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ABSTRACT. During the AIDJEX pilot stud y 1972 in the Beaufort Sea, the tilt changes of the fluid ocean 
surface and of the sea ice were measured with a hydrostatic level. Prelimina ry results indicate a tilt range 
of ± 5 f-lrad for the water surface and of ± 30 f-l rad for the sea ice. The tilt change of the sea ice t.S appea rs 
to be direc tl y proportional to the component of the velocity change of th e ice drift para llel to the hydrostatic 
level t.Ud, according to the relationship t.S = 180t.Ud f-lrad m- I s. It is concluded that the ice tilt is wind 
induced, and that the ice sheet tilts downward in the drift direction as a result of the moment exerted on it 
by wind a nd water drag. It is p ostulated that thi s tilt causes the ice to break at right a ngles to the drift 
dircction. The tilt is a fun ction of the length of a n ice floe (or of the unbrokcn distance between two cracks), 
of the average ice thickness, of the average drag coeffi c ients, and of wind and current velocities. Calculation 
of the ice tilt using a simple model of a floating, rig id ice slab gives values w hich are very much smaller than 
the observed tilts. If the discrep a ncy between theory a nd observa tion can be resolved, or if an empirica l 
formula between wind velocity and tilt angle can be d educed from continuous tilt observa tions which will 
be carri ed ou t during the AIDJEX main experiment, it will be poss ibl e, for a given wind, to estimate the 
maximum length of an unbroken ice sheet from its es tima ted thickness, drag coefficients, a nd tensile strength. 
It should a lso be possible to calcula te the average d rag coefficients of a free-floating ice pan, or of an ice 
island, from tilt, wind, and current m easurements. T he curious relationship between tilt a ngle and atmos­
pher ic pressure grad ient that Browne a nd Crary observed on the ice isla nd T-3 in 1952 is expla ined as being 
the wind-induced tilt of the ice isla nd rather tha n tha t of the fluid ocean surface. 

R ESUME. lvles"I"e de l'inclinaison de la gLace et de la mer dall s La mer de B emYort. Dura nt le progra mme Pilote 
AIDJEX d e 1972 dans la mer d e Beaufor t, les changements d'inclin a ison de la surface d e la mer et de la 
banquise fut'ent mesures avec un niveau hydrosta tique. Les premiers resultats montrent une va riation 
d'inclinaison d e ± 5 IHad pour la surface de I'eau e t de ± 30 wad pour la surface de la g lace. L 'amplitude 
de la va riation d'incl inaison par la banquise t.o apparait direc tem ent proportionnelle a la composante 
de la va ri a tio n de vitesse de la poussee de la g lace pa ra llele au ni veau h ydrosta tique t.Ud e n accord avec 
la relation t. o = 180t.Ud wad m - I s. On en conclut que I'inclina ison d e la glace est produite par le vent 
et que les in clina isons de la cou ch e d e glace plongeant dans la direction d e la poussee sont le n~sul tat du 
moment exerce par le vent e t la reaction de I'eau sur la glace . On postule que I' inclina ison provoque la 
rupture d e la glace selon des a ngles droits avec la d irec tion de la poussee. L ' inclinaison est fon ction de la 
longueur du gl a~on (ou de la dista nce non fracturee en tre deux crevasses) de I'epaisseur moyenne de la 
g lace, des coefficients de frottem e nt, et des vitesses du vent et du coura nt. Le ca lcul de I' inclina ison de la 
glace en utilisant un simpl e modele de plaque d e g lace rigide flotla nte donne des va leurs qui sont tres 
inferi eu res a ux inclinaisons observees. Si la discordance entre la theOI"ie e t I'observa tion peut e tre redu ite, 
ou si la suite d es observations m e nees dans le cadre de I'experimenta tion AIDJEX perme t d'c tablir une 
fOl"mule empirique entre la vitesse du vent e t l'angle d 'inclinaison, it sera possible pour un vent donne 
d'estimer la longueur maximum d ' une plaque de g lace a partir de son ep aisseu r estimee, de ses coefficients 
de frottement e t de ses resistan ces m ccaniques. 11 serait egalement poss ibl e d e ca lculer les coefficients moyens 
de frottement d ' un morceau de g lace libre Aotta nt, ou d'une ile de g lace a partir de mesures d'inclinaison, 
de vent et de courant. La curieuse relation entre I' inclinaison et le gradient de pression a tmospherique que 
Browne e t Crary ont observee sur I' ile de glace T -3 en 1952 est expliquee comme eta nt l'inclinaison due 
au vent d e leur lie de glace pluto t que celle de la surface liquide de l'Ocean. 

ZUSAMMENFASSUNG. M essullg deT Eis- lllld Ozealllleigllllg ill deT B eaufort-See. \'Yahrend d es AIDJ EX­
Vorprojektes 1972 in del' Beaufort-See wurden die Neigungssehwa nkungen der O zean-VYasserA achc und 
des Meereises mit einem h ydrostatischen Nivelliergerat gemessen. AIs vo rl a ufiges R esultat ergibt sich ein 
Neigungsbereich von ± 5 f-l rad fur die Wasseroberflache und von 30 f-l rad fUr das M eereis. Die Neigungs­
schwankung t.1l des Meereises sch e int direkt proportional zu der K omponente del' Geschwindigkeitsanderung 
der Eisdrift, die parallel zur h ydrostatischen Niveaulinie t.U ct ve rl a uft, zu sein, gemass der Beziehung 
t.S = 180t.Uct wad m- I s. Es w ird gefolgert, d ass die Eisneigung vom VVind hervorgerufen wird , und dass 
die Meereisd ecke infolge des von Wind und Wasser a usgeubten Zugmomentes sich nach unten in Richtung 
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d er Drift neigt. Es wird a ngenommen, d ass die Neigung Bruche im Eis verursacht, die senkrecht zur Drift­
ri chtung verlaufen. Die Neigung ist eine Funktion del' Lange einer Eisscholle (odeI' der bruchfreien 
Entfernung zwischen zwei Rissen), del' mittleren Eisdicke, der K oeffi zienten d es mittleren Zuges und der 
Wind- und Stromungsgeschwindigkeit. Die Berechnung d er Eisneigung a us einem einfachen Modell fur 
eine schwimmende, s ta rre Eisscholle liefe rt ""'erte, die sehr vie! kleiner sind als die beobachtete eigung. 
Wenn del' Widerspruch zwischen Theorie und Beobachtung aufgeklart werden ka nn oder wenn sich ein 
empirischer Zusammenha ng zwischen vVindgeschwindigkeit und N eigungswinkel a us Dauerbeobachtungen 
der N eigung, wie sie fur das Haupt-Experiment von AIDJEX vorgesehen sind, formulieren lass t, wird 
es moglich sein , fUr einen bestimmten Wind die maxima le Lange einer unzerbl'och enen Eisdecke aus ihrer 
gescha tzten Dicke, aus den Zug-Koeffizienten und aus del' Zugfestigkeit a bzuschatzen. Es sollte weiter 
moglich sein, die mittleren Zug-Koeffizienten einer frei schwimmenden Eisscholle oder einer Eisinsel aus 
Neigungs-, Stromungs- und Windmessunge n zu berechnen. Die sonderbare Beziehung zwischen N eigungs­
winkel und Luftdruckgradient, die Brown und Crary auf del' Eisinsel T-3 im Jahre 1952 beobachtet haben, 
lass t sich eher als vom Wind bewirkte Neigung der Eisinsel als d el' Ozean-Wasseroberflache erklaren. 

INTRODUCTION 

In connection with geodetic and geophysical observations carried out from floating ice, 
we have developed a hydrostatic levelling system for m easuring the tilt of the fluid ocean 
surface relative to the local equipotential surface. It was first used at the North Pole in 1969 
and in the Gulf ofSt Lawrence in 1970 (Johannessen and others, 1970 ; W eber and Lillestrand, 
1971 ), and a similar system was used during the AIDJEX pilot study in the Beaufort Sea 
in March and April 1972. It allowed m easurement of the change of tilt of both the fluid 
surface of the water and the Roating ice sheet. Although the equipment was still under 
development, useful tilt observations w ere obtained which are presented here. Based on the 
experiences gained during the AIDJEX pilot study, the system for measuring ocean and ice 
tilt has since been improved and automated and will be used during the AIDJEX main 
experiment. 

I NSTRU ME NTATION 

A schematic representation of the hydrostatic levelling system is shown in Figure 1. Two 
wells, A and B, consisting of insulated and electrically h eated plastic pipes were installed and 
frozen into the ice. Mounted to these pipes are two pots connected by a horizontal " tygon" 
tube filled with a low-viscosity silicon fluid . The dimensions were chosen such that the 
dynamic response of the system was critically damped, and were as follows: distance be tween 
the pots 1 20 m, tube diameter 1 2 . 7 mm, and inside diameter of pots 43 mm. If the system is 
at rest, if the density of the fluid is the same in both pots, and if there is no significant atmos­
pheric pressure gradient between the two pots, then, by definition , the fluid level in the two 
pots is at the same equipotential surface. 

-t -t PA 
WA ~:=: A ___ POT A 

t ~~~~~~~~~~~~~~~ 
, ~ ,» ,,, , ., . 

" ." , 

--- 5 - ---
WELL A WELL B 

Fig. I. Schematic diagram of hy drostatic level. W ells A alld B cOllsistillg of insulated alld electrically heated polyviny lchloride 
(PVC) pipes arefrozell ill the ice. Pots A alld B are cOllllected by a horizolltal tube alld filled with low-viscosiry silicoll 
fluid. Level differences to fluid surfaces are measured relative to level plates. T ilt of oceall surface relative to local equi­
potential surface is IX = ( I jS) (W A- W n-(PA - Pn). 
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If ex is the ti lt of the fluid water surface relative to the equipotential surface, then the 
instantaneous tilt is given by 

ex= 

\\'here III A and Wn, and P A and PE, are the distances between a level plate and the fluid 
surfaces of the water in the wells, and of the fluid in the po ts, respectively, and s is the distance 
between the P8ts, The vertical distances be tween the level plates and the fluid surfaces were 
measured manually using depth micrometers, This instrumentation has been described 
earli er (W eber and Lilles trand , 197 I), The m easurements are affected by the fluid tempera­
tures in the pots, by salinity changes in thc wells, by atmospheric pressure gradienls, by the 
Aow of water below the wells (Bernoulli effect ), by vertical and horizontal accelera tions, 
and by the drift velocity o f the ice floe , By taking these factors into account an accuracy of 
± S X 10- 2 fLrad can be obtained under favourable conditions. The complete theory of 
hydrosta tic levelling from floating ice has been publish ed separately (W eber, 1974). A 
schematic diagram of the instruments (Fig. 2) shows to the righ t the manual depth gaugc 
assembly consisting of level plate and d epth mi crometers. The micrometers were connected 
to mechanical counters for easier reading (not shown in the Figu re) . The assembly can be 
exchanged , in a few minutes, for an assembly consisting of fl oats and displacem ent transducers 

~ . 

~ 

5 

.:.' ---- - ---- ',:,:.:: .. ' ;:.;. -- - -----.... ·iII --. :; 
: :-:-:--:-:-:-:-::.:---:--------

'I 

'I 

Fig, 2, Schematic diagram of float-ty/le measuring system (lift ) alld direcHY /le measuring system (right) with depth micrometers, 
showing the outside well pipe ( I ) with electric heating wire ( { 5) and insulation (14) ./rozen into the ice; the insulated 
alulllinium pot (3), bolted to the illner PVC pi/le (5 ) which is adjustable for height and vert icality; the levelling Illate 
(9 ) with the leveiling screws ( 10) ; the Imi~olltal connecting tube (13) jilled with silicon flllid (2) ; the pot float (4) and 
the well float (6) with the LVDT's (7) alld the stems holding the transformer core (8); and thp. manually operated depth 
micrometers (J I ) with the depth gauges (12). 
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(linear displacement transformer, LVDT). This is illustrated to the left in Figure 2. The 
stem of the LVDT core is mounted into the bottom of the float, and the transformer is mounted 
at the end of an extension rod which is held by a bushing in the level plate (Fig. 2). As the 
floats in the wells and in the pots move up or down, their vertical displacements (i.e. the 
fluid level changes) are converted into analog d.c. voltages . Referring to Figure 1 , if 11 W A, 

11 WB, I1P A and I1PB are the fluid level changes in wells and pots, then the change of water 
tilt 11rx. is given by 

(1) 

The second term ( I1P A - tlPB ) /s = 118 corresponds to the change of the ice tilt. The 
individual float displacements as well as their arithmetic sums and differences 11rx. and 118 
were recorded on strip chart. 

The first , direct method, using manual depth gauges, determines the absolute, instantaneous 
tilt of the fluid ocean surface relative to the local equipotential surface. The second, float 
method, records the change of ocean tilt and the change of tilt of the ice sheet between the 
two pots. 

As has been shown (Weber, 1974) the hydrostatic level is independent of temperature 
changes in the connecting tube as long as the tube is horizontal over its entire length, but it is 
very sensitive to temperature changes of the fluid in the pots. The fluid temperature of the 
pots was therefore thermostatically controlled, as well as being continuously recorded by 
means of thermistors built into the pots in order that corrections could be made should the 
fluid temperature differ in the two pots. This is important when the direct method (depth 
gauges) is used. With the float method, however, the system is much less temperature depen­
dent because as the fluid temperature increases the fluid level in the pot rises, and as the 
fluid density decreases the buoyancy of the float decreases. If the bottom of the float is level 
with the tube intake, the two effects cancel each other and thc float remains stationary and 
largely independent of temperature changes of the fluid . 

No corrections for drift velocity (Coriolis force) and horizontal accelerations have been 
applied, since these effects are much smaller than the observed tilt changes. 

A pair of hydrostatic levels oriented in the north- south and east- west directions were 
installed. The north- south leg was used for testing and operated intermittently only. The 
east- west leg operated continuously and it is the data from this instrument that are presented 
here. 

RESULTS AND CONCLUSIONS 

The first direct ocean-tilt measurements using depth micrometers were made in the vicinity 
of the North Pole in 1969 (Weber and Lillestrand, 1971 ). Under calm conditions both water 
and ice tilt hardly changed over the time period it takes to carry out one set of tilt measure­
ments, and the repeatability was good, resulting in a standard deviation of ± 8 X [0- 2 wad 
for the observations. This lack of movement near the North Pole may be attributed to the 
near absence of ocean tides . This is in striking contrast to the conditions we observed in the 
Beaufort Sea where, even during calm periods, the ice was continuously and rapidly fl exing 
with an amplitude of a few microradians and the fluid ocean surface showed a longer-period 
swell vvith a peak-to-peak amplitude of about 2 fJ.rad . Because of this movement it was 
impossible, by this method, to calibrate the ocean tilt to better than ± 1 fLrad under the best 
of conditions. We concluded that ( I) the direct measurements havc to be fully automated 
and recorded continuously in order to obtain averages over longer periods, and that (2) 
separate levels must be used for the direc t and for the float m easurements. 

The results of the float measurements have been plotted in the two bottom graphs of 
Figure 3. They show changes of the east- west components of the ice and ocean tilt. The 
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h g.3. Wind, drift , and tilt record from 8 to 21 April 1.972. From top to bottom: wind speed; drift slleed relative to the 
ocean jloor; and its velocity components in the SE, JV, JVE, and E directions ; the east component of the tilt oJ the sea ice; 
and the east component oJ the tilt of the fluid ocean suiface. Positive tilt signifies tilt down to the east. The zero line is 
arbitrary for the ice tilt, and only approximate Jar the ocean tilt. 
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position of the zero line is arbitrary, since only the change of tilt is observed. Positive tilt 
changes indicate increased down-tilt in the east direction. There are two p eriods of measure­
ments, from 8-14 April and from 17- 21 April, during which there are short periods where the 
fluid level had to be adjusted, or when the floats had to be removed for one reason or another, 
resulting in small gaps between segments of continuous r ecording. In general, there is no 
continuity of the tilt observations once the floats have been removed, and consequently the 
datum of each segment has been chosen such as to give the most continuous curve. There 
appears to be little correlation between ocean tilt and ice tilt. Depending on how the segments 
are aligned the ocean tilt ranges over 8 fLrad during the first period and over 15 fLrad during 
the second period, and the corresponding ice ti lt ranges over 60 wad and 30 fLrad , respectively. 
Looking at individual segments only, ocean tilt ranges on the average over 5 wad per segment 
during the first period and over I I fLrad during the second period. The corresponding ice 
tilt ranges are 26 fLrad and 16 fLrad. Therefore the average ratio of ocean tilt to ice tilt 
was I : 6 during the first period and 2 : 3 during the second period. When the east- west leg 
of the hydrostatic level was dismantled we discovered a number of small air bubbles in the 
tube which were absent when the level was installed . W e suspect that the measurements 
became less and less reliable as more air bubbles were form ed. This would account for the 
rather large and sudden ocean ti lt changes during the second period, and we believe that the 
observations during the first period are more reliable, particularly in the case of the ocean tilt. 

In 1952 Browne and Crary (1958) m easured the changes of tilt of the ice island T -3 over 
a five-month period by observing two bubble levels frozen into the ice at right angles to each 
other. Because of the large size of the ice island, which extends over a distance of 10 km, they 
assumed that the change of tilt of the ice sheet is the sam e as the change of tilt of the fluid 
ocean surface. The results of their observations are shown in Figure 4. The tilt changes were 
compared with the atmospheric pressure gradient compiled from weather maps. The tilt 
ranges over an angle of ± I " of arc or about ± 5 wad and correlates with the pressure gradient 
showing increasing tilt with increasing (and sometimes d ecreasing) pressure gradient, or, in 
other words, a change in pressure gradient is associated with a change in tilt. This correlation 
of ocean surface tilt and atmospheric pressure gradient was unexpected and puzzling. 

When we plotted the wind speed against tilts (top of Fig. 3) we found a similar correlation 
between wind and ice tilt to that which Browne and Crary had found between atmospheric 

~ 211 
l-
LL 1 1

• 
BUBBLE LEVEL 

o 
~ 0" f--~~-------C'--_==-"""'=---~~~~~~-

~ - Ill 
<t 

I­
Z 
W 

o 
<t 
0:: 
l!) 

W 
0:: 

PARALLEL TO BUBBLE LEVEL 

~ k PERPENO:CULAR TO LE~ EL 

MAY JUNE JULY AUG. SEPT. 

Fig. 4. Above: Change of tilt of the ice island T-3 over a five-month period as measured with a bubble level fro zen ill the ice. 
B elow: Change of atmospheric pressure gradient over the same time period as determined from synoptic weather maps. 
Drawnfram original publication (Browne and Crary, 1958). 
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pressure gradient and the tilt of ice island T -3. Changes in wind sp eed are followed by changes 
in ice tilt. We suspected that the tilt of the wind-driven ice floes was caused by the fri ction of 
its underside as it plows through the water in the same way that a boat with a keel will heel 
over when it is pushed sideways. If this is the case the ice floe would tilt down in the drift 
direction . To prove this, we have computed first the drift speed (see Appendix) and then 
the drift velocity components in the south-east, north , north-east and east directions (Fig. 3) . 
Comparison with the tilt shows that the easterly drift component best correlates with the tilt 
by which the ice tilts downwards in the drift direction . Indeed , for the first period there is 
a lmost a one-to-one correlation between drift velocity and tilt. 

The easterly component of the drift velocity and the ice tilt have been superimposed and 
drawn at a larger scale in Figure 5 for better comparison. Both are drawn to about the same 
scales, and from the graph the following empirical relationship can be deduced. 

Cl" = (180 fLrad m - I) Cl Ud. 

The fact that ti lt sometimes follows, and sometimes precedes drift has not been taken into 
account. 
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Fig. 5. East components of drift velocity and ice tilt (graphs 6 and 7 of Fig. 3) superimposed. 

BrO\·vne and Crary's observations now make sense. The observed tilt is primarily a reaction 
of the ice island to the wind (pressure gradient) as it heels over when it is driven across the 
water, and the slope of the fluid ocean surface has probably only a secondary effect on the 
observed ti lt. 

A til t of '20 fLrad corresponds to a vertical displacement of 0.02 m km- I, or 0.2 m per 
IQ km, and it can therefore not extend over long distances. One would therefore expect the 
ice to crack at right angles to the direction of drift at regular intervals from one to several 
kilometers. The ice surface would thus resemble the slats ofa V enetian blind with a variable 
tilt angle which is dependent on the drift velocity and on the water drag; the greater the 
velocity and the rougher the underside of the ice the larger the tilt will be. 

Pa rallel cracks which go in a straight line over long distances and appear at regular 
intervals are som etimes observed. Assur ( 1963) attributed these cracks to wave motion . 
Similar cracks could be caused by the stress due to the ti lting of the ice shee t, and tilt may 
constitu te a mode by which the pack ice breaks. 

Consider a rigid slab of unit width of ice thickness a, length b, and weight W which is 
acted upon by the wind force Fa and by the current force Fw below the ice (Fig. 6 ). The total 
tilting moment M t generated by the wind and current forces 

M t = }a(Fa+ Fwl (2) 
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Waler Surface 

W 
Fig. 6. Ice beam of thickness a, length b, alld unit width is being tilted by the angle 0 as a result of the moment produced by 

the wind force Fw and the current drag Fe. This moment M is counterbalanced by the righting moment caused by the 
displacement of the force of buoyant:)' B and the weight W. 

is equal to the total righting moment brought about by the displacements of buoyancy force 
and centre of gravity due to the tilt I) 

Wb z 
Mt = - I). 

12a 

The wind and current forces on the slab of unit width are 

F a = bCDaPaUa2 

and 

(5) 

where CDa and CDw are the air and water drag coeffi cients, p a and pw are the densities of air 
and water, and Ua and U w are the wind and current velocities, respectively. From Equations 
(2) to (5), and by expressing the weight W of the slab in terms of its vo lume and density Pi, 
the following express ion for the tilt of the slab of unit width is obtained 

6a 
8 = b-z (CDaPaUaz + CDwpw Uwz). (6) 

pi g 

Wind and current velocities can be m easured, and average ice thickness and drag coeffi c ients 
can be estimated. All we know about th e sla b or floe length b, however , is that it has to be 
greater than the leng th of the level (120 m ). 

There a re two m ethods by which a rough estimate of the floe length can be obta ined . 
One is by comparing our tilt measurem ents with those of Browne and Crary's on T -3. In 
1956 the average size ofT-3 was 12 km a nd the average thi ckness was 58 m (Smith, 19 71 ) . 
During a five-month p eriod Browne and Crary observed an ice til t ra nge of ± 5 w ad. On 
AIDJEX we observed a six times larger tilt range of ± 30 wad over a two-week period . 
Assuming, as a rough approximation, that T -3 and our AIDJEX ice Aoe were subjected to 
wind and current forces of the same magnitude, then we obtain from Equati:m (6) the relation­
ship 
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where the subscripts A denotes AIDJEX and T denotes T-3. By substi tuting bT = 12000 IP. , 

aT = 58 m , aA = 3 m and 8A /8T = 6 we obtain a Roe length bA = I lOO m. 
The other method is by expressing the bending stress as a function of the Roe length for a 

given tilt and ice thickness, and by determining the maximum floe length b::fore the ice breaks. 
For a slab of thickness a and width w the bending moment is 

(8) 

where er is the bending stress. It can also be shown that the maximum bending moment 
Mmax of the slab is given by 

pigb3w8 
Mmax = 36Y3 . 

From Equations (8) and (9) the maximum bending stress ermax is obtained 

pigb3w8 
ermax = 6 Y 3a2 . 

(g) 

( 10) 

The tensile strength or failure stress ere for sea ice ranges from 105 N m- 2 for young ice to 
2 X 106 N m - 2 for older ice (Parmerter, (974) . By solving Equation (g) for b and by sub­
stituting the following numerical values Pi = 0.9 X 103 kg m - J, g = g.82 m S- 2, a = 3 m, 
8 = 30 X 10- 6 rad, and 105 < er < 2 X 106 N m - 2 we obtain a Roe length of be tween 328 m 
and 8go m. 

Let us now go back to Equation (6) and compute the tilt using a Roe length of b = 500 m. 
Between 20.00 h on 13 Apri l and 01.00 h on 15 Apri l the wind sp<:ed decreased from 8,4 to 
4.0 m S- I (the wind blew from the east during this period ), and the easterly component of the 
drift velocity decreased from 800 to 120 m h (0.22 m S- I to 0 .33 m S- I). Substituting these 
numeri ca l va lues into Equation (6), and assuming an ice thickness of 3 m and drag coeffici ents 
of2 X 10- 3 for the wind (Banke and Smith, 1971 ; Smith , 1972) and 5 X 10- 3 fo r the currenL 
(Johannessen , 1970), we obtained a theoretica l tilt decrease from 3.5 X 10- 3 to OA X 10- 3 

wad, or a tilt change of 3. I X 10- 3 fLrad . Examination of Figure 5 reveals, however, tha t 
over this time period we observed a tilt change of 35 fLrad , which is more than 10000 times 
larger than the computed tilt change. Increasing the drag coe fficients by a fac tor of ten and 
d ecreasing the Roe length to 200 m still g ives a ti lt change which is about 200 times smaller 
than the observed tilt change. 

Strictly speaking the wi nd a nd current velocities Va and U w tha t sh :lUld be used are the 
easterl y component of the wind speed (which in this case happens to coincide with the wind 
speed), and the easterly component of the ice drift speed relative to the wa ter m a ss immediately 
below the boundary layer (rather than relative to the ocean floor ) . This refin em ent, however , 
wou ld not significantly alter the computed tilt change. Nor ha ve the ti lt measurem ents been 
correc ted fOI" the effects of atmospheric pressure gradients and Corioli s acceleration since their 
contributions are insignifi cant compared with the observed tilt change. 

Last winte r th e float- equipped hydrosta tic level was installed on lake ice side by side with 
a tilt meter llsing a differential pressure tra nsducer as sensor. The changes in ice t ilt due to the 
lake swell were of the order of ± 25 wad and both instruments recorded identi ca l tilts. 
It is therefore concluded that the ice tilt changes observed du r ing the AIDJEX pilot stud y 
were rea l and not due to instrumental erro rs. 

S UMMARY AND IMPLICATIONS 

One-component ti lt m easurement with a float-type automatically-recording hydrostati c 
level has shown ( I) that changes in sea-ice tilt are several times larger than the tilt changes of 
the Ruid ocean surface, (2) that the two ti lt changes are essentially unrelated , and (3) that the 
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observed ice-tilt changes are directly proportional to the drift velocity component parallel 
to the axis of the tilt m eter. We conclude that the ice tilt is wind induced and that the ice 
tilts downwards in the direction of the drift. 

An attempt at calculating the change in ice tilt from changes in observed wind and current 
using the simple model of a floating rigid ice beam gave a value four orders of magnitude 
smaller than the observed tilt change. During the sam e time period K enneth Hunkins 
(personal communication) measured ice tilt using a pendulum-type tilt meter. He observed 
tilt changes which were even larger than the ones we observed over our 120 m base line. 
Could it be that the frictional forces averaged over large floes are very much greater than 
hitherto assumed, or could it be that the ice tilt is caused by an entirely different mechanism , 
such as by a local flexure of the ice sheet ? Either inference is unlikely and we are mystified by 
this enormous discrepancy between theory and observation. 

The size of an ice floe or pan is limited by the tilt angle it can withstand without breaking. 
And since tilt angle, drift velocity, and wind velocity are directly related, it is possible to 
estimate the maximum wind an ice p a n of a given size can withstand without breaking, 
provided its average thickness, drag coefficient, and tensile strength can be estimated. This 
may be a useful consideration when evaluating the safe ty m erits of a landing strip for aircraft. 
Also, the direction in which the air strip lies is importan t. Since the ice is likely to crack at 
right angles to the drift direction , and since the direction into which the wind blows is roughly 
40° counterclockwise from the drift direction, the safest direction for the air strip is 50° 
counterclockwise from the direction into which the prevailing wind blows. 

Conversely, if the size and thickness of an ice floe are known, such as with an ice island, its 
average roughness parameters can be calculated by m easuring ice tilt, wind velocity, and 
relative current velocity below the boundary layer, provided the discrepancy of Equation (6) 
between theory and observations can be resolved . 

Continuous and precise measurem ents of tilt angle, and wind and current velocities, as 
well as estimates of the average drag coefficients by various methods during the AIDJEX 
main experiment in 1975 and 1976 should also provide an empirical formula equiva lent to 
Equation (6). For this purpose an improved version of the float-type hydrostatic level has 
since been built and tested. 
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APPENDIX 

T he AID] EX D a ta Bank supplied three sets of da ta, ( I ) a listing of la titudes a nd longitudes of the naviga tion 
sa tellite pos ition fixes fo r the ma in cam p, ( 2 ) a listing of p osition coord ina tes from the acousti c b o ttom reference 
sys tem (ABR) for the period from 8 to 23 April , and (3) a listing of wind sp eed and direction. A n a rray of trans­
ducers and hydrophon es were installed on the ice and tra nsp onders were dropped to the ocean floor . Distances 
between the tra nsducers and the h ydrophones and between the transponders a nd the array w ere measured 
acousti ca lly and the sampling ra te va ri ed between one sample per minute a nd four samples per h our . T he da ta 
were processed on a PDP-8 compute r a nd position coordinates rela ti ve to the t ransponders w ere obta ined a t 
minute interva ls. There were five diffe rent coordinate sys tem s corresponding to the fi ve transponders in use during 
that time period. 

Using method s d eveloped in connection with the 1969 Ca nadian North Po le Expedition (Lilles trand and 
' '''eber, 1974 ), the sa tellite positions were transformed into U TM coordina tes, a nd the drift pa th was d ivided into 
four overl apping sec tions. T o each sec tion a sixth degree p olynomial, with time as a va ri able, w as fitted , and 
the polynomia l drift p a th positions were plotted at 15 min interva ls at a sca le 1 : 25000. The overl a ps were then 
e liminated for bes t fi t between the sections prod ucing a continuous plot of the sa tellite drift pa th . Exactl y the 
same method was a pplied to the ABR d a ta, except that the A BR drift pa th h a d to be subdi vided into 22 sec tions 
because of the more complex fin e structure of the d rift p a th obta ined from th e acoustic data as compa red to the 
cruder satellite d a ta . T his resul ted in p lo ts of fi ve polyno mia l ABR drift path s (corresponding to each of the five 
tra nsponders) which were superimposed to obta in a best fit onto the plo t of the drift pa th from the sa tellite 
polynomial. T he tra nslation and rotatio n of each of the fi ve coordinate system s re la tive to the UTM coordina tes 
were measured a nd the corresponding tra nsformations we re a pplied to the 22 ABR polynomials. T h e new plot 
p roduced an a lmost continuous ABR drift pa th in UTM coordinates, except fo r a few gaps p roduced when the 
ABR system was inopera tive. T hese gaps were bridged b y a pplying a second polynomia l fit to the sa tellite 
pos itions across the ga p a nd to a dozen o r so polynomia l A BR positions on either side of the gap . The entire drift 
pa th was now expressed in the form o f some 25 joined polyn omials in U TM coordinates from whi ch the drift 
sp eed and th e drift velocity components were ob ta ined. 

T horndike ( 1973) d e termined the dl' ift pa th by appl ying K a lman filt ering techniques to the sa te llite and ABR 
p os itions. The plots of Thorndike's and our drift pa ths a re a lmos t identical but the deriva tives (velocities and 
accelera tions) a re sm oother with Thornd ike's da ta because of the absence of discontinuities. Thorndike's da ta 
cover the period from 13 to 22 April , a nd the drift veloci ti es o f Figure 4 were d e termined using our d ata prior to 
13 April and Thorndike's da ta afterwa rds. 
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