice flow,
i.e. the velocity components u, v are functions of x, y only (independent of time), the J acobian
matrix

OU
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expresses velocity changes due to small point displacements. The deformation itself is usually
given by the components of the strain-rate tensor, defined by a symmetric matrix

E = t(F+ FT ),

I.e.

E

~

~

[ ::: :::]

[::(OU ov) ov
2

oy +ox

oy

T he strain-rate tensor generally changes its components if the coordinate ystem changes its
orientation. D efining an orthogonal rotation matrix by
R

=

[ cos IX
-

sin IX] ,

In IX

cos IX

where IX is the angle between the original x-axis and the rotated x ' -axis, both the Jacobian F
as well as the strain-rate tensor E are transformed into the coordinate system x', y' by the
expressIOns
F' = RF RT,

E' = RERT.
One essential result is that the strain-rate Ea in a certain direction (e.g. under an angle et
against the original x-axis: Ea = E' xx) can be expressed in terms of et and the three independent components of E:
Ea

=

Exx COS 2 et+Exy 2COS et sin IX + Eyy sin 2 et.

T he six sides of the quadrilateral (15- 16- 17- r8) therefore give rise to six equations in three
unknowns Exx, Exy, Eyy. These equations can be treated as observation equations from which
best values of the strain-rate components are reduced according to the principle of least
squares. * Table III gives th e quantities and their values required for computation of the
strain-rate tensor of quadrilateral 15- 16- 17- 18.
TABLE

Ill.

STRAIN-RATES

Ea

OF THE QUADR ILATERAL

( 15- 16- 17- 18)
tu

Side

D.s

a

f:a = sf1t

m

15- 16
18-17
15- 18
16- 17
15-17
18-16

- 0.160
- 0. 109
+ 0.35 1
..!. 0. 205
- 0.070
+ 0.229

d eg
171.56
165.95
- 100.42
- 101. 03
- 149.5 2
12 7.48

10- 5 year- I
- 5. 6 56
- 3. 81 4
+ 13. 234
+ 8.637
- 1.855
+ 6.010

After solving the normal equation, the following components are obtained
Exx
Exy
Eyy

= - 5.6 ± 1.3
= + 0.4 ± 1. 3
= + I 1.6 ± 1.4

10- 5
10- 5
10- 5

year-I;
year - I;
year-I .

The relatively large r.m.s. errors are caused partly by systematic velocity changes within the
quadrilateral and partly by unavoidable mea urement errors. Using 0.015 m as standard
error for one distance measurement (Table I ), the value increases for the difference of two

* Contrary to Nye

(1959), the intersection of the two diagonals is not used as a station.
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measurements to 0.0 I 5 X 2 1 = 0 . 023 m. This yields an a priori standard error for the strainrate (s = I 000 m, t = 2 .9 year) of 0.8 X 10- 5 year- I, which part can be considered as
accidental.
The directions of the principal strain-rates are parallel to the principal axes of the tensor
ellipse. Whereas these directions are given by the eigenvectors of the strain-rate tensor, the
principal strain-rates are identical with its eigenvalues. The eigenvalue problem leads to a
solution of the quadratic equation

,V- A(i xx+ iyy)-(i2Xy - i xx . iVY)

=

0,

resulting in the two eigenvalues
A,

=

I.I

7, A2

=

- 0.56 X 10- 4 year- I.

The first value is orientated within the coordinate system according to its eigenvector
(g, = I; 7Jr = ILl ) as the result of either of the two equations

(i xx - A, )+ i xY7Jr = 0,
ixy +(iyy - A,hr = o.
As shown in Figure 4, an obvious expansion occurs parallel to the main ice flow and compression perpendicular to it. Since the ridges and troughs (Fig. I ) are orientated parallel
to the main ice compression, they cannot be originated by internal ice forces . This would
be in accordance with Hattersley-Smith's (1957) theory.

18 v--- - - - -_ _ _ __

~-),

17

VelOCity
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0.5

I m year - I

~------~------~I
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Fig. 4. Velociry vectors alld principal axes of strain-rate tellSor.
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I ce stresses

The d etermined strain-rates can be u ed to obtain some indication of the stress conditions
on the ice shelf in general and within the m easured strain figure in particular. Based on
Glen's power flow law of the form E = (T/B)n where E and T are the second invariants of
the strain-rate and stress-deviator tensor, respectively, * defined by
E2

=

!EijEij

= !uijui1,
l,j = 1,2,3,
som e dynamic properties of the ice shelf can be estimated in a way similar to Budd's (1966)
investigations on the Amery I ce Shelf, Antarctica. Application of theoretically d erived
equations by Weertman (1957) and Nye ( r965 ) lead to good estimation for the flow param eters Band n of Glen's equation.
According to ye (1965), the velocity v in an infinitely d eep channel of uniform width 2a
is given by
T2

y being the distance lateral to the flow, measured from the center to either of the two channel
walls(Ymax = a). For purely laminar flow, the velocity at the center is expressed as

n+

1

(dP) n
= (n+ 1 )Bn dx '
2a

Vmax

where dp/dx is a uniform longitudinal pressure gradient. The flow through the channel
between Ward Hunt Island and Cape Albert Edward , however, is somewhat complicated by
the presence of the Marvin Island (Fig. 5) and a number of smaller ice rises not taking part
in the general flow . As indicated in Figure 5, two main ice streams may be distinguished,
in which the orographically left one obviously has a higher velocity. An idealized velocity
profile across the ice shelf, though difficult to d etermine, m ay be ass um ed to lie som ewhere
between the two profiles, corresponding to the entire width 2a = 11.6 km , and to the partial
width 2a' = 5.4 km of the left stream only. The maximum velocities at the centers of two
such channels can be determined from Equation ( r), since v = 0.53 m year-I is the known
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Fig. 5 . Simplified flow of the Ward H Ullt Ice Shelf between Ward HUllt Islalld ( W.H.I. ) alld Cape Albert Edward (C.A .E.).

* Also ca lled

effective shear strain-rate a nd shea r stress, respectively.
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velocity within the strain figure situated about 1.4 km apart from the Ward Hunt ice rise.
For different values of n, these center velocities are listed in Table IV. Also listed are the
lateral velocity gradients dv/dy, dv/dy', respectively, obtained simply by differentiation of
Equation (I). An average lateral velocity gradient estimated from the corner velocities of
strain figure 15- 16- 17- 18 yields a value of - 0.026 m year- 1 km- I (+ 0.007 between 16
and 15, - 0.059 between 17 and 18). This value is significant only with respect to its order
of magnitude, the corner velocities already having standard errors of ± 0.02 m year- I.
The most probable exponent (Table IV) seems to be very close to n = 4 .
IV.

TABLE

CENTRAL VELOCITIES AND THEI R LATERAL GRADIENTS FOR ENTIRE AND
PARTIAL ICE-SHELF WIDTH

n

2

Cm year- I)
dv/dy Cm year- I km- I)
v' m a x (m year- I)
d v/dy' (m year- 1 km- I)

1. 2 5

Vrnax

- 0.3 2 7
0.695
- 0.249

4
0 .7 1
- 0. 204
0·545
- 0.054

3
0·79
- 0.239
0.560
- 0.070

0·94
- 0.282
0·597
- 0. 153

1.0
.9

8

..

~

...><1

---- -0.71- - -

.7
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\
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Fig. 6. Estimation of an idealized velocity profile.

In Figure 6 the two velocity profiles are plotted. An average curve with v" max = 0.62 m year- I
and a fictitious width 2a" = 7.4 km are assumed in the following considerations.
For a determination of B , Budd (1966) gave the equation

B{ [(n+ )v]Un X':_:(dV)
I

2a

a

n dx

(1 In)-'d2~} = pg Xd~,
dx 2

2

dx

which relates the velocity v and its longitudinal gradient dv/dx to the boundary dimensions
of the ice shelf (thickness H , width 2a) , and the flow parame ters nand B. The gradient dv/dx
could be obtained similar to dv/dy from the strain-figure data, but it is not needed since its
gradient d 2 v/dx 2 , actually not known from the available observations, may be neglected
because of the slow flow of the Ward Hunt Ice Shelf. The density of ice (p = 0.92 Mg m- J )
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and a n average thickness gradient (dH/ds = 3.0 m km- I) were compiled from Crary's
( 1958) data. vVith the a bove values and 2a = 7. 4 km , we obtain B = 2.8 x 10 7 N m - 2 sI
(3.7 ba r year l ) .
The flow parameter B is also a fun ction of tempera ture T of the form

[B (T )]n = [B (T o)]n x exp (Q./RT ) x exp(- Qj RTo)
(W eer tman, 195 7)
where T o is the tempera ture (in K ) of the melting p oint of ice, B( To) = Bo is a constant

equal to 2.67 bar year! (2. 0 X 107 J m - 2 si ), * (Lis a n activation energy for creep and is equal
to 68 kJ mole ' (M ellor and T esta, 1969 [a] , Cb] ), R is the gas constant 8.32 J K - I mole- I,
and 11 is the second flow parameter, taken h ere as 4 . To find B for any temperature T = T o+ t
(t in 0c), the above equation can be transfo rm ed into

[B (T) ]n = B o1l X exp [ -

R~02 X (t-

t 2 / T o+ t 3 fT o2 _ .
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Fig. 7. Relationship between B and n as deducedJ rom Weertman's equation and measured creep rate. Comparison with previous
determination using Nye's equation (8) and experimental data (0 , D) .

The mean annual surface temperature of the ice shelf is - 18. 5°C (Lyo ns a nd Ragle, 1962),
while the temperature at the base is - I .8°C, the freezing point of sea-water. Lyons and
Ragle (1962) showed several graphs of temperature versus dep th from differen t parts of the
ice shelf, although none of these extended to the base. T emperature appears to increase
linearly with depth , at least approximately . The m ean annual ice tempera ture therefore is
equal to (- 18,5 - 1.8)/2 = - IO .2°C. This gives a value for B Of 2.7 x l 0 7 N m - 1 s1, which
corresponds very well to the previous estimate of 2.8 X 10 8 , In Figure 7, the point corre ponding to (B = 2.75 X 108 ; n = 4) is plotted as a triangle.
By taking Nye's relation for steady-state creep for the case of zero transverse creep, and
taking advan tage of the fact that the ice shelf is floating, W eertman (1957 ) obtained for the
creep rate

_ (Pi6. pg-H)

K -

* The value resul ts from

4P w B

11

,

Weertman's ( 1957 ) consta nt 0.017 ba r- 4 •2 year- I.
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where t:.p
and

=

pw-Pl

is the difference between the densities of water and ice, H

= ice thickness,

H

iJ =

~ JB ( T (z)) dz.
o

Weertman's equation for the extension rate provides the means of establishing a relation
between the two flow parameters nand B for different values of H , the other quantities having
known values. K can be set equal to the measured longitudinal surface extension rate
1. 1 7 X 10- 4 year- I (3.26 X 10- 12 S- I), an assumption that is right insofar as K is constant
with depth, but is valid only near the center flow line of the ice shelf. However, Weertman's
creep rate is still a good approximation to the ex tensional rate elsewhere. According to
height measurements by H. Serson, * the ice shelf around the deformation figure has a freeboard of h = 4.39 m. The entire thickness of the ice shelf is given by

H-h~
,

pw - Pi
where pw = 1 .03 Mg m - 3 is the density of sea-water. The mean density Pi of the ice shelf
lies somewhat between 0.90 and 0.92 Mg m - 3 (Crary, 1958) , which results in an ice thickness
H between 35 and 41 m.
Taking Pi as parameter, B can be expressed in terms of n:

B=

pigh

4KI /n.

In order to obtain a linear graph, B is represented in logarithmic and n in hyperbolic scale in
Figure 7.
In terms of principal strain-rates, the effective shear strain-rate E is given by the expression
2E2 = E,2+ E2 2+ E/,

where E3 is determined through the continuity equation (no volume change)
EI + E2+ E3 = o.
With El = r. I7 x 10- 4 year- I, Ez = - 0.56 X 10- 4 year- l (Fig. 3 ) one obtains E3 = - 0 .61 X
X 10- 4 year- I. This yields an effective shear strain-rate of E = 1.01 X 10- 4 year- I. The
effective shear stress is determined by T = BE ,/n , and the principal deviatoric stresses by
a'i

= (T/i )ii.

The result is T = 0.37 bar, a', = 0.43 bar, a' z = - 0.20 bar, a' 3 = - 0.22 bar. Since the
vertical stress a 3 = 0 on the ice surface, the actual horizontal principal stresses ai, given
by the relationship
a'i

=

aj -

~

L
3

ak,

k= I

are
al

=

a2

=

2a', + a'2 = 0.65 bar,
a'I + 2a'z = 0.02 bar.

Elevations and atmospheric refraction
Though primarily measured to reduce slope distances to horizontal distances, the vertical
angles may be used for determining the elevations of all stations. They can also reveal some
information about the refractive index of air during the period of observation. It is known

* Personal

communication from Dr G. Hattersley-Smith.
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that in the lower atmospheric layers above sea ice, shelf ice or inland ice (see e.g. Lilj equist,
1964) the gradient of the refractive index, as a direct function of the temperature gradient,
can be extrem ely high . The reason li es in the radiation losses from the surface which m ay
develop temperature inversions. Any ray of light extending between th e surface and such
an inversion is subject to a more or less large path curvature, which, under certain circumstances, may give rise to mirages. The effect forbid any precise trigonom etric height measurements. Only if vertical a ngles and tempera ture gradients are m easured simultan eously a t
both sta tions, more reliable heights m ay be obtained. I f the distance between two such
sta tions is not too long, the path of the ligh t ray can be ass umed a pa rt of a ver tical circle.
Brocks ( 1954), amongst others, showed that, along a horizon tal surface, the curvature of a
light p a th is directly proportional to the air-temperature gradi ent:
I
p aT
K = -

R'

= cx --1 000

oz'

if influences of air and vapor pressure are neglected . In surveying, a so-call ed " local coefficient
of refraction" (or relative curvature of ligh t) is used, d efin ed as

k

= !!...
= KR
R'

=

=

with R
radius of the Earth. In practice, this qua ntity is taken as a constant (e.g. k
0 . 13 ) ,
if the light path is sufficiently far away from th e surface. In polar regions, however, k m ay
assume values higher than 3, and even nega tive values are common .
At all stations on the "Vard Hunt I ce Shelf, verti cal angl es were m easured. Therefore,
both angles a re given between two neighbouring stations, although these were not m easured
at the sam e instant of time. By m eans of given instrum ent and target heights above corre ponding stations and the distance between instrum en t and target, the actu al light path can
be approximated by a circular arc, the radius of which is equal to th e in verse of an average
path curvature K . Thus all elevation differences along th e lines of th e ne twork (Fig. I) can
b e determined . Since m ore observations a re a vailable than required , a h eight adjustment of
the en tire network can b e carried out.
Th e result is shown in Table V , where the eleva tion of station 18 is taken from a geom etric
level survey run by H . Serson in 1969. All elevations can be con idered to have a standa rd
error of 0.2 m over the compa ra tively short distances involved .
TABLE

v.

ELEVATIO NS OF WARD H UNT

I CE SHELF SURVEY STATIONS. REFERENCE
P OINT FOR ICE STATIONS IS TOP OF MARKER,
FOR G ROUND STATIONS BENC H MARK

Statioll

Elevatioll above sea-level

II

79·5
34. 2

m
12

13
14
15

16
17
18

20 . 2

32 . 0
5. 2
6.8
7. 1

5. 8

Table VI shows refraction conditions of the lower atmo phere for various lines of sigh t
(Fig. I), together wi th the resulting a ngles of refraction (i.e. vertical a ngle on a station
between circula r light path a nd straigh t line to opposite station), local refraction coeffi cien ts
and computed temperature gradients. Of pa rticular interest are observation periods I a nd 2
(column I), b ecau e of equal elevation of all stations under consideration. Whereas typical
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white-out conditions yield a refraction coefficient of 0.6, the " mixed" values during the
second period show a rather high influence of the pure radiation condition (clear sky),
resulting in a somewhat extrapolated coefficient of I.5 +( I.5 -0.6) = 2.4; note the extremely
high temperature gradient of 0.3 d eg m - I. For observation p eriods 3 and 4, a proper analysis
is virtually impossible with the sparse data available, due to asymmetric vertical profiles with
heigh t differences up to 50 m. The negative coefficient of refraction along line 11 - 13 is a
result of the dark, snow-free and h eated terrain surface with associated heat convection into
the surface layers of air.
TABLE VI. REFRACTION OF AIR DURING OBSERVATION PERIODS

15- 16
15- 17
16- 17

Rifracti011
angle
rad
0.000057
0.00005 1
0.000046

2

15- 18
16- 18

0. 000 135
0.00008g

1.76
1.2g

3

13- 18
14- 18

0.000241
0.000270

1.28
1. 29

I·3

11 - 12

11 - 14

0.000064
0.000083

0-40
0.60

0·5

11 - 13

- 0.000039

- 0.26

Line

4

5

Local rifraction
coefficient
k
0·49
0.5 1
0.7 2

0 .6

( 1.5)
2·4

General conditions
White-out during both directions
Air pressure p = 1 023 mbar
Air temperature t = - 8°C
H orizontal profile
Temperature gradi ent 8 °C / lOo m
White-out forward; I 023 mbar; - 8°C
C lear sky backward; 1 026 mbar; - gOC
H orizon tal profile
Temperature grad ient 30°C / lOO m
Clea r sky in both directions
t = - 7°C, P = 1020 mbar
Typical effect of surface depression
Clear sky in both directions
t = - gOC, P = I 020 mbar
Point I I on a high rock
Clear sky in both directions
t = - 9°C ... - 5°C, P = 1023 mbar
Light path a bove snow-free terrain
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