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SUMMARY 
i i i 

Antarctic Tabular Icebergs in Ocean Waves 

The thesis presents a detailed account of our existing knowledge of 

Antarctic tabular icebergs and their development. Data fr om in situ 

field experiments and automatic stations placed on the surface of 

icebergs are presented and analysed. The data comprise information on 

the sea state, iceberg geometry, structure and other features, rigid body 

motions and surface strains. We show that tabular icebergs respond to 

ocean waves of medium (15-30 s) and long (>30 s) periods, but that they 

act as filters to very short (<10 s) period waves. A two-dimensional, 

linear model of rigid body motions, including hydrodynamical effects of 

added mass and damping and the forcing from the ocean waves, is 

presented. Good correspondence with the field data is generally 

-obtained, but the causes of long period r igld body motion r esponse of 

tabular icebergs, especially in roll, cannot be fully explained by a 

linear, two-dimensional model. We present evidence for substantial 

bending of the bergs in response to resonance periods in the rigid body 

motion spectra. This evidence i s found both i n r esults from the analysis 

of field data, and from modelling of the flexure of icebergs. The largest 

strains, of the order of mic rostrain and larger, a re experienced when 

icebergs respond to storm swell of periods between 15 and 40 s. Finally, 

we discuss evidence for the bre ak-up of tabular icebergs and conclude 

that the sha pe and size, as well as inherent flaws are important in 

determining the conditions necessar y fo r their fractur e. Thus, heav ily 

crevassed and thin icebergs deteriorate rapidly, while square, thick 

icebergs relatively free of crevasses can last for several years at sea. 
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Chapter 1 

THE LIFE. HISTORY OF ANTARCTIC TABULAR ICEBERGS 

1. 1 Introduction 

The study of Antarctic tabular icebergs in ocean waves is a 

multi-disciplinary field of research which combines elements of 

oceanography, glaciology and naval engineering. Moreover, there is a 

paradoxical contrast between the scale of an iceberg and the mechanisms 

which cause the effects in which we are interested, namely the fracture 

of tabular icebergs. The mass and size of a berg place it amongst the 

large-scale phenomena of nature, yet crack propagation in ice is caused 

by processes on the micro-structural level at the scale of dislocations 

and grain sizes. The same paradox is also found in experimental work on 

icebergs. Str a inmeters, used to measure surface strains, are capable of 

r evealing deformations of the order of one millionth of a millimetre. 

Yet the most useful, and indeed necessary, tools for deploying 

strainmeters are spades, ice augers and sledge hammers. We begin this 

thesis at the scale of the icebergs themselves. 



Often o f a spec t ac ular s i ze , Antar c tic tabular i ceber gs are 

char acterized b y their flat tops and clear-cut sides with thicknesses 

varyi ng from less than 100 m to over 500 m. Very small tabular icebergs 

are 200 to 300 m long , while the lar gest obse rv ed to date was 185 km long 

( Swithinbank and Zumberge , 1965) . However, most bergs are in the range of 

500 to 2000 m, and their length-width ratios are frequently between 1. 0 

and 2.0 (Nazarov, 1962). The characteristics of the calving source and 

the mechanisms of calving determine the shapes of the icebergs. Thus , 

small ' sail-ship' profiled icebergs often calve from valley glaciers 

which terminate in the ocean, while tabular bergs break off large ice 

shelves and ice tongues which can extend a considerable distance from 

t he shoreline . Tabular icebergs are typical in the Southern Ocean , 

al tho ugh the y al so ar e sometimes found i n the Arctic , off the north- east 

Greenland coast , near Ellesmere Island and Franz Josef Land . In the 

Antar c t ic t he main sour ces are the big i ce shel ves wh i ch fo r m a 

substantial par t (44%) of the continent ' s coast line ( Dr e wry and other s , 

1982 ) . 

Little is known about the ~fu).\c.~ro..phl:\ of t ab ul ar i cebe r gs , a s no 

inv e s t i g ati_ons hav e so far been made below the s urfac e layers. Muc h of 

our kn owl ed ge of the internal struc ture of the bergs therefore has to be 

constructed f r om indirect evidence or from a stati stical appr oach. 

Obse rvations indicate that variations in iceberg geometr y are common, 

al though us ually the shape depar ts l ess than 10% fr om perfectl y tabul ar. 

Most icebergs that have spent more than a few months at sea develop 

undercuttings at the waterline, and many have large under-water sills 

(Kl epsvik and Fossum, 1980 ). The top and bottom may al so hav e f e atures 
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which make the cross-section depart from a tabular shape. Undulations on 

the surface may sometimes indicate a change in iceberg thickness, but 

t his is by no means the rule. The life span of tabular icebergs is 

difficult to estimate, but giant icebergs have been monitored for up to 

11 years. ( Mac Clain, 1978 ). Icebergs deteriorate by a number of processes, 

of which melting, calving of ice from the sides and fracture are the most 

important. We shall show later that fracture is a catastrophic event in 

the develoµnent of tabular icebergs, and that the breaking-up of a berg 

leads to greatly enhanced melting and a marked increase in speed of 

deterioration. 

In this thesis we shall argue that fracture of tabular icebergs is 

brought about by the action of ocean waves. We shall support this 

hypothesis using results from an analysis of data collected in situ and 

by automatic stations left on icebergs, and by modelling the behaviour 

of icebergs in response to ocean waves. However, before presenting our 

research programme, we shall consider the develoµn ent of tabular 

icebergs from calving to their final destruction. The ad v antage of this 

approach, apart from forming a basis of knowledge of Antarctic tabular 

icebergs, is that it also se rves as a guide to the applicability of our 

field r esults and the s uccess of our modelling. Hence, in the r emaining 

sections of this chapter we shall investigate Antarctic tabular 

icebergs as they are described in the literature, and introduce a number 

of characteristic features of these bergs which will be discussed later . 



1.2 Calving 

The Antarctic ice sheet is an impressive ice mass covering an area 

of about 14x106 km 2 (Paterson, 1980; Drewry and others, 1982). As there 

is virtually no melting from the surface, precipitation adds to the 

volume of ice every year and this results in a flow of ice towards the 

margins. The Antarctic coastline largely consists of ice walls, glacier 

outlets and ice shelves. 

Ice shelves are the major sources of tabular icebergs, although 

smaller bergs also calve from glacier fronts. The positions of some 

Antarctic ice shelves are shown in figure 1.2.1. The Ross Ice Shelf 

(5.3x1 o5 km 2 ) and Ronne-Filchner Ice Shelves ( 4. 7x1 o5 km 2 ) are the 

largest, but several of the smaller ice shelves are very active 

producers of icebergs. Table 1.2.1 gives a rough estimate of the 

effectiveness of various types of coastline as iceberg producers 

(Suyetova, 1966). 

The mass balance of the ice shelves and their geographical extent 

are defined by a complicated interaction of ice flow from the land ice, 

spreading of the ice shelf under its own weight, basal melting and 

melting from the ice front, precipitation, melting and evaporation, and 

finally iceberg calving. This last form of ablation predominates in the 

present climatic environment. The velocity of ice at the seaward edge 

varies, but on average it is 1 m per day ( Mellor, 1961 ). Significant 

departures from this value are observed at the front of the 

Ronne-Filchner Ice Shelves where the speed of flow has been estimated to 

4 
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Figure 1.2.1 Positions of some of the largest Antarctic 
ice shelves. ( Redrawn from Weeks and 
Mellor, 1978). 
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Table 1.2.1 Ice discharge from different types of Antarctic 
coastline (Suyetova , 1966) 

Annual discharge into 

Type of Length Length km3 Percentage 

coastline (km) (%) water of total 

Outlet glaciers 2860 9.5 260 22 

Ice shelves 13660 45.5 730 62 

Ice wall 11090 37.0 190 16 

Rock outcrop 2420 8.0 

30030 100.0 1180 100 

* Per km of total ice coastline. 

the sea 

Per km 

of coast 

(km3 water) 

0.091 

0.053 

0.017 

0.043* 



be between 7 m per day ( at the west end of Ronne Ice Shelf) and 3 m per 

day (at the central Filchner ice front) (C.Olvill, 1976). 

On the basis of the mass balance of the Antarctic ice sheet , Mellor 

( 1961) has estimated the total iceberg production to be approximately 

5.7x10 14 kg per year; this corresponds to an annual production of some 10 

to 20 OOO average sized icebergs. Recent reports from Russian scientists 

indicate that this value is too low, and a total production of ar0tmd 

200 OOO icebergs has been suggested (Tass, 1982). This number may vary 

markedly from year to year (Burrows, 1976). Numbers and sizes of icebergs 

calving from different parts of the Antarctic coastline are very 

difficult to obtain. An obvious method of establishing accurate 

statistics would be to utilise remote sensing data , and we shall discuss 

this further in section 1.5. Depending on inherent as well as 

environmental factors, some ice shelves produce more icebergs than 

others. Thus the Amery Ice Shelf has an annual output of 

3.1x10 10 m3 (Budd and others, 1967), while that of the Filchner Ice Shelf 

is approximately 1.0x10 11 m3 ( Budd and others, 1971 ). 

Calving of icebergs from an ice shelf depends on several 

characteristic features of the ice shelf itself, such as horizontal flow 

r ate , density profile, its internal temperature structure, thickness, 

shape and distributions of crevasses and other weakness zones. Although 

much is still to be learned about iceberg calving, a 'rew mechanisms have 

been suggested where calving is a final result of some interaction 

between the ice shelf and environmental factors. These include the 

following : 
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i) Creep failure due to lateral spreading 

The spreading of ice shelves and ice tongues under their own weight 

causes lateral stresses in the ice resulting in creep failure. 

Al though little theory exists for this important calving mechanism, 

Robin (1979) regards it as probably the most common form of calving 

in the Antarctic. Depending on the rate of spreading and internal 

characteristics of the ice shelf, as well as features of the 

surrounding land and sea, this process would produce icebergs of 

widely varying sizes and shapes. 

ii) Reeh-type calving 

This form of calving, originally suggested by Reeh (1968), occurs 

at the ice front and is caused by an imbalance of hydrostatic 

forces along the ( initially) vertical face of the ice shelf. A net 

moment acting on the ice induces long-term creep and leads to 

fracture at a distance from the ice edge roughly comparable to the 

ice thickness . A more detailed study of Reeh-type calving, 

applicable to iceberg sides , is made in chapter 5. Icebergs 

produced by this process are generally small, with at least one 

horizontal dimension comparable to the thickness. If the surface of 

the ice shelf is heavily crevassed , for example at the seaward end 

of an ice stream, the calving would tend to coincide with the 

crevasses, and larger icebergs could be produced. This last feature 

could also be the main explanation for the calving of very long , 

sliver-shaped icebergs . 



iii) Hinge-line calving 

A weak zone is formed in the ice shelf where the ice flows from the 

land into the sea. Different types of hinge-zone geometry and 

magnitudes of tidal variations combine in more or less favourable 

conditions for hinge-line calving (Holdsworth, 1978). other 

environmental factors which could possibly cause this type of 

calving are tsunami, earthquakes or storm waves. Hinge-line calving 

produces very large icebergs several tens of kilometres in length. 

iv) Vibrational calving 

Both hinge-line calving and vibrational calving assume a dynamical 

interaction between the ice shelf and the environment. The 

excitation of the natural frequencies of an ice tongue has been 

studied by Reeh (1970), Holdsworth (1978) and Holdworth and Glynn 

(1978). The deformation of ice shelves occurs in response to ocean 

waves of long periods , such as swell , storm surges or tsunami. The 

combination of cyclic stress loads with crevasses could cause 

fracture and calving of icebergs. Much work is yet to be done to 

present a coherent picture of vibrational calving from ice shelves , 

and it is difficult at the present stage to offer any opinions on 

the size and shape of iceberg to which this type of calving would 

lead. However, it is likely that the icebergs would be larger than 

average, as the highest stress loads would occur at some distance 

from the outer part of the ice tongue. 

v) Collisions between icebergs and ice shelves 

A calving mechanism, which applies particularly to the breaking off 
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of ice tongues, is the impact effect of colliding icebergs. An 

example of this process is the calving of Trolltunga in 1967 when 

this ice tongue was hit by an iceberg and split off from the parent 

ice shelf close to the glacier Jutul straumen on Dronning Maud Land 

(Swithinbank, 1969; Vinje, 1977). Although such events may not be 

frequent, they are quantitatively important. In the case of 

Trolltunga with an area of 5 OOO km 2, this calving alone 

corresponded to the creation of 5 OOO mediLITl-sized icebergs. 

An extract from a Land sat image ( figure 1.2.2) shows the calving of 

icebergs from the Hull Glacier (75.2°s 137.3°w). 

Some general conclusions about the sizes and shapes of newly calved 

Antarctic tabular icebergs can be made on the basis of the different 

types of calving that occur. Ice thickness at the front of most ice 

walls, glacier outlets, ice shelves and ice tongues, v aries between about 

100 and 500 m. Most icebergs would therefore have a vertical dimension 

between these values. At their inland margins, some ice shelves can be up 

to 1 300 m thick, decreasing towards the ice front (Thomas, 1979). Some 

very large icebergs formed by impact calving, vibrational calving or 

hinge-line ~alving could therefore be substantially thicker than 500 m, 

but very few such icebergs have been observed to date (Romanov, 1973). 

There is some evidence that smaller glacier outlets and ice tongues tend 

to produce icebergs of a predominant size, depending on the calving 

mechanism (Savatyugin, 1973). Although data and theoretical work in this 

field are lacking, it seems reasonable to assume that the very big 

icebergs (longer than 50 km) are rare, while smaller icebergs (sho r ter 

10 
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Figure 1. 2.2 Calving of tabular iceberos from the Hull Glacier, 
75 . 2°S 137 .3°~1. (Landsat ir11age E- 1175- 16215- 7) 
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than 2 OOO m) caused by Reeh-type calving and lateral spr eading are 

common around the whole of the Antarctic coastline. 

Tabular icebergs, when they calve, retain many characteristics of 

the ice. shelf or the glacier. The most important are the density c ~dA.lQ.f c:~• ot, !>bow o.,id. '\,LM i.nto itlt cw.e -\o o~~ prus~ ~) 
structure Yand the temperature profile. The main results of density 

measurements on Antarctic ice shelves have been swnmarized by Weeks and 

Mellor ( 1978 ). The four existing depth-density profiles ( figure 1.2.3) 

show that density in the upper layers of ice shelves is approximately a 

linear function of depth, and that beneath a depth of 40 to 80 m the 

density is roughly that of pure ice. Densities at 2 m vary between 320 

and 410 kgm-3, while the values at 10 m range between 520 and 

600 kgm-3 (Bentley and others, 1964). A small percentage of air at high 

pressures is trapped in the ice as bubbles, [ 1] but there is no 

indic ation that this changes the density to any great extent. 

Stratigraphic investigations of the upper layers of icebergs were 

- . .conducted in the swnmer season of 1978/79 by the Norwegian Antarctic 

Research Expedition (NARE) . Several shallow pits dug on 11 icebergs near 

the coast between o0 and 30° W reve aled that the snow and firn were 

interspe r sed with thin ice layers ( Orheim , 1980). Such ice layers rarely 

occur on ice shelves , and the explanation for the diffe rence between 

[1] The percentage of bubbles by volume for Antarctic icebergs is found 
to be similar to that of Greenland icebergs, ranging between 2 and 7%. 
Bubbles in Greenland icebergs have dimensions of 0.002 and 0.180 mm 
in diameter and lengths of up to 4 mm. The air pressure ranges 
between 223 to 2021 kPa (2.3 to 20 atm) (Robe, 1980). Speculations by 
Russian scientists that the break-up of icebergs may be caused by 
massive bubble migration followed by an explosion (Tass, 1981 ), seem 
unlikely. 

12 
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Figure 1.2.3 Four depth-density profiles from Antarctic 
ice shelves. (Redrawn from Weeks and 
Mellor, 1978). 
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shelves and bergs is that, while the air temperature above the shelf 

rarely rises above o° C, the bergs eventually drift into areas where 

this is likely to occur. Thus, surface melting during the summer season 

takes place on icebergs, but generally does not occur on ice shelves. 

This leads to a somewhat higher surface density on icebergs than on ice 

shelves, with the difference estimated to be between 100 and 150 kgm-3. 

Mass balance of the icebergs visited by the NARE expedition of 1978/79 

was estimated to vary between +0.2 and -0.2 m, contrasting with the value 

of +0.5 m found for the nearby ice shelves of Dronning Maud Land. An 

important implication from the density structure of icebergs, when 

inferred from that of ice shelves, is the relatively high permeability 

of the bergs at . the waterline. This means that mel twater formed on the 

surface will percolate downwards, and saline water will penetrate 

inwards to form brine layers at the waterline. Such brine layers have 

been found in icebergs (Kovacs, 1978), and in ice shelves (Kovacs and 

others, 1982) 

No direct measurements of temperatures within icebergs have been 

made below the surface layers. However, it is to be expected that the 

temperature profiles at depth do not differ greatly from those found in 

ice shelves, at least for ne wly calved bergs. Fluctuations following the 

seasonal variations are to be expected at the surface of the icebergs. 

These fluctuations ar e r apidly damped out with depth, and at 

approximately 10 m the firn temperature should be ~lose to the mean 

annual air temperature. This is complicated by the occurrence of melting 

and percolation of meltwater to depths greater than 10 m. If extensive 

sur face melting takes place during summer, significantly higher 

14 



temperatures than those found in ice shelves could be expected down to 

depths of 40 to 70 m, depending on the permeability of the upper layers 

of snow, firn and ice. Orheim ( 1980) measured temperatures on six 

iceb ergs down to depths of 4 and 10 m. These results, compared with 

measurem.ents on various ice shelves, are shown in figure 1.2.4. The upper 

10 m of these icebergs are found to be some 6°c warmer than the 

corresponding temperatures for the ice shelves. The dashed part of 

Orheim's temperature profile is not discussed in the text and is not 

supported by data. Clearly, more extensive investigations of iceberg 

temperature profiles are needed. 

There has been much speculation about the importance of inherent 

flaws and weakness zones when estimating life expectancy of tabular 

icebergs (Weeks and Mellor, 1978; Kovacs, 1978; Orheim, 1980). Most of the 

ice shelves have extensive crevassing, both at the surface and at the 

bottom. Surface crevasses are common towards the ice front, but bottom 

crevasses become increasingly rare. To date no positive traces of bottom 

crevasses in icebergs have been revealed by radio echo sounding (Orheim, 

1980; this thesis, chapter 2). Surface crevasses are often easily seen 

visually from the air , even when covered by snow, and crevasse patterns 

on newly calved iceber gs are sometimes similar to those found on nearby 

ice shelves, thus making it possible to suggest a likely calving site. 

Surface crevasses on icebergs need not be parallel to any of the sides, 

and it may be difficult to assess whether the crevasses were there when 

the iceberg calved or whether they were formed later. Most grounded 

icebergs that have been observed have heavily crevassed surfaces. 

15 
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Finally, a controversial JX)int concerning shapes of tabular icebergs ... 

should be discussed , since it may have some rel evance to the modelling 

of iceberg fracture. The existence of dome-shaped icebergs was r eported 

as early as 1922 (Wright and Priestley, 1922). Furthermore, undulations 

on the . surface of ice shelves (rolling , necking) are frequently 

observed. The 'wavelengths' of these variations, which can easily be seen 

from the air , varies between around 100 m and a fe w kilometres. Robin 

(1979) ex plains the formation of the undulations as a result of lateral 

spreading of the ice shelf. A recently suggested hypothesis (Orheim , 

1980) is that the shelves calve in the troughs of these undulations, 

thus creating dome-shaped icebergs with non-uni form stress 

distributions. We shall present some arguments against this theory. 

Firstly, al though crevasses may open in zones of large tensile 

stresses due to lateral spreading of the ice shelf, there is no evidence 

that these zones correspond to the troughs rather than to the crests of 

the undulations ( Zumberge and others , 1960). Calving along these 

crevasses would therefore not necessarily produce dome-shaped bergs, but 

rather different types of modification to the tabular shape. This view 

also seems to be supported by direct observation. Secondly, there is some 

evidence that many of the undulations observed on ice shelves may be 

surface phenomena, and thus not necessarily connected with weakness 

zones. Undulations on the Ward-Hunt Ice Shelf off the north-east 

Greenland coast have been studied by radio echo sounding, and no bottom 

expression of these undulations has so far been detected ( Clarke and 

Prager, personal communication, May 1982). The undulations on the 

Ward-Hunt Ice Shelf have 'wavelengths' of between 150 and 500 m, and are 



very similar to those found on Antarctic ice shelves. Very little is 

known about surface undulations on ice shelves, however, and further 

investigations are needed. 

Orheim ( 1980) gives, on the · basis of radio echo sounding results, 

thickness plots of seven icebergs investigated during the NARE 1978/79 

expedition . In the only example of a radio echo sounding record given in 

the paper, the surface echo is masked by the transmitted signal , making 

it impossible to establish whether the thickness variations were along 

the surface rather than along the bottom. 1he cross-sections presented 

are therefore somewhat misleading, as it is easy to assume that all the 

ic ebergs had perfectly flat bottoms , while the surface variations were 

substantial. However, the reverse is the more probable. Orheim has 

reported thickness variations of between 34 and 68 m. 1he variations of 

the total thickness a re on aver age 18.4%, and the largest reported is 

29.1%, while the average freeboard to thickness percentage is between 15 

and 17% fo r the same icebergs with realistic density profiles. It is 

highly unlikely that s ur face v ariations of a tabular iceberg are larger 

than the average freeboard. We therefore conclude that a substant ial 

part of the thickn ess variations reported by Orheim are along the 

bottom, ana that the investigated icebergs are not necessarily 

dome-shaped. 1he original observations of Wright and Priestl ey ( 1922) 

were later refuted by Loewe (1949) who pointed out that all the reported 

dome-shaped icebergs we re grounded. 1he above discussion is not relevant 

to the slight downward slope of the sides of an iceberg due to Reeh-type 

creep deformation. Indeed most icebergs, having survived for some time 

at sea, would be expected to display this feature. 

17 
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1. 3 Drift 

A number of environmental factors determine the drift of tabular 

icebergs. These include the forces from wind and waves, hydrodynamical 

effects,· and inertial effects re sulting from the Earth's rotation. In 

addition , factors such as a sea ice cover may modify the drift pattern, 

and the shape and surface structure of the individual iceberg will 

determine the relative magnitudes of the forces. We are here only 

concerned with the horizontal motions of an iceberg, and shall therefore 

at present assume that the vertical forces cancel each other. A detailed 

analysis of iceberg drift tracks goes beyond the intentions of this 

chapter, so we shall only obtain order of magnitude estimates and the 

relative importance of the different types of forces. 

Forcing from the wind can be divided into components perpendicular 

and parallel to the wind direction. Toe perpendicular component, the 

aerodynamic (horizontal) lift, is caused by an asymmetric pressure 

distribution on each side of the iceberg ( sail effect) . For tabular 

icebergs, the aerodynamic lift is not a significant contribution 

(Chirivella and Miller , 1978) . Toe component pa r allel to the wind is 

divided in two parts: form drag, which is dependent on the geometry and 

morphology of the iceberg a r ea which faces the wind , and skin drag 

(friction) that is related to the total iceberg area in contact with the 

wind . To e equations fo r the two dr ag fo r ces, are 

1 2 
2 pa Va C A df,a a 

1. 3. 1 



2 
V C s a ds,a a 

1. 3. 2 

where Aa is the cross-section perpendicular to the wind, Sa is the 

surface area in contact with the wind, Pa is the air density, and v a is 

the wind speed while cdf,a and cds,a are the form drag coefficient and 

the skin drag coefficient, respectively. The form drag coefficient is 

determined by the wind speed and the iceberg shape and size, while the 

skin drag coefficient depends on wind speed and surface roughness. The 

total wind force on an iceberg of the dimensions 5 x 2 km, with a 

thickness of 250 m, has been estimated by Chirivel la and Miller ( 1978) 

to be 5.5x108 N for a wind speed of 51.4 ms-1 ( 100 knots), and 5.5x106 N 

for a wind speed of 5.1ms-1 (10 knots). 

Hydrodynamical forces on a tabular iceberg include those due to 

currents, acceleration of the surrounding water and wave action; the 

total picture is extremely complex. Ocean currents include different 

types of periodic and aperiodic phenomena including the geostrophic 

current , the wind-driven Ekman current , ocean bottom drag in shallow 

r egions and tidal currents. The mean water motion a round the iceberg 

r esults in a forcing similar to that of the wind fo rce. Again, we ignore 

the perpendicular part , al though this force component could be 

significant for certain shapes of icebergs and orientations relative to 

the current direction. The horizontal part, that is form drag and skin 

drag, can be expressed similarly to equations 1.3.1 and 1.3.2, 

substituting all the parameters with those for the water/iceberg 

interaction. A further complication is that the current surrounding the 
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iceberg varies both in magnitude and direction with depth , and the total 

fo r ce therefo r e involves an integ r at i on over different layer s . Al so, the 

motion of the iceberg through the water results in hydrodynamical 

e ffe c ts due to the fluid's inertia , that is, added mass . 

When the iceberg is drifting parallel to, and with the same speed as, 

the geostrophic current, the force on the iceberg from the pressure 

gradient perpendicular to the current direction will be equal in 

magnitude and opposite in sign to the Coriolis force on the iceberg, and 

thus these two terms cancel each other. If this is not the case, the 

iceberg will experience a force component which is the difference 

between them. This component can thus be expressed as a Coriolis force 

on the iceberg with the total iceberg velocity replaced by the iceberg 

velocity relative to the geostrophic current . Unless the relative 

velocit y is large, this term i s small. 

Since the hydrodynamical forces depend on a number of factors of 

which man y are time-dependent , reliable estimates are difficult to 

obtain. Several a uthors concerned with t he towing of icebergs hav e 

calculated water r esistance at an iceberg speed of 0. 5ms-1 (1 knot) 

( Job , 1978a; · 1978b; Wee ks and Mell or, 197 8; Ch iriv ell a and Mil ler, 197 8; 

Sodhi and El - Tahan , 1980; Mellor, 1980; Mountain, 1980 ) and the r esul t s 

vary between 106 and 108 N. The r esults fo r a free-dr i f t ing iceber g 

should be within the same orders of magnitude. 

The exi s tence of a horizontal momentum flux (radi ation stress) in 

ocean waves has been demonstrated by Longuet-Higgins ( 1977). Hence , a 
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1000 rn lon9 
"tabular iceberg floating in a seaway wil 1 be subject to a mean 

horizontal force, which can be expressed by : 

· p = 
wp 

.1 c-2 c-2 P g (s . + s 4 w i r 
1. 3.3 

k : .:> rt -J. 

where Pw is the (mean) water density, Pi is the incident wave amplitude , 

~ is the reflected wave amplitude and E,;t is the transmitted wave 

amplitude. Zd is the total water depth. The last term in equation 1.3.3 

tends towards 1 as the depth approaches infinity so, for deep water, the 

wav e forcing becomes simply: 

F 
wp 

1 
4 

1. 3.4 

An upper limit estimate of the wave-induced force is obtained by 

asstnning that all the wave energy incident on the berg is reflected. For 

a swell with a mean amplitude of 10 m, the calculated value of 0.5x106 N 

indicates that forces from ocean waves cannot be neglected. 

We have found that the forcing from the wind, waves and ocean 

currents on tabular icebergs are often of comparable magnitudes. It is 

therefore extremely difficult to predict a priori the exact drift of 

the bergs from meteorological and hydrodynamical information (Sodhi and 

El-Tahan, 1980; Mountain, 1980). However, it is possible to draw some 
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general conclusions about the large-scale drift patterns of icebergs 

around the Antarctic · continent. Both the wind and the wave forcing vary 

with time, while ocean circulation offers a more steady-state influence 

on the drift. It is therefore likely that the general drift of Antarctic 

tabular .icebergs will be in the .direction of the prevailing currents. 

This assumption is supported by results obtained from the tracking of 

buoys placed on tabular icebergs (Tchernia, 1974; Tchernia and 

Jeannin, 1980; Vinje, 1979, 1980). A map showing directions of surface 

currents and prevailing wind directions in the Southern Ocean is shown 

in figure 1.3.1. Close to the coastline the iceberg drift follows the 

Antarctic coastal current, the East Wind Drift. This circulation is 

limited in extent, and shows local deviations in bays and close to ice 

shelves (Tchernia, 1980a). Drift speeds along the coast vary from 

0.5 ms-1 near Drenning Maud Land to 0.1 ms-1 and smaller in the Weddell 

Sea gyre (Vinje, 1980). The East Wind Drift joins the much more extensive 

West Wind Drift in the Weddell Sea , and icebergs generally follow this 

·c irculatory pattern, drifting up towards South Georgia and the South 

Sandwich Islands. A smaller gyre has been found between 85° E and 100° E 

(by Tchernia and Jeannin, 1980), using iceberg drift data. The mean drift 

speed in this area was found to be around 0.1 to 0.3 ms-1• 

As the icebergs drift northwards, they cross into that part of the 

Southern Ocean characterized by the Antarctic Convergence. In this 

region the cool, dense surface water which is fo rmed between the 

Convergence and the continent, sinks und er water which is several 

degrees warmer from the southern part of the Atlantic Ocean. Toe 

seasonal variations in the water temperature are small south of the 
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Figure 1.3.1 Directions of surface currents (1.3.1a) and 
prevailing winds ( 1.3.1b) around the 
Antarctic continent. ( Redrawn from 
Tchernia, 1980). 



Antarctic Convergence, and do not penetrate to a depth of more than 

around 50 m (Tchernia, 1980) . The life span of icebergs that drift close 

to the Antarctic coast may be of the order of several years, but once 

iceber gs cross into the ocean north of the Antarctic Convergence and 

enter warmer water, their destruction is imminent. Few icebergs survive 

north of 50° S. However, only a few icebergs have been monitored from 

calving until they disappear (Sissala 1969; MacClain, 1978), and these 

are not representative of the large bulk of tabular icebergs. We are 

therefore left with the very important question of how long Antarctic 

icebergs may last. 

1.4 Deterioration 

The deterioration of tabular icebergs is caused by evaporation, 

melting, wave-induced erosion, calving of ice from the sides, and 

fracture of the icebergs into two or more pieces of comparable size. 

Some of these processes are more important than others, depending on the 

location of the iceberg s as well as their resistance to fracture. We 

shall in this section estimate the efficiency of different types of 

dete r io r atfon . Evapo r a t ion f r om the iceber g s ur f ace wi l l not be 

discussed, since it can safely be assumed to be insignificant compar ed 

to the other processes. 

Erosion due to wave-enhanced melting can e asily b e obse rv ed at the 

waterline of most Antarctic tabular iceber gs . Th i s activity r e sults in 

under cutting and subsequent calving of the overhanging i c e c l iffs. A 
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laboratory study of undercutting, made by Martin and others (1978), 

predicts a vertical extent of approximately half a wavelength downwards 

from the waterline, and one and a half times the amplitude of the 

incident wave upwards from the waterline. Unfortunately it is diffic ult 

to generalize, since only waves of a single frequency and amplitude were 

used in the experiment. Also, there are severe scaling problems involved. 

Field observations suggest that the vertical extent of undercutting is 

probably less than 15 to 20 m (Klepsvik and Fosstnn, 1980) . An estimate of 

the rate of undercutting of around 3 m per day for a water temperature 

of 2°c (Martin and others, 1978) seems less likely, since erosion rates 

would probably be dependent on the horizontal extent of the 

undercutting. Enhanced melting at the waterline is probably not in 

itself a significant contribution to the deterioration of tabutar 

icebergs . More important is the subsequent calving of overhanging cliffs 

and the possible formation of underwater sills. Quantitative est irn-:.1tes 

of mass loss through localized calving from the sides of tabular 

icebergs are very difficult to give. However, it is likely that severe 

undercutting and calving from the sides occur when the icebergs drift 

north of the Antarctic Convergence into waters of a highe r tempe r ature . 

Calc ulatio ns o f melting al ong t he sides and bottom of Anta r ctic 

tabular icebergs have been made using resul t s from field and laboratory 

experiments, as well as stat i st i cal stud i es o f iceber g distributions . A 

wide range of results has been obtained and it is at present difficult 

to assess the errors connected with each method. The v ario us appr oac he s 

have been reviewed by Huppert (1980) and by Ne shyba and Jo sberger 

( 1980). Mel ting from the iceberg surface is probably insignificant 
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compared to the melting which takes place on those parts of the iceberg 

in contac t with sea water ( Orheim, 1980). Even if the surface melting is 

substantially enhanced when the iceberg drifts northwards, the full 

impac t of higher air temperatures could be impaired by the iceberg's own 

micro-climate (Weeks, 1980). Little is known about melting along the 

bottom of tabular icebergs. Theoretical calculations are difficult since 

information is sparse on such topics as the water circulation and the 

effects of cooling and decreasing salinity at the ice-sea water 

transition zone. A melt rate of 0.5 m per year has been found by 

classical heat and mass transfer theory, but this result relies heavily 

on the determination of parameters in the equations by comparison w~th 

bottom melting on the Ross Ice Shelf (Gade, 1979). Widely diffe 'k g-

results have been obtained in laboratory experiments, from O. l -- m· pe r 

year (Martin and Kauffman, 1977) to 100 m per year (Russell-Head, 1980) 

in the first year of iceberg drift, and at o0 c. 

Studies of melting along vertical walls of ice and the miY i ng of 

meltwater and saline water have been reported in several papers 

(Neshyba , 1977; Josberger , 1979; Greisman , 1979; Neshyba and Josber ger, 

1980; Huppert, 1980). Again , it is difficult to obtain conclusive results 

a s l abor a t o ry studie s ar e i mped ed by scaling problems and field 

investigations are f e w. Table 1. 4.1 i s based on t he work of Josberger 

( 1979 ) and g iv es some mea n mel t r ates as a f unct ion o f iceber g draft and 

temperat ure difference bet ween the water and the ice. Iceber g 

concentration, size distribution and drift trac ks have been us ed by 

Morgan and Budd (1978) and Budd and others (1980) to predict t o tal 

wastage of tabular icebergs . Th ese methods give the total mass loss from 
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compared to the melting which takes place on those parts of the iceberg 

in contact with sea water (Orheim, 1980) . Even if the surface melting is 

substantially enhanced when the iceberg drifts northwards, the full 

impact o f higher air temperatures could be impaired by the iceberg's own 

micro-climate (Weeks, 1980). Little is known about melting along the 

bottom of tabular icebergs. Theoretical calculations are difficult since 

information is sparse on such topics as the water circulation and the 

effects of cooling and decreasing salinity at the ice- sea water 

transition zone. A melt rate of 0.5 m per year has been found by 

classical heat and mass transfer theory, but this result relies heavily 

on the determination of parameters in the equations by comparison with 

bottom melting on the Ross Ice Shelf (Gade, 1979). Widely diffe ·i:'Jg 

results have been obtained in laboratory experiments, from 0. 1- m- per 

year ( Martin and Kauffman, 1977) to 100 m per year (Russell-Head~ 1980) 

in the first year of iceberg drift, and at o0 c. 

Studies of melting along vertical walls of ice and the mixing of 

meltwate r and saline water hav e been r eported in several papers 

( Neshyba, 1977; Josberger, 1979; Gr eisman , 1979; Neshyba and Josber ger, 

1980; Huppert, 1980). Again , it is difficult to obtain conclusive results 

as l aboratory s tudie s are impeded by scal i ng pr obl em s and fiel d 

invest igat io ns a r e fe w. Table 1. 4.1 i s based on the wor k of Josberger 

( 1979 ) and giv es some mea n mel t r a t es as a funct ion o f iceber g dr aft and 

temperature difference between the water and the ice. Iceber g 

concentration, size distribution and drift tracks have been us ed by 

Morgan and Budd (1978) and Budd and others (1980) to predict total 

wastage of tabular icebergs . These methods give the total mass loss from 
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Table 1.4.1 The mean melt rate, x, as a function of the 
temperature difference between ice and water, T, and the 
depth of the vertical ice wall, d. (After Huppert, 1980) 

d 

(m) 

250 

100 

10 

T = 2 deg 

4.3 

5,3 

9,6 

17 .0 

dX/dt 

(m per year) 

5 deg 

19 

23 

41 

74 

9 deg 

47 

60 

110 

190 

27 

111 



the icebergs including the effects of calving and fracture . A possible 

source of errors in the calculations is that the statistics used are not 

representative, and we shall return to this point in section 1.5. Results 

from the two papers mentioned above are presented in figure 1.4.1, where 

the dashed curves correspond to upper and lower limits for melt rates. 

Release of air bubbles trapped in the ice and its effect on melting have 

been studied by Josberger (1979) but no significant influence was found. 

Laboratory studies of the shape of melting ice blocks indicate that the 

melt rate increases with depth, and that there is relatively little 

melting immediately below the waterline, thus giving the ice blocks a 

'bath tub' shape (Josberger, 1979; Russell-Head, 1980). This is confi r med 

by a few field observations ( Bogorodskiy and Popov, 1978; Klepsvik and 

Fossum, 1980). 

The break-up of tabular icebergs into two or more pieces has · a large 

impact on the rate of deterioration due to melting . If we assume that 

melting from the bottom and the sides are independent, · and , fo r 

simplicity, that the melt rate is a function of the water temperature 

only, then the relative rate of volume loss of ice through melting along 

the sides , is given b y 

!:N 
V 

4 (a+b) T" 
V xt 

4 
2 2 

X t 
V 

1. 4. 1 

where 2a and 2b are the lengths of the sides of the iceberg, Vis the 

volume, 6.V is the change in volume, and x is the linear melt rate. 
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Cl= 
4(a+b) 

is a coefficient giving the circumference to volume ratio . V 

The first term in equation 1.4.1 is the dominant term for tabular 

icebergs, and the value of a is an indication of the loss of ice through 

U'l~ -ho pie~~ of- -,.,J fl]t. 
melting Figure 1.4.2 shows a-values for a series of fractures" of an 

iceberg,. beginning with a large, .square shape, and illustrates clearl y 

that when one of the sides of the iceberg decreases to below 

approximately twice the thickness, the a -value increases rapidly. 

Repeated fracture of tabular icebergs therefore has a dramatic effect on 

the speed of deterioration. 

1. 5 Statistics 

Much of the general desc r iptive information on tabular icebergs has 

been derived from a statistical summary of obse r vations . In this 

section, therefore, we shall examine some sources of statistics and note 

som e 6f their sho rtcomings . Records of iceberg numbers, frequencies of 

occurrence and size distributions date from several hundred years back, 

mostly from the accounts of early explorers, ships' logs from whaling and 

sealing expeditions and re ports from wintering stations ( Towson, 1859; 

Martin, 1949; . Herdman, 1959). These records have a general interest , but 

are not a good basis for a statistical analysis, since sampling was 

along the ships' routes and was thus neither at regular intervals nor 

consistent in definition of tabular icebergs. This is also a source of 

errors in more recent investigations. Furthermore data are often 

collected in different areas with samples separated by periods of 

several years; yet there are indications that the iceberg concentration 



varies greatly from year to year ( Burrows, 1976). 

The largest and most comprehensive collection of statistics on 

Antarctic tabular icebergs has been presented by several Russian 

scientis.ts (Gordiyenko, 1960; Nazarov, 1962; Dmitrash, 1971; Romanov, 

1973). Observations were made partly from ships, and partly from aerial 

photography. The total number of iceberg sightings is small for each 

group of observations, and is often made in different areas with several 

years between. The resulting statistics may therefore not be generally 

applicable to the Antarctic coastline. A total of 1 663 icebergs has 

been observed by Russian sources. Orheim ( 1980) presents the statistical 

results from 2 119 observations of icebergs during the NARE 1978/79 

expedition ( see section 1.2). These results show a marked difference 

from earlier distributions in that the number of small icebergs is 

significantly higher . This could be due to regional differences or to 

biased. sa11ples in favour of larger bergs in the older statistics. 

Different sources of iceberg statistics have been summarized by Weeks 

and Mellor (1978) and Schwerdtfeger (1979), and a comparison between the 

combined statistical distributions and a Rayleigh distribution was made 

by Neshyba ( 1980). Figure 1.5.1 shows various statistical distributions 

of iceberg lengths and widths, and it is interesting to note that the 

length-to-width ratio favours a shape with an average ratio for all the 

distributions of 1: 1.6. 

Another source of data for iceberg statistics is the large 

collection of remote sensing records, primarily Landsat imagery. 

Surprisingly, only one analysis of a few images from one location has so 
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far been published (Hult and Ostrander, 1974). Several difficulties 

arise in utilizing this source of data . Firstly, the pixel size for the 

images is about 80 m; thus the iceberg size can only be accurate to this 

resolution. Secondly, icebergs in pack ice or in open sea are very 

difficuLt to differentiate from i~e floes . Icebergs can be most easil y 

identified when they are found within fast ice and the satellite 

photograph is taken at a low sun angle . Utilizing a collection of 

Land sat imagery housed at the British Antarctic Survey ( BAS) and the 

private collection of Dr Charles Swi thinbank, the lengths and widths of 

tabular icebergs at different locations around the Antarctic coastline 

have been measured by the present autho r. Three areas are compared; first 

ne ar Alex ander Island (site A) on the west side of the Antarctic 

Peninsula, then to the west of the Brunt Ice Shelf ( site B), and finally 

offshore from a small outlet glacier on Prince Olav Coast (site C). 

Locations of the sites are shown in figure 1. 2. 1, while results are 

presented in histograms in figure 1. 5.2 and 1. 5.3. 

In figure 1.5.2 the results from each location and the synthesized 

results are compared. All the sites are very close to the coast, and the 

statistics are therefore strongly biased in favour of sizes of newly 

calved icebef gs . Sites A and B sho w markedly similar distributions for 

the lengths and widths of the measured icebergs, and the percentage of 

icebergs under 300 m in length is of the same magnitude, al though there 

is a larger occurrence of very small icebergs (between 100 and 200 m) 

for site A. The length-width ratio distributions are also similar, but 

there are more sliver-shaped bergs (ratios between 3 and 5) at site B. 

Thus the mean value of ratios is 1.3 at site A, while it is 1. 4 at site B. 
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Site C shows a different type of iceberg geometry from the other sites. 

The 'iceber gs her e are generally much larger (the largest that was 

measured was 10 km long, and the ratio distribution shows that there are 

more sliver-shaped icebergs at this site than at sites A and B. 

Estimates of thickness have been obtained for the different sites by 

using the shadow and sun angles to calculate freeboard. Bearing in mind 

that such measurements are somewhat inaccurate, the results indicate 

that icebergs from site A are thin ( approximately 150 m), while the 

bergs are thicker ( around 250 m) at site B and C. The high percentage of 

icebergs under 200 m in length at site A is the result of relatively 

thin ice, and the large frequency of storms in this area. 

In figure 1.5.3 we compare results from three different regions ( C1 , 

C2 and C3) at the same site, along the coast and with no other iceberg 

sources than that in area C1. It is likely that the three areas represent 

different stages of icebergs calved from the same source . This is also 

indicated by the results presented in figure 1. 5. 3. The proportion of 

very large icebergs ( > 1 OOO m) diminishes progressivel y, while the 

proportion of medium- sized iceb~rgs (500 - 1000 m) steadily increases, 

as we move f r om area C1 to area c3. There are mor e small iceber gs 

(<300 m) in C2, but less in C3. This dev elopment wo uld be expected if 

very lar ge i ceb e r gs b r o ke up quickl y i n t o med i um- sized and smal l 

i c eberg s , while very small i cebergs disappeared more slowly through 

melting. The develoµnent of the mean v alue of the length-width ratio, 

fr om 1.7 in a r ea C1 t o 1.4 in C2 and 1.6 in C3 a l so confirms this since 

very smal 1 icebergs tend to have a lower ratio. It may al so be inferred 
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from icebergs at this location that bergs of dimensions 500 to 1000 m 

are stable , and that they are not easily broken up or melted. The 

measurements presented in the histograms in figure 1.5.3d are taken from 

area C3 one year later. Since the two distributions from this region are 

almost identical we tentatively suggest that the development of iceberg 

sizes from area C1 to C3 is a typical case of iceberg melting and 

break-up. It is difficult to estimate the time taken for an iceberg to 

drift from area C1 to C3 (approximately 100 km), al though rough 

estimates based on the mean drift speeds of average- sized bergs 

(section 1.3) would predict 1 to 4 weeks. 

The histograms of figure 1.5.3d represent a composite of all the 

collected measurements. The mean value of the length-width ratio is 1.4 

in this case. This is somewhat smaller than earlier estimates of 1.6 

(Nazarov, 1962) . However, it has been suggested by Orheim (1980) that 

many of the earlier statistics are biased since few very small icebergs 

are present in the distributions. The results presented here are al so 

biased for two reasons: the distributions represent to a large extent 

newly calved icebergs and thus include a large proportion of bergs that 

would rapidly deteriorate through melting, and furthermore, due to the 

resolution of- the Landsat imagery, no iceberg smaller than 100 m has 

been measured. 
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1. 6 Summary 

In this chapter we have presented a description of Antarctic tabular 

icebergs from calving to destruction, and have discussed statistics 

which may be derived from various types of observation. Much of what is 

considered common knowledge about tabular icebergs is built on such 

statistical results. Little research, theoretical or experimental, 

exists for many aspects of the behaviour of tabular icebergs, and only 

the most general outline of their development can be given. Some of the 

fundamental characteristics of Antarctic tabular icebergs, as described 

in sections 1.1 to 1.5, may be summarized as follows: 

Icebergs calve into all sizes and shapes, depending on the calving 

mechanism. Very large and very thick icebergs are rare. The bergs 

retain many characteristic features of the ice shelf ( such as 

density structure, temperature profiles , weakness zones and 

crevasses) . 

The drift of icebergs is determined b y wind , wave s and oc ean 

currents. The general trend follows the large ocean ci r culation 

systems a r otmd the Antarctic coastline , but consider ab le 

devi ations can occur. 

Ic ebergs deterior ate by bre aking up and by melting . The fracture of 

tabular icebergs into two or more bergs of comparable size is of 
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paramount importance to the rate of deterioration. 

A number of questions remain concerning Antarctic tabular icebergs, 

particularly those relating to the environmental conditions favourable 

for fraqture, and it is the objective of this thesis to investigate the 

most important factor affecting iceberg deterioration, namely fracture. 
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Chapter 2 

IN SITU MEASUREMENTS 

2. 1 Introduction 

In the previous chapter we saw that much of our knowledge of 

Antarctic tabular icebergs is of a descriptive or a statistical nature. 

The indications are that icebergs break up by the action of ocean waves, 

but very little information is available about the details and 

circunstances of fracture. This can only be achieved by direct 

,investigation of single icebergs and their response to the environment. 

Two types of data recorded on tabular icebergs are available: 

in si tu measurements and data collected by automatic stations. One 

important role of the in situ measurements is to provide a reference 

base to whi c h data collected automat i call y over a l ong pe r iod of time 

and r esults ob t a ined b y mod elling s tud ies may b e compar ed. 

Although in situ data relevant to different aspects of research on 

Antarctic icebergs, such as melt-water mixing with the surrounding sea 

wa t er, have been collected during the past decade, we shall in this 



thesis mainly concentrate on data directl y concerned with the 

interaction of icebergs with ocean waves. 

2 . 2 Pr eviously published research 

Very little data have been collected in situ on Antarctic tabular ---
icebergs. These icebergs are virtually inaccessible without a 

helicopter;n they can only be reached in open water or close to the sea 

ice margins, and they are often surrounded by fog which at best delays, 

and more usually prevents, operations. Thus, this type of work is 

expensive, time consuming and difficult to combine with other types of 

investigations. 

By . 1980, rig id body motions and the surface strain of Antarctic 

icebergs had been measured during only one expedition (NARE 1978/79) 

rqi::>rted by Foldvik and others ( 1980 ). Tilt measurements were made in 

the Weddell Sea area on 15 icebergs of different dimensions. The 

instrument used was a 1.2 m long bubble type inclinometer with a 

re solution of+ ,o-5 rad. The inclinometer was placed on a wooden bar on 

the snow surface to prevent settling, and was aligned along one o f the 

axes of the iceberg. For future reference, a sketch showing the 

definitions of the terms most commonly used to describe the geometry and 

rigid body motions of an iceberg is given in figure 2.2.1. Data were 

collected manually by reading the inclinometer every 2 s for between 5 

and 1 O min • .Amplitudes ranged between O and 1 o-3 rads, and the mean 

oscillation period varied between 16 and 50 s for different icebergs. 
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The results are shown in full in table 2.2.1, and may be summarised as 

follows: an increased thickness produces a higher natural roll period, 

while an increase in length leads to a lower roll period. A third feature 

of the results, namely that the :).ong axis always had larger or equal 

oscillation periods than the short axis, was not discussed in the paper. 

The simple theoretical model for roll motion was presented by the 

authors and will be critically assessed in chapter 4. 

Flexural measurements was carried out on two icebergs ( not among 

those in table 2.2.1) by lining stakes up across the berg and measuring 

their relative vertical displacement with a theodolite. The resolution 

of this system is 1 mm over a distance of 1 km, corresponding to a 

bending strain of 10-3 microstrain. The two icebergs were estimated to 

be 120 and 400 m thick from freeboard measurements . No flexure was 

detected on either of the icebergs. 

A second paper on tabular icebergs were presented by Goodman and 

others ( 1980) at the same symposium. In this paper a berg of dimensions 

431 by 179 m with an estimated thickness of between 30 and 35 m was 

studied in a · fjord in East Greenland. Sur face strain was recorded with a 

mean amplitude of 0.5 microstrain and a dominant period around 16 s. 

However, because of its much smaller size and the probable difference in 

its physical properties and structure, it is arguable that the bending 

of the ice island was not directly pertinent to the question of the 

flexure of Antarctic tabular icebergs. 
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Table 2.2.1 Calculated dimensions and observed periods of oscillation 
of icebergs . (Foldvik and others, 1980) 

DimE;nsions of iceberg Period of oscillation 

(m) (s) 

Length Width Thickness Pitch Roll 

(2b) ( 2a) (T) (X-axis) (Y-axis ) 

1030 370 202 20 32 

1210 770 340 29 35 

860 840 260 40 42 

430 410 302 43 44 

970 830 212 31 32 

740 500 339 28 33 

3000 400 199 35 

2000 900 200 27 32 

1180 555 375 45 50 

1680 550 245 32 44 

695 440 60 16 23 

390 390 206 36 36 
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The first results from an automatic data collection platfo rm, placed 

on a tabular iceberg in the Weddell Sea area, indicated that the iceberg 

experienced surface strain with a mean amplitude of 0.7 microstrain at a 

mean period of 24. 6 s (Kr istensen. and Orheim, 1980). Unfortunately the 

data records on which this preliminary analysis was based were very 

short, and the mean period of random numbers (white noise) of identical 

sampling intervals and record lengths coincided with the mean iceberg 

response period. Thus, the question of the motions of Antarctic tabular 

icebergs in response to ocean wav es remained largely unsettled . 

Sc ientists from the Scott Polar Research Institute, Cambridge and Norsk 

Polarinstitutt, Oslo, therefore planned a co-operative programme of 

in si tu measurements to study the interaction between Antarctic tabular 

icebergs and ocean waves. 

2. 3 field \o>Qrk 

The research programme had t wo aims: firstly, to collect data 

relevant to rigid body motions and surface strain on several icebergs, 

including a survey of the geometry of the icebergs, upper stratigraphy 

and records of the sea state; and secondly to deploy automatic data 

collecti on platforms capable of recording rigid body motions and 

surface strain over a long period. These platforms are discussed in 

chapter 3. 

During the two field seasons of 1980/81 and 1981 /82, investigations 

were conducted from the British ice patrol ship HMS Endurance. The 

45 



present author participated on both occasions. On the first expedition , 

data were recorded on two icebergs near to the South Sandwich Islands, 

and on one iceberg north-west of South Orkney Island. Two icebergs 

situated -close to Clarence Island . were studied the following year. The 

locations of the bergs are shown on the map in figure 2.3.1, while 

photographs of the bergs are shown in figures 2.3.2 to 2.3.4. In view or 
the time spent in the area during the two field seasons (one month and 

three weeks, respectively), the number of icebergs visited may . seem 

small. Two factors were largely responsible for this. Firstly, 

Ef-~S Endurance was engaged in other work in the same area and had 

allocated only a few days (three days on the first cruise and two days 

on the second) for iceberg research on each cruise. Secondly, the high 

incidence of fog in the areas where icebergs were encountered often made 

landing on the icebergs with helicopters impossible. The investigations 

followed basically the same routine in both years, al though more 

sophisticated instruments to measure the bodily motions and better 

strainmeter mounting were employed during the second season. The 

research programme may be summarised as follows: 

1) A survey of the three dimensional shape of the icebergs. 

2) A study of the stratigraphy of the upper surface layers. 

3) Records of the sea state. 

4) Measurements of rigid body motions. 

5) Measurements of surface strain. 

6) Deployment of automatic data collection platforms. 

The same procedure was followed on each iceberg, with only minor changes 

due to weather conditions. Several landings were made on the berg with 

helicopters ferrying scientists, equiµnent and crew from HMS Endurance . 

46 



s 0 u T H 

oRA,<£ 

p A C I F I 

~ 

~A Pert Stanley 

~~ Falkland 
Islands 

Be
0

a\Jchene I. 

p/J.ssAGE 

C 
~
0

~0 \<[,\onds 
e:,~e"I. 

s 
0 

cj>~~ -~ () .. cu+ 

t:=> <]' 4 • Signy I~ • • 3 
• South Orkne/lslands 

5 I " 4 
0 C £ A r 

'- 4 
,11 

tl~ ,:,.flC -r\ C c1flCL( ,. - - -- - - -- - - - - - - - - C' 
~ 

0 

4 

(/ 
r 

r 
/ 

,11 

0 00 200 ~o 
~~~~---'-~---'-~--'-~---'---- __ J 

km 

POSITION OF ICEBERGS + 

South ~ 
Georgia.________\} 

..,s, 

C' 

. 1 
Zovadavsk1 \· + 

South · 
Sandwich : 

Islands 
Q 

' 
•..-B ri stol I. 2• 

L---------...:.-........: __ -..., _________ ,~--·----_::..--___ .....:;;;;.......:..~--------

Figur e 2.3.1 Locations of icebergs investigated during 
the two f ield seasons of 1980/1981 and 
1981/1982. 

.t:,.. 

" 



Fi gu re ,. , ") •"1 

L , .:> , L Large , heavily crevassed iceberg located close to Zovodovski Island (number 1) . .,-,, 
co 



Figure 2. 3. 3 An iceberg (no.2 ) neCTr Bristol Island, shaped like a grand pi ano and with no visible su r face crevasses . 

-~ 
•..o 



Fi ~ure " • • . j 

L • ~ •. -+ .n iceberg wit:1 a uuwl-sha;ied cross-section (no . 3) visited c l ose to South Orkney Is l ands . 
c...-, 
C) 



A camp was set up as close as possible to the surface centre , and pits 

were dug to secure good anchoring for the strain measuring instruments. 

As a rule , this preliminary work took several hours. During this time the 

geometr y -of the iceberg was i nvestigated by measur ements taken from the 

ship's bridge and by radio echo sounding from the helicopter. The 

Waverider buoy was launched from the ship at a distance of several 

kilometres from the iceberg to avoid interference from waves diffracted 

around the sides of the berg. 

- Uncertain weather conditions and the strict operational code 

controlling helicopter flights determined the length of records 

collected on each iceberg. On one occasion (7 Jan 1981) the experiment 

was started so late in the day, and so little experience had been gained 

in w:)rking on icebergs , that the recordings had to be interrupted at a 

very early stage . On another occasion ( 11 Jan 1981) fog came down, 

worsened rapidly to white-out conditions, and prevented retrieval of 

persons an.d equ i pment. Very long data r ecor ds wer e collected on this 

occasion by benighted scientists . 

2.4 Data analysis 

Data wer e coll ected pho togr aph i cal ly (camer as and r adio ec ho 

sounding equipment), on chart roll recorders (TOA chart recorder), and 

on magnetic tape ( RAPCO 10 channel logger and RAC AL Store 14). On 

returning to Cambridge, records were collated and any digitising was 

performed. This was primarily done only for the Waverider records with a 

r 
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D-Mac digitising table. The data re cords were digitised to the finest 

sampling interval possible ( at an interval of one data point pe r 

second). The digitising rate for both magnetic tape recorders was also 

one data .point per second, after low-pass filtering the raw d ata at 2 s 

(0.5 Hz). [1] The digitised data were processed on the Cambridge 

University IBM 370 165 (later IBM 3081) computer , removing re-zeros by 

means of a graphical method , and were divided to records of suitable 

length. The graphical method of editing data consists of a computer 

program which makes it possible to represent data points in a time 

series ac ross a visual display unit, and move data points through a 

nL"Tlber of edit commands. The method worked best when removing 

electronically induced changes in the mean of the data , but some 

difficulties in r emoving steps were experienced wh e n r ecording 

i nstruments had been re-zeroed manually. 

Time series analysis extracted the following parameters fr om the 

data: 

Power spectral density functions giving resonance response periods 

and estimates of significant amplitudes. 

Frequency response functions between simultaneous time series given 

[1] Traditionally, power spectral densities are presented as a function 
of frequency rather than period, and available computer programs 
often generate plots with the units along the abscissa in Hz. 1-bwever, 
the concept of wave period is intuitively easier to deal with when 
talking about ocean waves and response to the sea state. We shall 
therefore in the text of this thesis use periods, while the the 
figures will have frequencies along the abscissa. For convenience, 
conversions between periods and frequencies are given in figure 2.4.1. 
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PERIOD (SECONDS) FREQUENCY (Hz) 

0 O.OXXJ 
IO 0. IOOO 

20 0.0500 

30 0.0333 

40 0.0'250 
50 0.0'200 

60 0.0167 

70 0.0143 

80 O.OI25 
90 0.01II 

IOO 0.0100 

I IO 0.009I 

I20 0.0003 

I30 0.0077 

I40 0.007! 

ISO O.rr£J7 

I60 O.OCE3 

170 0.0059 

I80 0.0056 

I90 0.0053 

200 O.OffiO 

Figure 2.4.I Conversion between periods and frequencies. 



as response amplitude operators. 

In most cases the sample means of the time series could not be used, as 

these were arbitrary values depending on the deployment and 

characteristics of the recording sensors. The variance spectra of the 

time series were found using the Fast Fourier Transform (FFT) method 

(Cooley and Tukey, 1965). [2] The programmes have previously been used 

in the analysis of a wide range of problems (Goodman, 1977; Squire, 1978b; 

Wadhams and Squire, 1979). 

There are two types of errors associated with time series analysis. 

The first, aliasing, occurs when analogue data are sampled at a lower 

frequency than the highest frequency component present in the data. This 

has been taken care of by filtering the data at the Nyquist frequency 

F/2 before sampling at the rate of F Hz . The other source of errors is 

side lobe leakage between neighbouring frequencies, which occurs because 

the time series is of finite length. This may be r ed uced b y multiplying 

the data records by a window function of the form suggested by Bingham 

and other s (1967 ) 

1 
{ 1 - 1Tt } 0 ..::; t ..::; 0 . 1 T cos 

2 o. lT 

1 0 . 1 T < t < 0 . 9 T 

1 
{1 - co s 1T <t-T) } 0 . 9 T~ t ~ T 2.4.1 -

2 0.1 T 

T Lengt h o f time series 

and then adjusting the resulting variance spectra by a factor 1 /0.875. 

[2] Unless otherwise stated the programs used throughout this thesis for 
analysing data are due to members of the Sea Ice Group, Scott Polar 
Research Institute. 

, . ~ 
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Linear trends in the data are removed and the time series are centred 

about their mean values. With no smoothing the calculated p:,wer spectral 

densities have an unacceptably large error of 100%. To reduce this , the 

spectra .are grouped over conti guous . frequencies. In most cases the 

grouping factor chosen was 9 for long records and 5 for short records, 

yielding errors in the energy density estimates of 33% and 45%, 

respectively ( Bendat and Piersol, 1971 ). Resolution of periods depends 

on the width of the resonant peaks as well as the gr ouping factor . Error 

estimates will not be given in each case, but can be fotmd from the 

presented spectra. 

2.5 Sea state measurements 

A Waverider buoy manuf actured by Datawell Ltd was used to measure 

ocean wave amplitude and period. The buoy is spherical with a diameter 

of 0.7 m, and it measures its own motion with an internal, stabilised 

accelerometer. The output of the accelerometer is integrated twice and 

then telemetered, so that the data are received as wave height in metres. 

Because of the de.ep water, the buoy could not be moored to the ocean 

floor, but was instead attached to a heavy chain. Thus the buoy followed 

the wave motion more or less accurately, al though it has been shown that 

a Waverider tmder test conditions constantly underestimates wave height 

by an error of about 8-10% (Pitt and others, 1978). 

Although the Waverider was launched several kilometres from the 

iceberg, on one occasion (7 Jan 1981) the buoy had to be towed away from 

'~-I I 
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the vicinity of the ber g. Apar t from this, fe w difficulties were 

experienced in launching, tracking and retrieving the buoy. The 

recording system consisted of a receiving antenna motmted on the bridge 

platform .of HMS Endurance, and a Honeywell recorder with analogue output 

on paper chart rolls. The sea state was recorded for several hours 

during all five iceberg experiments. However, it proved impossible to 

mark the Waverider and iceberg records adequately to secure 

simultaneous time series. 

Typical Waverider records from the five experiments are shown in 

figure 2.5.1. The similarities between the records are evident. The power 

spectra are broad and include both swell generated in the Atlantic and a 

local sea of wind-generated waves. The two components are best seen in 

the spectra of 14 Jan 1981 . The mean amplitudes of the records vary 

somewhat, and indicate rougher seas on 7 Jan and 14 Jan 1981 and on 14 

Jan 1982. The significant wave amplitude defined as 2 m
0 

where m
0 

is the 

zer oth spectral manent , varies between 0.6 and 1.0 m, whi c h is reasonable 

for the Southern Ocean (Mognard and others, 1982). Information on the sea 

state during t he five experiments is presented in table 2.5.1. 

The swell component of the sea state is not gener ated locally. By 

observ i ng the c hange i n fr e que nc y o f the s well peak ov er a period o f 

time , it is possible t o estimate the di s tance to the so urc e ar ea of t he 

swel l. As an ex am pl e of thi s , fi g ur e 2. 5. 2 sho ws the smoothed wav e spectra 

from six consecutive data sets recorded on 11 Jan 1981. The swell peak 

period decreased from 12.9 to 10.6 s during the three hours of r ecording 

(Wadhams and others, 1983). The rate of decrease of the frequency is 
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Table 2.5 . 1 Information on sea state during the five in situ 
experiments. Aa is significant amplitude, Pm is the mean wave period, 
A1r is the mean amplitude of the l ong period waves and Asr is the 
mean amplitude of the short period waves. All information has been 
obtained using spectral moments and spectral energy densities, averaged 
over several samples. 

Iceberg p A Al r A 
ID a sr 

( s) (m) (m) (m) 

1 6.0 1.0 0.8 o. 2 

2 6.5 0.6 0.4 0.1 

3 6.4 0.9 0.7 0.2 

4 7.0 0. 7 0.4 0.1 

5 8.0 0. 8 0.6 0.1 
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shown in figure 2.5.3. The distance to the gener ating area, Dsw' is then 

given by (Barber and Ursell, 1948; Munk and others, 1963) 

dF 
dt 

g 
27T D 

SW 

2. 5. 1 

where dF/dt is the change in frequency with time. Based on 

equation 2.5.1, the distance to the area where the swell was generated, 

was approximately 840 km, and the storm began around 11 hours 40 minutes 

before the first wave recording was made (Wadhams and others, 1983). 

Since the Waverider buoy measures acceleration, the accuracy of the 

system is poor at periods above 20 s. Unfortunately, routine 

measurements indicate that long period swell is common in the Southern 

~ean (Shillington, 1981 ). Furthermore, recent investigations utilising 

Seasat al timetry has shown that swell of long periods can often reach 

large amplitudes ( M:>gnard and others, 1982 ). Thus, we cannot expect the 

Waverider buoy to provide an adequate description of the Antarctic sea 

state at all wave periods present. 

Ocean wave data collected during the five experiments are useful 

since they provide the environmental forcing for studying the iceberg 

response to the sea state. The data do not, however, indicate those 

factors which characterize severe wave climate conditions in this part 

of the Southern Ocean. Thus two important questions remain: firstly, what 

are typical sea states during extreme conditions? Secondly, how often do 

extreme conditions occur, and are there any seasonal differences? 

Unfortunately, ocean wave data from the Southern Ocean are scarce. D.lr 
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estimates of wave climate must therefore to a large extent rely on 

indirect methods, such as estimating wave periods and amplitudes from 

wind speed, duration of the wind in a prevailing direction and ocean 

fetch. A .description of such caloulations is given by Darbyshire and 

J:raper (1963). Meteorological data from the Southern Ocean indicate that 

swell of periods greater than 15 s and with substantial amplitudes 

(larger than 1 m) are frequent. Also based on meteorological data, it 

seems that sea state conditions may be more severe during winter, 

although this cannot be stated with any certainty due to the scarcity of 

information. A summary of information on the ocean wave field in the 

Antarctic is given by Kristensen (1980 ). 

2. 6 Sh ape, geometry and structure 

The shape, geometry and structure of the icebergs were studied using 

several methods. Observations and photographs taken from the bridge of 

HMS Endurance were used to identify features of the sides of the 

icebergs such as numbers of crevasses, crevasse patterns and other 

general information. The lengths of the sides and the freeboard at 

several locations along them were measured with a sextant. The ship 

circumnavigated each iceberg to obtain its shape on the radar screen , 

and the orientations of the long axis at a specific time. The exact 

positions o f the bergs wer e noted fr om the ship' s sat el l i te navigation 

system. Details of the five ic ebergs inv estig ated Qr« giv en in t able 

2. 6. 1. 
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Table 2 . 6.1 Date, position and description of the five icebergs 
investigated . 

Berg Date of Position 
No . visit South West 

56°13 
I 

27°13 1 7/1/81 

58°55 
I 

26°06 2 11/1/81 

60°01 
I 

43°15 3 14/1/81 

61°27 
I 

54°20 4 6/1/82 

61°51 
I 

53°31 5 14/1/82 

BM - bridge measure~ents 
RES - radio echo sounding 
HA - horizontal acceleration 

Long 
(rn) 

·, 
3400 

I 

1020 

I 

1240 

I 

1236 

I 

3630 

Dimensions Cross- Research 
Wide Thick section 
(m) (m) 

1800 250 Tabular BM 
RES 
Heave 
Strain 

500 237 Tabular BM 
RES 
Heave 
Tilt 
Strain 

420 296 Tabular BM 
Bowl- RES 
Shaped Heave 
surface Tilt 

Strain 

483 263 Trapezoid BM 
(373) RES 

HA 
Heave 
Tilt 
Strain 

1497 139 Tabular BM 
RES 
HA 
Heave 
Tilt 
Strain 
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Comments 

Heavily 
crevassed 
Diagonal 
crevasses 
Calving 

No visible 
. crevasses 
Clean-cut 
sides 

No visible 
Crevasses 
Clean-cut 
sides 

No visible 
crevasses 
Clean-cut 
sides 

Heavily 
crev assed 
Calvi ng 



Iceberg thickness and bottom topography were measured by means of a 

radio echo sounding technique developed at the Scott Polar Research 

Institute, Cambridge (Evans, 1963; Robin and others, 1969). This method 

can also, under favourable conditions, detect bottom crevasses. Radio 

echo sounding investigations of icebergs have previously been carried 

out from aircraft (Smith, 1972; Swithinbank, 1978; Orheim, 1980), and from 

the iceberg surface (Kovacs, 1978). During the present work a SPRI Mark 

IV radio echo sounder was used, operating on a centre frequency of 60 Mhz 

and with a pulse length of 250 ns. In addition to the transmitting, 

power, timing and receiving interface units, the equipment mounted in 

the back of . the helicopter comprised two oscilloscopes, one for 

monitoring and one for recording. An Olympus camera with a motor drive 

operating at 60 mm per minute recorded the oscilloscope signal displayed 

in Z-mod e ( intensity versus ai r craft position) on 35 mm film. The 

receiver unit was connected to a dipole antenna mounted parallel to one 

of the floats of the helicopter. Depending on weather conditions, 

sounding was performed at an aircraft altitude of 305-335 m above the 

ice, and with an aircraft speed of 112 kmh-1 (60 knots). Wind speed was 

recorded, and the aircraft speed relative to the ice has been corrected 

along each track. 

The Wasp helicopters on boar d HMS End ur ance we r e not i deal 

pl atfo r ms for r ad i o echo so unding. Spac e was limited because of safety 

regulations, and this made ad j ustment of the equipment practically 

i mpo ssible wh e n a irborne . Th e t emper atur e in s ide the helicopt er was very 

low, since all doors had been removed. This often caused the film to jam 

in the camera. Furthermore, helicopter vibr ations led to drift in the 
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intensity of the recording oscilloscope. 

Several methods of fixing the flight tracks relative to each berg 

were tried; none were very successful. Attempts to mark the icebergs with 

red paint, with a bright blue shark repellant and with fluorescent cloth, 

and then to map them by means of aerial photography, failed since the 

marks did not show up on the film. A more general approach was then 

chosen where tracks were flown between the midpoints of each side as 

estimated by the pilot. Also an aerial mapping camera mounted lmder the 

hel ·copter was used to take photographs every 2 s while crossing the 

bergs, and this proved a reasonably accurate method of fixing the flight 

tracks on the surface of the icebergs. 

0-wing to bad weather and a fault in the equipment, poor radio echo 

sotmd ing results were obtained for the first and second icebergs. Tracks 

were flown in a grid pattern on the third, fourth and fifth icebergs, 

yielding good results and thus making it possible to estimate the 

thickness and bottom topography of these bergs •. Figure 2.6.1 shows an 

example of a radio echo sotmding record together with an illustration of 

the method of calculating the iceberg thickness. Plan views of 

icebergs 2, 3, 4 and 5 are shown in figure 2.6.2. Iceberg 3 had a 

bowl-shaped surface topography, and freeboards along its three sides are 

shown in figure 2.6.3. The bottom topography of this · iceberg was much 

more irregular than its surface topography, and showed larger variations 

over shorter horizontal distances than the bottoms of the other 

icebergs. The bottom topography of iceberg 3 is shown in figure 2.6.4. 

Icebet'g 4 had the largest overall variation in thickness, but both the 
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IV',,' ~ ~ Bottom Echo 

f1gure 2.6.1b Method of calculating iceberg thickness 
from radio echo sounding records . 
n: 6l0 vL T=2.2.xc-+15 2m I 

where T is thickness, d is width of film 
in s, x is the distance between surface 
and bottom echo on the film, c1 is the 
speed of radio signals through ice, .t is 
the length of film between two minute 
marks, vis the aircraft speed and n and 
L are length of track segment along 
iceberg and on the film, respectively. 
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surface and the bottom showed an almost linear variation, and the 

topography of this iceberg is therefore best revealed by two vertical 

cross-sections along the long and the short axis of the berg 

(figure 2. 6.5). The thickness variations are substantial, particularly 

along the long axis , where the thickness v aries by 112 m from side to 

side. Iceberg 5 showed little surface and bottom variations, and the 

vertical cross-sections along the long and short axes are given in 

figure 2. 6.6. 

Thickness was also calculated from freeboard measurements by 

sextant and barograph (used on the surface of the iceberg) assuming that 

the icebergs had an average density of 0.83 gcm-3 corr esponding to the 

ice shelf density profile of the Little America V ice core ( see section 

1.2). Results from these calculations agreed with the radio echo 

sounding results, and the thickness estimates of the first and second 

icebergs are based solely on these methods. The estimated vertical 

cross~sections along the long and short axes of iceberg 2 are shown in 

figure 2.6. 7. 

A featur-e that was observed several times in the bottom return 

echoes can be seen at the left end of the record presented in 

figure 2.6.1, where the return signal is considerably weaker. This could 

be due to a poor renection from a re-frozen bottom crevasse, if the ice 

had a high proportion of sea water salts. Poor renections from brine 

infiltrations in icebergs have been observed by Kovacs ( 1978). No 

hyperbolic echo returns of the type commonly found when sounding ice 

shelves were found in any of the records, and we infer from this that 
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SIDE A 

52 · 2m ...... ! --- - ----"-j 4_7_·7_m ___ _ __J! 48·8 m 

SIDE B 

4 8·8ml1 --- --------~,~40-=-.--,-8-m------------i156·1 m 

SIDE C 

56·1m11 ----------~,-4-2--8m _____ ____ __,l52 ·2 

Figure 2.6.3 Freeboard s al ong the three sides of 
iceberg 3. 

C 

Figure 2.6.4 Bottom topography of iceberg 3. 
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Figure 2.6.5 Vertical cross-sections along the long 
and short axes of iceberg 4. 
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Figure 2 . 6 . 6 Vertical cross-sections along the long 
and short axes of iceberg 5 . 
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Figure 2.6.7 Vertical cross-sections along the long 
and short axes of iceberg 2. 
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none of the icebergs had significant bottom crevassing . This has also 

been noted by Orheim (1980), and there are indications that bottom 

crevasses become sparser when closer to the ice shelf walls (Drewry, 

personal .commt.mication, 1982) . 

Rough estimates of the stratigraphy of the upper 2 m of the icebergs 

were obtained by measuring thickness and spacing of ice layers. Results 

for icebergs 1, 2 and 3 are shown in figure 2.6.8. Investigations on 

icebergs 4 and 5 were less detailed, but some general information on the 

sur face conditions is included in table 2.6.1. 

An attempt to record surface crevasses was made by photographing the 

icebergs obliquely from the helicopters. Different types of near 

infra-red film (colour slides and black/white negative film) and 

different camera filters were used . The r esults were not successful, and 

the crevasses did not show up using either method. Information on 

cr evasses is therefo r e limited to photog r aphs of the sides of the 

iceberg from the ship, or to direct obser vations on the surface of the 

iceberg. 

Based on the photography, ship-borne observations , bridge 

measur ements and r ad i o echo sotmd ing , it is di ffi cul t to be prec i se 

ab out the ages and orig ins o f t he i ceberg s visited. A he avily crevassed 

surface, undercutting along the sides, several old waterlines indicating 

substantial bottom melting, or a high s urface den s ity with many 

interspersed ice layers are all signs that an iceberg is probably more 

than a year old. Based on these assumptions, it is likely that iceberg 1 
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ICEBERG 1 ,DEPTH m ICEBERG 2 DEPTH m ICEBERG J DEPTH m 

SNOW 0·180-0·185 

I COARSE WET SNOW 0·210-0·220 
DENSITY 540 kg m-3 0·270-0·290 

COARSE WET SNOW DENSITY 520 kgm-J 0·35 
I 

DENSITY 520 kg m-3 
I 

0-440-0·445 I 0·43 
TEMP 0° C 

TEMP~ rt C 
0·62-0·64 ~"-."-.~~"-."-.~~~~~ 0-60- 0·65 

0 ·68o-o-6go 

0·73-0·76 
O· 820-0·825 

I i 0·17-0·11 
o-gao-o-ggo 
1·030-1·050 fi'C<<<<<<<<<<<<<<<<<<<<<<<<<<<< < 4 1·04-1·06 

COARSE FIRN 1-16-1 · 26 

~1-05-1-15 

coARSEFlRN --- -~ COARSE FIRN 

Figur e 2.6.8 Stratigraphy of the sur fac e l ayers of 
i ceberg s 1, 2 and 3 . 

'J 
tv 



and 5 were older than icebergs 2, 3 and 4. Both the 3rd and 4th · icebergs 

had large variations from the tabular shape; iceberg 3 had substantial 

surface variations corresponding to the surface undulations discussed 

in chapter 1.2, and iceberg 4 had · a trapezoidal cross-section and large 

thickness variations. It is therefore conceivable that both of these 

icebergs were calved from an ice stream or a tide water glacier, while 

icebergs 1, 2 and 5 may have calved from an ice shelf. I)Je to the general 

ocean circulation in the area, as well as the prevailing wind and wave 

directions, it is likely that the icebergs all came from the Weddell Sea 

area or possibly from ice shelves or ice streams on either side of the 

Antarctic Peninsula. 

2. 7 Collection and analysis of data concerning rigid body motions-_ 

Data on rigid body motions were collected with several different 

instruments, and the amotmt and quality of data from the two expeditions 

are markedly different. furing the first investigations ( iceberg 1, 2 

and 3), heave was measured with a Schaevitz vertical accelerometer 

placed in a pit on the snow surface. Toe resolution of the accelerometer 

was 10-5g, where g is the gravitational constant. Thus, for periods 

greater than 20 s, heave is probably not adequately r esolved using this 

instrunent. For various reasons no heave data are available from 

icebergs 1 and 3, and only a small segment of heave data from iceberg 2 

can be used. This segment is shown in figure 2. 7.1 together with smoo thed 

and unsmoothed power spectra. Since this record is so short, the spectrum 

could only be smoothed at a low grouping factor ( 3) in the frequency 
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domain, and large errors (58%) in the energy estimates are present. Both 

the time series segment and the spectra indicate that the iceberg heaved 

at 13 and 36 s. The longer period was present as a resonant bobbing, 

lasting for a few cycles only, and with bobbing events at irregular 

intervals of 10 min or more (from observations only). The bobbing 

anplitude was 4 to 5 times larger than the regular heave amplitude. 

Tilt was measured on icebergs 2 and 3 with a one-axis bubble type 

inclinometer placed on a wooden bar on the snow surface to prevent 

settling (no tilt measurements were conducted on iceberg 1). Two tilt 

records at different times were collected on each of the icebergs by 

reading the inclination of the instrument every 2 s for between 4 and 

10 min. Tilt was measured along and perpendicular to the long axis of 

the icebergs. Til t-X, corresponding to pitch, was along the long axis, 

and til t-Y, corresponding to roll, was across the berg. Results from 

mea ~urements on icebergs 2 and 3 are shown in figure 2.7.2, and 

statistical parameters are given in table 2. 7. 1. Two components ar e 

clearly discernible in the tilt spectra; a long period r esponse at 37 s 

for pitch and 44 s fo r roll, and a medium response period of about 13 to 

15 s along bqth axes . The medium components are also present in the tilt 

records from iceberg 3 at periods of about 12 to 14 s , and the longer 

period r esponse i s at 56 and 76 s fo r pitch and r oll , r espectivel y. 

An inter esting dev elopm en t in t he t ilt can be observ ed in the 

records from iceberg 2. IXlring the first set of measurements, the pitch 

energy was evenly divided between the long period response and the 

medium response, while for roll the long period response was dominant. 
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Table 2.7.1 Statistical parameters for pitch (tilt-X) and roll (tilt-Y) . 
A is significant amplitude, P is mean period, and P1 , P and Psr are a _ m r mr 
Periods of long, medium and short response. A1 , A and A are the r mr sr 
respective amplitudes. All parameters have been calculated from sample 
spectral moments and energy densities , and averaged over several samples . 

Iceberg Motion p A Plr Alr 
p A p A 

m a mr mr sr sr 

number mode (s) (mr) (s) (mr) (s) (mr) (s) (mr) 

l * 

2 pitch 19.0 15.0 37.0 30.0 13 .0 10 . 0 

2 roll 16 . 5 38 . 0 44.0 33.0 15 . 0 40.0 

B. O 4 . 0 

3 pitch 40.0 12 . 0 56.0 8.0 14 .0 3.0 

3 roll 54 . 0 7 . o 76.0 25.0 16 . 0 7 . 0 

9.0 2.0 

4 pitch 32.0 36.0 90.0 30.0 17.0 6.0 

42.0 3.0 

4 roll 89.0 56 .0 110.0 100.0 17 .o 14.0 

12.0 4.0 

5 pitch 12.0 56 .0 42.0 2.0 12.0 11.0 5 .0 3.0 

34.0 l.O 

5 roll 10. 3 45.0 42 . 0 2.0 16 . 0 3.0 s .o 2.0 

34.0 2.0 10.0 10.0 

* no data for analysis 
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During the second set of measurements , the long period response became 

dominant along the x-axis, while the medium response dominated along the 

y- axis. This could be explained if the iceberg rotated between the t wo 

sets of .measurements, but since the grouping factor in the energy 

spectra was 5, the errors in the energy estimates are large. 

On the second expedition, instrunents were brought to measure a 

number of different rigid body motions; heave, sway and surge were 

measured using Schaevitz accelerometers similar to that used the 

previous year, while pitch and roll were measured with electrolytic, 

bubble-type til tmeters made by TILT Measurements Ltd of Letchworth. 

These instruments had a resolution of 0.5 microradians. All the sensors 

were mounted on a plate with manual re-zeroing facilities and were 

placed in a weather proof box. In addition, the accelerometers were set on 

gimbals to ensure accurate horizontal response measurements. Some 

difficulties were experienced with the instruments during the recording. 

Both horizontal accelerometers displayed instrument noise and drifted 

considerably. For these reasons very little data fo r analysis were 

collected Qi'"'er for surge and sway. The vertical accelerometer and the 

two til tmeters displayed little signal dr ift , and were r elativel y fr ee 

from noise . They had to be manually re- zeroed onl y a fe w times thr ough 

t he r ecording sessi on s of up to 8 hours , and thus we obtained a lar ge 

anotmt of use ful data from t hese sensors. 

Sets of rig id body motion spectra ar e shown in figure 2.7. 3 and in 

figure 2. 7.4, while some statistical parameters are given in tabl e s 2. 7. 1 

and 2. 7.2. Again we can identify several different period domains of 
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Iceberg 5. 14 January 1982 
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Table 2.7.2 Statistical parameters for vertical and horizontal acceleration, 
Aa is significant amplitude, Pm is mean period, and Plr' Pmr and Psr are periods 
of long, medium and short response. A1 , A and Asr are the respective amplitudes. · r rnr 
All parameters have been calculated from sample spectral moments and energy densities 
and averaged over several samples. 
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response. Iceberg 4 had an long period heave response at 42 s, while that 

of iceberg 5 was at 32 s. Both icebergs had medium period components in 

the spectra, at periods of 18 s ( iceberg 4 ), 16 s (iceberg 5) and 12 s 

(both bergs). Iceberg 5 had a short period component of 5 s. This latter 

component had very little energy compared to the medium and long period 

response. The mean heave response of iceberg 4 was somewhat larger that 

that of iceberg 5. 

Surge (horizontal motion along the long axis) on iceberg 4 had peaks 

in the energy spectra at 32 s and 12 s; the longer period component was 

the dominant. This was al so the case for iceberg 5 where peaks in the 

sway spectra (horizontal motion along the short axis) were found at 41 . 

and 18 s. No horizontal acceleration response was found at" short 

periods. Toe amplitudes of surge and sway were comparable to those of 

heave. 

Bo.th tilts on iceberg 4 had a spectacular long period response which 

can easily be seen in the time series, especially for roll ( figures 2. 7.3 

and 2.7.4). The energy in the pitching motion of iceberg 4 is divided 

between the long period component of approximately 90 sand the medium 

component of 17 s, with the long period component dominating by a factor 

of five in amplitudes. In the rolling motion, however, the long period 

response dominates totally by an order of magnitude over the medium 

response at 17 and 12 s. Neither of the tilt motions on iceberg 4 

display short period variations. Toe pitch amplitudes are more or less 

constant over the period of recording, which was close to 5 hours, but 

the long period roll motion is considerably reduced in amplitude. Toe 
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mediurn period response, however, is more or less constant in amplitude. 

On iceberg 5 there is a long period response at 34 s and a somewhat 

smaller short period response of 5 s in both pitch and roll, but the 

dominating response is the medium period variations of 16 and 10 s. This 

re sponse i s about twice as large in terms of amplitudes as the long and 

the short period responses. No significant developnent in the tilt 

trends can be discovered in the records from iceberg 5. 

2 . 8 Collection and analysis of surface strain data 

Similar instruments and techniques were used on both expe~ditions to 

measure surface strain. Wire strainmeters developed from an ec!.rly design 

(Bilha_m and others, 1972), were deployed in a roset te of three 

strainmeters (Squire, 1978b), with one of the strainmeters aligned to 

the long axis of the iceberg. The wire strainmeter, which was designed by 

Stuart Moore and manufactured locally in Cambridge, consists of an inv ar 

wire connected at one end to the passive part of the instrument, and at 

the other end · to the core of a sensing element ( t-bore and Wadhams, 1981 ). 

The inv ar wire is under tension, and is protected by a metal tube. A 

horizontal mechanical lever arm amplifies the strain response by a 

factor of 35 and the signal is then amplified electronically. The 

instrument has an automatic re-zeroing device. Further technical details 

are available in the instrurnent report by Moore and Wadhams ( 1981 ). 
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Al tho ugh this type of st r ainmeter had been used successfull y on sea 

ice , it proved much more difficult to use on icebergs. The main 

d i ffe r ence between the deployment of strainmeters on icebergs and on sea 

ice was that wh ile sea ice has only a shallow snow layer on the surface, 

icebergs are likely to have a 30 to 40 m upper layer consisting of firn 

and thin layer s of ice ( section 2.1 ). Thus, the strainmeters cannot be 

anchored in solid ice , and this presents problems in interpreting how 

the strain is t r ansmitted through the upper layers. Severe problems with 

anchoring the strainmeters to prevent unacceptably large drift of the 

signals were encountered. Pits were dug down to approximately 2 m, and 

the strainmeters were fastened to metal tubes which were placed in holes 

drilled vertically into the firn/ice layers. The sizes of cyl-inders used 

varied somewhat between the two expeditions ; the first yea: ~· they were 

1. 3 m long wi t h a diameter of 5 cm , while i n the second year the y we r e 2 

m long with a diameter of 15 cm and had been designed specially fo r this 

appl i cation. Bet t er r esults wer e obtained in the second year , especially 

for ic eberg 5 wh er e wo oden wedges wer e driven ar ound the cylinder s to 

i mprov e coupl i ng between instr uments and s ur face . 

Because ·of sev ere drift of the str ain s i gnals and frequent 

re-ze r oing, no use ful str ain dat a were obta ined on i ceber g 1. Str ain 

along two axes was measured on iceberg 2, while the full rosette 

measurements were obtained on iceberg 3. During the 1981 /82 field season 

we had difficulties with the functioning of the strain amplifiers, and 

thus record s from one strainmeter only were obtained on iceberg 4, while 

consecutive records from the three strainmeters were obtained on 

iceberg 5. Examples of strain records from icebergs 2, 3, 4 and 5 are 
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show'!'l in figure 2.8.1, 2.8.2 and 2.8.3 together with unsmoothed and 

smoothed spectra. Statistical parameters from strain measurements on the 

four icebergs are given in table 2. 8.1. 

All the icebergs showed long period cyclic strain variations. The 

longest period variation was recorded on iceberg 4 at 90 s, and this 

iceberg al so responded at periods of 17 and 13 s. None of the icebergs 

showed any significant strain response at short periods ( less than 7 s). 

Another result, which can be seen from table 2.8.1, is that the strain 

amplitudes measured on icebergs 2, 3 and 4 are more or less compai ' able 

in magnitude while the strain amplitudes measured on iceberg 5 wer:e - on e 

order of magnitude larger than those observed on the other icebergs. -

Our initial plan was to deploy the strainmeters in a -r osette 

configuration to enable the calculation of magnitudes and directions of 

the maximum and minimum principal strain . This method of analysis has 

now been abandoned fo r two reasons : firstly, the Waver ider buo y is not 

d i rec tional so that the d irection o f t he envir onmental forcing cannot be 

given . Secondly, the f ull r osette of str ainmeter measurements wa s 

ac hieved on iceberg s 3 and 5 alone , but these data were not recorded 

s i mul t aneousl y. Because of the long time needed fo r deployment of the 

strainmeter s t he s tr a i n records were very much shorter than those of 

r igid body motions. Hence, it was not possible to study trend s in the 

surface strain compa red to those of rigid body motion s . 
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Table 2.8.1. Statistical parameters for surface strain. Aa is significant 
amplitude , Pm is mean period , and Plr and Pmt are periods of long and medium 
response. Air and Amr are the respective amplitudes . No short-pe riod amplitudes 
and periods were detected. Al l parameters have been calculated from sample 
spectral moments and energy densities, and averaged over several samples. 

Berg Motion p A Plr Alr 
p A m a mr mr 

number mode (s) strain (s) strain (s) strain 

l* 

2 strn2 14.0 0.3 46.0 0.04 17.0 0.03 

strn3 15.0 0. 1 48.0 0.02 14.0 0.02 

3 strnl 13.0 0.1 63.0 0 . 02 

strn2 14.0 0.3 64.0 0.05 15.0 0.07 

32.0 0.03 

strn3 13.0 0.2 46.0 0.03 15.0 0.02 

4 strnl 15 . 0 0.4 90 . 0 0 . 05 17.0 0 . 09 

45.0 0.04 13.0 0.06 

5 strnl 12.0 1.9 30.0 0.20 15.0 0.23 

10.0 0.25 

strn2 11.0 1. 9 30.0 0 . 16 15 . 0 0 . 24 

10.0 o. 35 

strn3 13.0 1.6 32.0 0.14 15.0 0.28 

12 . 0 o. 24 

10 . 0 0.21 

* no d ata for analy s i s 



2.9 Iceberg response to ocean waves 

Asstnning linearity, frequency response functions can be calculated 

between sea state and iceberg motion response. Since it was not possible 

to identify exactly simultaneous records of data, only gain factors have 

been calculated. Also, instead of a non-dimensionalised gain factor, the 

response amplitude operator (RAO) has been used throughout the 

analysis. [ 3 J Strictly, since the Waver id er measurements ar e not valid 

. outside 2 to 20 s, only RAOs within this range can be considered. 

Response amplitude operators for icebergs 2 and 3 are shown in 

.figures 2.9.1 to 2.9.3 and in figure 2.9.6. The heave record from 

iceberg 2 is very short and the resulting statistics contain large 

·· ' "errors. However, a resonant peak is clearly discernible in the RAO for 

the record ( figure 2.9.1). The bobbing amplitude is approximately 0.4 mm 

( fi gure 2. 7.1), a nd the RAO of the bobbing is 0.05, which gives an ocean 

wave amplitude at the bobbing frequency of approximately 8 mm. This 

value does not seem W'lreasonable for a 36 s ocean wave. 

RAOs for tilts from icebergs 2 and 3 are not valid at periods 

smaller than 4 s, since the sampling interval was 2 s ( the Nyquist 

frequency is 0.25 Hz). Again, large errors are introduced in the 

[3 J A definition of RAOs can be foillld in Berteaux ( 1976). In this thesis 
we give RAO units as the W'lits of response per 1 m amplitude of an 
incident wave as a function of frequency. For example, units of roll 
RAO are in microradians divided by m. 

1~ 

90 



GAIN 8 , --- VALID -
FACTOR 6 : RANGE 

TILT-X1 
1105 -1110 

15 
GAIN 

FACTOR 10 
(RAD • 1 o-') M- 1 

_VALIO
RANGE 

TILT-X2 
1706- 1713 

(RAD·lO-'JM- 1 I. 

2 5 
' 
' ' ' ' 

O L...J-.:....O~·L1 -===-0-·L..2~6=0d.a.· 3- =::0L-1.-=:::,._., o L_...L.__o..1._,-===o::1a· 2=±==0"=-3==0""-:1:1.:_::::""-' 

FREQUENCY HZ 

30 

GAIN 
FACTOR 20 

FREQUENCY HZ 

-VALID - TILT-Y1 
RANGE 1115- 1119 

20 
-VALID __ 

RANGE 
TILT-Y2 

1720-1726 

(RAD•10-')M-1 : 

GAIN 
FACTOR 

15 

(RAD•lO-') M-1 10 
10 ' 

0 

5 

0· 1 0·2 0·3 0·1. 0 t__1-_o..1.-1-====o:±· 2====0""=· 3=-==""'o:r.-1. _ _,_, 

FREQUENCY HZ FREQUENCY HZ 

Figure 2,9,2 RAOs for pitch and roll recorded on 
iceberg 2. 

6 
GA IN 

FACTOR 4 
(RAO X 10-3)M - 1 

2 

10 
GAIN 

FACTOR 8 

6 
(RAO x10-3)M -4 

2 

VALID __ 

RANGE 

TILT- X 
1722-1734 

FREQUENCY HZ 

VALID~ 
RANGE 

TILT-Y 
1800-1811 

QL.:.__..'..::i-~=====-L-==ab===-1.a=:==--~==--.J 
01 02 03 04 

FREQUENCY HZ 

Figure 2,9,3 RAOs for pitch and roll recorded on 
iceberg 3, 

91 



2 

MICROSTRAIN 
M-1 1 

3 

MICROSTRAIN 
2 M-t 

1 

92 

STRAINMETER 2 

FREQUENCY HZ 

STRAINMETER 3 

FREQUENCY HZ 

Figure 2.9.4 RAOs for flexural bending (strain) on 
iceberg 2. 

0·8 

MICROSTRAIN 0·6 
STRAINMETER 1 

t,.1-1 
0·4 

0·2 

O·O 
0·1 0·2 0·3 0·4 

1 ·5 
STRAIN METER 2 

MICROSTRAIN 1.
0 

M-1 

0·5 

0 ·0 0 ·1 0 ·2 0 ·3 0 ·4 

0·8 STRAINMETER 3 
MICROSTRAIN O 6 

M-1 0 ·4 

0 ·2 

O·O 0·1 0 ·2 0 ·3 0 ·4 
F REQUENCY HZ 

Figure 2.9.S RAOs for flexural bending (strain) on 
iceberg 3-



statistics due to short records. These RAOs ( figures 2. 9. 2 and 2. 9. 3) do 

not have clear response peaks in the valid range, but the response is 

larger for long periods and decreases towards shorter periods . There 

ar e , howeyer, clear resonance peaks. in both heave and tilt in the RAOs 

from icebergs 4 and 5, which are illustrated in figures 2. 9£i and 2. 9. 7. 

RAOs for the strainmeter measurements are shown in figures 2.9.4 and 

2.9. ~ for icebergs 2 and 3 . 

The presented RAOs clearly demonstrate that the icebergs always 

responded to the swell components of the ocean wave spectra, and in some 

cases ( icebergs 4 and 5) to the locally generated short period wind 

waves. Several features of the RAOs should be noted; firstly, the 

response peak rarely coincides with the energy peaks of the ocean wave 

spectra, and , secondly, the response peaks of the different rigid body 

motions and surface strains do not as a rule coincide. Thus, we conclude 

that the short period peaks in the rigid body motion spectra occur by 

similar mechani sms, that these are likel y to be ocean s well , and that the 

icebergs do not r espond to waves a t pe r iods under 1 s, acting as 

low-pass filte r s to the sea state . Further more, different icebergs 

respond differ_ently according to their shape and size, a nd lastly, some 

icebergs displayed rigid body motions at very long periods. These 

phenomen a may o r may not be due to non- linear forcing . Al though ther e is 

little reliable evidence fo r long period swell in our ocean wave data , 

because o f t he working r ang e of the Wav erider, it seems likely that the 

cyclic response of rigid body motions and surface strains around 30 s 

could be due to swell arriving from the South Atl antic. Such swell has 

been observed in the Southern Ocean (Shilling ton, 1981 ). The long period 
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response of icebergs is more difficult to explain, and so far two 

. distinctively different types have been encountered, namely the heave 

'bobbing' at periods of approximately 40 s and lasting only for a few 

cycles (on iceberg 2), and the very long period tilt at around 110 s 

which lasted for at least several hours ( iceberg 4 ). 

The varying height of a sea surface is generally assumed to be a 

random, stationary, ergodic process. The modification of such a function 

by a linear system results in a random, stationary output function 

(Bend at and Piersol, 1971 ). Thus if the iceberg response can be 

represented as a constant parameter linear system, then the rigid body 

motions and surface strains will be random, stationary processes. A test 

of the randomness of the data is to investigate how closely the data 

follow a Gaussian statistical distribution. Such tests are of particular 

interest for roll and pitch motions, which can be expected to be 

modified by non-linear, viscous forces. The test used is the 

non-parametric Kolmogorov-Smirnov test , which calculates the maximum 

differences ( t he lar gest dev iation in terms of pr obability density) 

between the t wo distr ib utions ( the data distribution and the 

theoretical Gaussian distribution) . Skewness and kurtosis for the data 

distributions are also calculated. The statistical pa r ameter s from the 

Kolmogorov-Sm irnov test are presented in table 2. 9.1. Fi gur e 2. 9. 8 

presents data from iceberg 4, where the most str iking feat ur e of t he 

pr ob ab ility density distributions is the bi-modal appear ance o f the 

tilt (pitch a nd roll) and heave data. The strain amplitudes appear to be 

very nearly Gaussian. The bi-modality of heave is probably due to manual 

re-zeroing jumps which have not been entirely removed by the graphical 
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Table 2.9.1. Statistical parameters, i ncluding results from a Kolmogorov
Smirnov test on data recorded on icebergs 4 and 5. Dis the ' largest absolute 
difference between the data distribution and a Gaussian distribution with 
the same statistical characteristics. Units are microradians, ms-2 and 
microstrain for pitch and roll, heave and strain respectively . 

Iceberg Motion Skewness Kurtosis D Probability 

number mode 

4 pitch 0.055 -1.050 0.063 o. 2llxl0 
- 6 

roll -0.028 -0. 309 0.047 0.245xl0 
-3 

strain -0.029 0.290 0.035 0.015 

heave 

5 pitch 0.028 -0.304 0 . 016 0 . 675 

roll -0. 114 0.028 0.018 0 . 517 

strain 0 .010 -0.172 0.009 0.010 

heave 0.163 -0.373 0.036 0.010 
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editing described in section 2.4, and which tend to be in one direction 

because of the drift of the mean level in the data sample. These jumps 

introduce steps in the data which show up in the distributions as 

one-sided amplitudes. This can be seen in figure 2.9.8a. The tilt data 

from iceberg 4 experienced no re-zeroing during the recording of the 

data sets used in figure 2.9. 8, although the mean drifted slightly. Both 

pitch and roll have bi-modal distributions. When the data are high-pass 

filtered at 80 s, the bi-modality disappears ( figure 2.9.9), and the data 

follow a Gaussian distribution closely. Thus the bi- modality is 

introduced by response above periods of 80 s, and the low-pass filte red 

time series show a near-monochromatic wave with periods of aroillld 

110 s (figure 2.9.10). Three possible explanations are suggested : 

firstly, the data may consist of rigid body motion response to two 

different ocean wave processes, both Gaussian. Secondly, non-linear 

effects could be of the same order of magnitude as the linear response, 

and thirdly, the large-amplitude response may be caused by other types 

of forcing than ocean waves. We shall return to a discussion of these 

questions in section 2.10, but it is stressed that strain does not 

exhibit the bi-modal feature in the probability density distribution. 

The probabil ity density distributions of data from iceberg 5 are 

presented in figure 2.9.11. All of the distributions appear to be very 

nearly Gaussian. Data from icebergs 2 and 3 have a lot of noise, mainly 

because of re-zeroing and graphical editing, so we have not presented 

data distributions from these icebergs. 
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2.10 Summary and discussion 

Iceberg r esponse to ocean waves was studied on five icebergs dur ing 

two expeditions in 1980/81 and 1981 /82. Toe in si tu measurements 

consisted of a three part programme: mapping of iceberg geometry and 

features, sea state measurements, recording of rigid body motions and of 

surface strain. Considerable logistic difficulties were encountered , and 

the full data description of the iceberg interaction with the 

environment was not achieved on all of the 5 icebergs investigated. In 

this section we first take a look at some of the objectives that were 

attained, and, secondly, show some of the limitations of the results. 

It has been demonstrated that icebergs respond to ocean waves both 

in rigid body motions and in flexural bending. The response is highly 

dependent on iceberg geometry and large differences were found between 

the investigated icebergs, both in terms of response periods and 

amplitudes. The dynamics of different icebergs had some common features: 

Firstly, all the icebergs acted as low-pass filters to the ocean 

waves, ie they had a neglig ible response to ocean waves of small 

periods( <7 · s). 

Secondly, all the icebergs responded to ocean swell, although the 

response periods did not necessarily coincide with the peaks in the 

ocean wave spectra , nor did peaks in the different rigid body 

motions coincide. 

Thirdly, flexural bending occurred at long periods and swell, but 

not at the very long periods of around 110 s, which appeared in the 

pitch and roll spectra of iceberg 4. 



Two types of long period, rigid body response were found on the 

investigated icebergs: a bobbing motion of short duration in the heave 

of iceberg 2, and a very long period rocking motion in the pitch and roll 

of iceberg 4. At the moment there is little evidence that ocean wave 

periods of 100 s or more have any substantial energy. Thus, if the 

rocking of iceberg 4 is set up by ocean waves, it is 1 ikel y that this is 

due to non-linear wave packets in the ocean, perhaps of a type suggested 

by Larsen ( 1978a; 1978b; 1979). However, this type of motion could also be 

set up by calving of a substantial piece of ice from one of the sides of 

the iceberg. We shall later show, in chapter 4, that the viscous damping 

at_ such long periods is small, so that such a motion could be sustained 

for several hours. 

The bobbing motion of iceberg 2 is different in that it is of short 

duration, but reappears several times. Al though this motion could be due 

to non-linear feeding of energy between different types of rigid body 

motions, it could al so be sustained by the aforementioned non-linear 

ocean wave packets. Al though this type of motion could be significant in 

flexural bending ( while the very long period rocking probably is not), 

we must conclude that too little data is available for further 

investigations. 

The usefulness of the collected in situ data is limited in t'hU ways. 

First of all the number of icebergs is limited and consequently the 

variation in iceberg sizes and geometry is small. We have, however, 

sampled several types of iceberg including broad, narrow, thick, thin, 

old and crevassed compared to newly calved icebergs. The main limitation 
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investigated icebergs: a bobbing motion of short duration in the heave 

of i ceberg 2, and a very long period rocking motion in the pitch and roll 
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in using this information is that many of the proper ties of iceber g 

geometry occurred only once, and possibly in combination with other 

properties. Thus, the small number of icebergs studied makes it 

difficult to attach a particular type of response to a certain iceberg 

feature. 

The second limitation of the collected in situ data arises because 

all the data were collected over a very limited period of time, during 

calm weather conditions and during the summer season. The two first 

restrictions on the data make it futile to calculate extreme value 

statistical parameters, as these would not be representative of the true 

rigid body motions and strain variations in the future and especially 

during the following winter. The automatic data collection platforms 

.deployed during the two expeditions, were designed to collect data 

suitable for this purpose. 



Chapter 3 

AtrrOMATIC DATA COLLECTION PLATFORMS 

3. 1 Introduction 

During the last ten years several oceanographic studies in the 

Southern Ocean have been carried out using radio beacons placed on 

Antarctic tabular icebergs. Early experiments were conducted by French 

scientists between 1972 and 1974, recording the positions of four 

icebergs using the EOLE navigation satellite system 

(Tchernia, 1974, 1977). Further ex~riments to follow the drift of three 

icebergs were conducted from 1975 to 1977 with the NIMBUS 5 satellite 

(Tchernia and Jeannin, 1980b). Finally, two additional French-built 

radio beacons were placed on icebergs in early 1980, and positioning was 

achieved via TIROS N satellites (Tchernia, 1980). The main objective in 

the French programme was to investigate features of the East Wind Drift 

around the Antar ctic cont inent, and to study the correlation between the 

East Wind and West Wind dr i ft s. 

Stud i es of t he l arge Weddell Sea gyr e in the Atl antic sector of the 

So uthern Ocean have be en made by Norweg ian scientists using similar 
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techniques. Toe first buoy, which automatically transmitted its position 

to the NIMBUS 6 satellite, was placed on a tabular iceberg located near 

Bouvet Island (Vinje, 1979). A further six stations were deployed during 

the Norwegian Antarctic Research Expedition (NARE) in early 1979 

(Vinje, 1980). 

In the late 1970s, research on tabular icebergs focused on the 

break-up of bergs along the Antarctic coast. This new initiative was 

largely due to the interest of several countries with a demand for fresh 

water ( for instance Saudi Arabia) who made resources available for 

feasibility studies and other research into iceberg towing. Thus, rather 

than using the tabular icebergs as platforms to study oceanographic 

factors, the behaviour of the icebergs themselves and their interactions 

with the ocean became important. In 1978 the Iceberg Transport 

:j:nternational Co. Ltd. (based in Paris, now dissolved) ordered three 

automatic data collection platforms from the Christian Michelsen 

Institute in Bergen, Norway. These prototype stations were designed to 

measure motion characteristics of tabular icebergs in a seaway by 

· recording meteorological, oceanographic and geophysical parameters. The 

first of these stations (Identification Code 1080) was deployed by 

NARE 1978/79. It transmitted data for well over a year, while the second 

station (ID 1081 ), deployed late in 1979 by Norwegian scientists on a 

German expedition to the Weddell Sea area , failed after a few months . 

Some modifications in the data sampling were made to the third station 

(ID 1590). It was placed on a tabular iceberg near the South Sandwich 

Islands in January 1981, but unfortunately failed soon after deployment. 

A fourth station (ID 1588), with substantial changes in its design, was 
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financed by Norsk Polarinstitutt, Oslo and was deployed on the 

HMS Endurance ex ped it ion of January 1982. All the Norwegian-built 

stations transmit data via the TIROS N satellites and the ARGOS data 

collecting system. To distinguish · these larger iceberg stati ons from 

positioning buoys and radio beacons, they have been described in the 

literature as automatic data collection platforms or stations. Figure 

3.1.1 shows the region of deployment and drift tracks for the stations 

ID 1080, 1081, 1590 and 1588. Data from ID 1081 were not available for 

this thesis, and no tilt and strain data were obtained from ID 1590. We 

shall therefore concentrate in this chapter on data collection and 

analysis relating to the stations ID 1080 and 1588. 

3.2 Instrum ent design, deployment and data sampling on ID 1080 

The automatic data collection platform ID 1080 was built to measure: 

· barometric pressure, wind speed and direction, air and snow temperatures, 

heading, roll-and-pitch motions (tilting) and surface strain of 

icebergs. The range and resolution of the corresponding sensors are 

given in table 3.2.1. The data collected on platform ID 1080 can be 

divided in four groups: 

a) Meteorological data such as barometric pressure, wind speed 

and direction and air temperature . 

b) Drift data including iceberg position and heading. 

c) Glaciological data consisting of snow temperatures. 

d) Iceberg oscillatory motions given by tilt and strain data. 
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Table 3.2.1 Sensor performance on automatic data collection platform 
ID 1080 (B0 and others, 1979). 

Sensor 

Barometric pressure 

Wind speed 

Wind direction 

Iceberg heading 

Temperatures 

Tilt (both axes) 

Strain 

Range 

920 to 1050 mb 

0 to 136 knots 

0 to 360 degrees 

0 to 360 degrees 

-30 to +20°c 

-15 to +15 arc-min 

12 mm 

Resolution 

0.127 mb 

0.53 knots 

1.41 degrees 

1.41 degrees 

0.20°c 

0. 12 arc-min 

0.1 µm 
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Clearly the data within each group are related and will be combined 

for different types of analysis. Some work has been done on the 

oceanographic data (Vinje, 1980), but most of the data relating to drift 

of the iceberg in response to the wind and current, and mass balance at 

the berg's surface have not been analysed. In this thesis we shall 

concentrate on the an al ys is of the tilt and strain data al one, and wil 1 

only make use of other data when necessary. 

A Singer-Kearfott til tmeter was used to measure the roll and pitch 

of the iceberg. It consisted of an electrolytic vertical sensing element 

which detected angular displacement about two horizontal orthogonal 

axes to a resolution of 3.5x10-5 radians (0.12') within a range of 

+4.4x1 o-3 radians ( 15'). The sensor was mounted on a level ling platform 

of the type normally used for theodolites, and did not have automatic 

re-zeroing facilities. In si tu measurements of roll on icebergs of 

different dimensions show that average tilt amplitudes are between ,o-5 

and radians ( Foldvik and others, 1980; Kristensen and 

others, 1981, 1982; this thesis, section 2. 7). This til tmeter could 

therefore not resolve roll and pitch accurately in all cases, and would 

undoubtedly suffer ranging problems should a slight change in the mean 

level occur. Unfortunately such a change could easily be produced by 

settling, since it is only necessary for the theodolite plate to tip by 

1 mm for the instrument to drift out of range. Over-ranging could also 

be caused by changes in equil ibriurn due to ice calving from the edges of 

the berg. We shall return to these problems later. 
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A rod strainrneter was used to measure surface strain. It was similar 

to an earlier design by Goodman ( 1977) developed jointly by the 

Cavend i sh Laboratory and the Scott Polar Research Institute, both of the 

University of Cambridge. The strainmeter comprised a 1 rn invar rod fixed 

at the passive end to a rnotmting plate and at the active end to the core 

of a Linear Variable Differential Transformer (LVDT). Its resolution on 

maximum gain was 0.1 microstrain, and its effective range was 

+6 OOO microstrain since the instrunent will automatically re-zero 

should the measured signal drift over a preset limit. It has been shown 

that this type of strainmeter has a negligible heave response, that is, 

the error in measured strain caused by the heaving motion can be ignored 

(t-bore and Wadhams, 1981 ). Strain in the range of 0.01 to 1.0 microstrain 

has been measured on Antarctic tabular icebergs, although the latter 

value is rare (Kristensen and others, 1982; this thesis, section 2.8). 

The range of the instrument should therefore be sufficient, but the 

· ·· resolution is marginal and depends on the amplitude of the forcing ocean 

:·:waves. Settling of the instrument should not interfere with the 

short-term c yclic surface strain r ecords. The met al i nv ar was chosen fo r 

the rod in the strainrneter because of its low coefficient of thermal 

expansion o f ·appr oximatel y 0. 9x1 o- 6 pe r 0 c. Th i s mean s that str ain 

experienced by the instrunent due to a change of 0. 1 °c in the invar rod 

is of the same or der of magnitude as the r esolution , and indicates that 

long-term strain cannot be associated with real mechanical straining of 

the iceberg. 

Station ID 1080 was positioned as close as possible to the centre of 

the surface of the iceberg. One of the axes of the til tmeter and the 
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strainmeter were aligned with the long axis o f the iceberg (tilt-X). The 

other tilt axis was orthogonal to this dir ection (tilt-Y). The 

strain.11eter was anchored with tubes 2 m long sunk into a trench 

approximately 2 m deep at the time of deployment. The battery container 

with the tiltmeter was placed in a drilled hole , so that the tiltmeter 

was level with the surface . The iceberg, on which ID 1080 was deployed , 

was 1030 by 900 m with a fr eeboard of 34 m and an estimated thickness of 

210 m (Vinje, 1980). Figure 3. 2.1 shows the layout of the station after 

deployment on the iceberg (after &6 and others, 1979). 

The measuring sequence on station ID 1080 was repeated every 3 

hours. Tilt and strain sensor signals were sampled 20 times at intervals 

of 6 s, thus giving r ecords of duration of 114 s. Data were automatically 

transmitted and were re layed by one of the TIROS N satellites as it 

passed overhead . The orbits of the satellites did not allow data 

tr'~·nsfe r at regular three-hour intervals so that sometimes data were 

repe ated , while at other times there were gaps of up to 10 hours. Figure 

3.2.2 shows examples of strain and tilt records. 

The data sampling pattern for tilt and strain poses serious problems 

for any statistical analysis , and a preliminary statistical anal ysis 

presented at the Second International C.Onference on the Use of Icebergs, 

Cambridge, U.K. in April 1980 (Kristensen and Orheim, . 1980) requires 

further discussion. This analysis used mean periods of response to 

derive histograms from which the reson ant response periods of each 

iceberg could be inferred . Assuming that each single record represents 

the mean response of the iceberg, it is possible to calculate a mean 
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response pe r iod by counting the number of times t he segments between 

data points cross the mean line in an upward direction . The total length 

of the r ecord ( 114 s) is divided by this number to obtain the recor d 

r esponse .period (RRP). The RRPs of a large number of records then give a 

distribution of response periods which may be indicative of the 

interaction between the iceberg and its environment. It is important to 

note that, al though the starting point of the RRP method of analysis is 

the same as the method used by Tann ( 1976) to analyse short wave 

records, the data records are too short to develop the method further . 

Indeed the records consist of so few data points that it is meaningless 

to talk about distributions of data maxima. It is therefore not possible 

to calculate expected extreme values from the RRPs . Such extreme values 

are well-known statistical parameters describing the most extreme 

conditions to be expected during a given time pe r iod, and the 

probability of encountering such conditions. We discuss this further in 

section 3.3. 

Examples of the distributions of RRPs fo r tilt along two axes and 

fo r sur face str ain a r e shown i n figure 3. 2.3. It should be noted that 

when the data s ho wed no var i ation , a period of 120 s was taken as the RRP 

of the record . The usefulness of t his method o f analys i s suffer s because 

the cyc lic vari ations a r e below t he r eso lution of the instrument s . This 

problem i s partic ularly serious for the tilt results , where the 

consistent occurrence of response periods of longer than 114 s in the 

distributions indicates that the amplitudes of cyclic motion are too 

small to be detected by the instruments. This is seen in figure 3.2.3 as 

a high occurrence of periods above 114 s. However, some information can 

-
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be gained from the tilt RRPs and ther e is some develoµnent of tilt 

during the eight-month period. For both pitch and roll, the small 

occurrence of low period motion, at 38 and 57 s, decreases towards the 

Antarctic winter season and is at . a minimum in July. After this, the 

occurrence of these periods again increases towards September. This 

could be an indication that the iceberg was surrounded by fast ice at 

the time. The strain response has a lesser proportion of periods greater 

than 114 s; thus we infer that the strainmeter functioned satisfactorily 

for longer periods of time than the til tmeter. Strain response can be 

found at 28.5, 38 and 57 s, and the main response is at the two latter 

:periods. The strain response varies somewhat between the different 

months, but no consistent trends can be found in the data from the 

Antarctic summer and winter season. 

The strain data sample of figure 3.2.2 is a typical example of strain 

" records. The sample exhibits response at two different periods, at about 

40 s and at 20 s , but this is not revealed by calculating the RRP, and 

may be difficult to discern by looking at the sample ( by counting 

t roughs and dividing the record length with this number, we obtain a 

mean period of' 23 s). The spectrum given in figure 3.2.4 was calculated 

from a similar strain sample , utilizing a maximum entropy analysis 

specially formulat ed to obtain spectra from short data samples (Jaynes, 

1957 a; 1957 b). The previously noted feature of two response periods is 

clearly seen, at 45 and 17 s, and the logarithmic plot shows no evidence 

of any other frequencies. However, the power values associated with each 

spectral peak are not easily extracted from a max imun entropy spectrum 

since they depend on the bandwidth of the peak. Recent evidence suggests 
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that the spectrum must be integrated to obtain a conventional power 

spectral density estimate. In view of this, and since the programs to 

derive the maximum entropy spectra are still tmder develoµnent (Squire, 

personal -commtmication, April 1983), no further maximum entropy analysis 

has been made of records from ID 1080. 

Similar response of icebergs was also fotmd during the in situ 

experiments ( chapter 2, this thesis) where the relative magnitude of the 

long period and short period response was fotmd to be a function of the 

iceberg geometry. In the case of the iceberg on which ID 1080 was placed, 

the longer period is dominant in amplitude for most of the time, and the 

calculated RRPs tend to reflect the longer response period. Al though 

there is no evident seasonal variation in the response at this longer 

period, such variations may well exist for the shorter periods. The data 

sampling pattern, quality and method of analysis does not, however, 

· r e· eal this. Since the difference in iceberg response between summer and 

winter season was one of the main aims of the deployment of the 

automatic station , it is par ticular l y disappointing that this was no t 

entirely successful due to poor data quality. Two other potentially 

interesting n_iethods of analysis do not , for the same reason , yield an y 

results. Firstly, no significant differences can be found in the 

amplitudes of tilt and strain during the two seaso ns . Secondly, no 

correlation between high wind speeds and tilt and strain amplitudes , or 

between r a pid changes in the wind dir ection and dif f e r ences in tilt 

am pl itude s and re s ponse periods along the two axes can be found. The 

latter effect would have occurred if there was a t endency for the 

iceberg to align with its longest side across the wind direction, that 
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is beam-on. 

Another approach to the analysis of the tilt and strain records is 

to join contiguous records and to calculate distributions of response 

maxima. This method is rejected on several counts . Firstly, it assumes 

that the environmental conditions remain the same from record to record. 

Since the data are recorded at a minimum of three-hour intervals, it is 

very likely that the forcing from the ocean waves will not remain 

statistically constant, but will change between records. The data 

segments are too short for a stationarity test to be carried out • 

.. ,Secondly a number of random jumps in both magnitude and phase will be 

introduced in the data due to changes in the mean value and amplitude 

· ·from record to record, and variations in the phase at the start of each 

. . .,new sample. Al though steps in the mean level can be removed numerically 

with little difficulty, phase discontinuities and anpli tude changes are 

more problematic and cannot effectively be dealt with without creating 

or destroying data points . This is clearly out of the question since 

only a few cycles of roll, pitch and strain data make up each transmitted 

r ecord . A third objection to this method of analys is is in its final 

interpretation. Roll, pitch and str ain probability density functions 

(PDFs) are shown in figure 3.2.5. The PDFs of their maxima with respect 

to the mean line clearly do not follow a Gaussian distribution. This 

implies that any application of extr eme value statist ics to predict 

behaviour at some later time will be considerably more complicated. We 

may conclude this discussion, therefore, by stating that joining many 

records of poor data quality together cannot yield good results. 
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A final problem which is relevant to both of the above methods o f 

data analysis is that of aliasing. It is not clear from the technical 

report of Mand others (1979) whether the proposed 4 s Butter\.K)rth 

filter was implemented on both the tilt and strain sampling . However , 

since the Nyquist frequency of the sampling scheme is 0.0833 Hz (12 s), 

and periods of roll and strain down to 10 and 5 s, respectively, have 

been observed during the in situ experiments, aliasing problems will 

undoubtedly have occurred in both cases. 

We now return to the possibility of analysing mean values in the 

data records. A feature of immediate interest concerns the use of mean 

values of tilt and strain records to provide new information on the 

break-up of icebergs. In contrast to earlier reports (Orheim and 

others, 1982), long- term trends in the data are unlikely to be directly 

connected to large-scale fracture problems and more satisfactory 

explanations can often be found. Some events in the tilt data could be 

r elate.d to t he calving of small pieces from the sides of the iceberg. In 

the data available from station ID 1080 (4 February 1979 to 10 March 

1980) the mean values of tilt along both axes of symmetry of the iceberg 

show major changes on two occasions (fig 3. 2. 6) . On 24 February both t il t 

trends jump by approximately 0.004 rad. It can be shown that if this 

ev ent was caused b y changes in stability due to locali zed cal v ing from 

the sides , a mass o f 2x10 6 kg would be necessary t o produce a junp of 

this magnitude. Assuming that the ice calved from a corner above the 

waterline , some s imple calcul ations imply horizontal dim ensions of 

approximately 25 m. other events in the trends of the tilt data seem to 

indicate that much smaller pieces of ice frequently calve off the sides. 
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The rate of ice loss f r om the sides is , however , dependent on the amoun t 

of undercutting, and it is likely that the process slows down 

cons i derably after protruding sills have formed. Even if the iceber g 

lost 10 pieces of ice weighing 2x10 6 kg every day, it would take 

104 days for the berg to disappear. Hence, calving from the sides of an 

iceberg is not a very important deterioration mechanism in comparison 

with wave-induced break-up. 

The second major change in the trend of the tilt data began on 

25 January 1980, when the mean value of tilting along both axes showed 

considerable variation. The cause of this variation is likely to be. 

· settling of the instrunent, rather than changes in equilibrium due to 

significant ablation of the iceberg at its sides , since substantial 

·~:· melting undoubtedly occurred at the surface of the iceberg. In 

figure 3.2.6 b) the temperature curves of the sensors T3 and T4, 

originally buried at 0.3 and 0. 7 m under the surface , are plotted 

alongside the cor r esponding tilt r ecords. Both sensors show clear 

diurnal variatio ns . As t he thermal cond uc t ivity of ice i s 

2.95x1 o-4 J m-1 s - 1 0 c- 1, we i n fer that senso r T3 is no w close to the new 

iceberg sur face . It is r easonable to assune that about 0. 5 m or mor e of 

the battery capsule and til tmeter no w protrude from the surface, and 

that the upper surface layer s o f f i r n and ic e s urround ing the c apsule 

are soaked with melt water resulting in considerable settling. Since it 

is impractical to bury the til tmeter more deeply, the only real solution 

to t emperature-induced settling is to employ a til tmeter with a re-zero 

facility. 
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Large variations in the mean values of strain from each short recor d 

are observed throughout the year, and re-zero events are common . However, 

the . strainmeters employed in the automatic stations were designed to 

measure .sho rt-term cyclic strains and not the long-term strains 

associated with gradual plastic flow and creep. There are two serious 

drawbacks in attempting to interpret the gradual change in mean drift as 

an indication that ice deformation is occurring . The first is the 

temperature dependence of the instrument itself, which is consider able 

even -for small changes in temperature, and the second is the expansion 

and .. eontraction of the ice with temperature. This latter effect is so 

large. that a change in temperature of only a fiftieth of a degree 

Celsius can give rise to a thermally induced strain of 10- 6. Al though 

the thermal conductivity of ice is small , temperature variation of this 

"rder is likely, especiall y when the ice begins to melt in the austral 

swnmer .and the strainmeter nears the upper surface. 

3.3 Instrument design, deployment and data sampling on station ID 1588 

The automatic data collection platform ID 1588 was the fourth and 

latest of this type of station . Several modifications were made to the 

design of I D 1588 compared to the earlier ID 1080. 

During the analysis of tilt and strain data recorded on ID 1080, it 

became evident that it was vit ally i mlX)r t an t t o obtain muc h l onger data 

records. A shorter sampling interval was also preferred, and it was 

nec e ssary to filter the input signal at the Nyquist frequency. 
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Unfortunately, long tilt and strain records could only be achieved by 

severely reducing the number of sensors on the platform. There were two 

reasons for this; firstly, the ARGOS data collecting system only allows 

data transfer in a fixed format with a given number of information 

'words' in each data block. Secondly, the TIROS N satellites were able to 

receive only a certain number of data blocks during each passage over 

the platform. Thus, the station ID 1588 recorded the following 

parameters: iceberg position and speed, barometric pressure, iceberg 

roll and pitch (tilting) and iceberg surface strain. 

The til tmeter was again manufactured by Singer-Kearfott and was 

identical to that used on station ID 1080. Again, the instrument did not 

have re-zeroing facilities, though the r ange was increased to +7.3x1 o-3 

· rad (+ 25 ') in an attempt to avoid over- ranging due to settling and 

other causes. This meant that the resolution was decreased to an average 

value of 5.7x10-5 rad (0.2'), since tilt was transferred in 8 bit binary 

1.<.'0rds with values between O and 255. Increasing the range of the tilt 

sensor proved to be an unfortunate choice, and the collected tilt data 

of ten do not show any variations. The deployment of the til tmeter on 

ID 1588 was s·imilar to that on station ID 1080, the only difference 

being that the battery capsule now also contained the electronics 

interface and was ther efore somewhat longer ( 2.8 m) . 

In st ead of the rod str a inm et er used on this station, a wire 

s t rainmeter wa s deployed on sta tion ID 1588. This str a i nmet er was 

i dentical to those used during the in situ measurements, and the 

de plo ym ent followed the procedure described in cha pter 2.8. Similar 

ll ~ 
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limitations of data transmission reduced resolution to 1 o-8 compared 

to 1 o-9 for the in si tu measurements. The station ID 1588 was deployed 

on 12 January 1982 near the centre of surface iceberg 5 (see table 2.6. 1, 

chapter 2). Strain and til t-X (pitch) were measured along the long axis 

of the iceberg, and til t-Y (roll) was measured orthogonal to this 

direction. Data collection and transfer were significantly different 

from station ID 1080. Tilt and strain data were sampled twice each day 

with a sampling interval of 4 s. The maximm length of individual 

records was 21 min 20 s, comprising 32 data blocks each containing 10 

data points from the two tilt axes and strain. The data were transmitted 

through several passages of satellites to ensure that all the data 

blocks were received. As the iceberg drifted northwards, however, the 

satellite passes overhead became fewer, and less data were received 

through the ARGOS system . Thus , in later records increasingly fewer data 

blocks are present. 

Data from the station ID 1588 we r e r ecent ly made available for this 

thesis , and only the first 10 weeks of records have so far been received . 

Because of this , it has not been possible to include a ful l analysis of 

the tilt and strain data fr om this s t ation , and we report here 

preliminary investigations only. The tilt records consistently show very 

little v ari ation, and this i s pr obabl y due to t he low r esol ution o f the 

t il tmet er. Ind eed, ver y f e w tilt r ecor ds hav e any v ari ation at al l, and 

it has not been possible at this stage to correlate this to any 

signific ant develoµnent in strain. The strain, howev er, shows cyclic 

variations in most of the records investigated . An example of a strain 

record is shown in figure 3.3.1 together with tmsmoothed and smoothed 
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Figure 3.3. 1 Unsmoothed and smoothed spectra and time 
series of strain data recorded on station 
ID 1588 (iceberg 5) on 27 January 1982. 
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Figure 3.3.2 Probability density distribution of strain 
amplitudes for the record shown in 
figure 3.3.1. 
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spectra from an FFT analysis . The procedure of analysis is the same as 

that followed in section 2.8. The example of the strain record shows 

large cyclic variations at 13 and 18 s, and smaller variations at 32 s 

and 52 s. The amplitudes of the swell response are very large, about 

2.0 microstrain. The strain amplitudes are approximately Gaussian 

throughout the period of investigation ( figure 3.3.2) and thus the 

strain records are suitable for analysis and calculation of extreme 

value statistics. There is one main obstacle to this, namely the 

increasingly disordered transfer of data. Towards the end of the 

three-month period, the data records are broken up into many shorter 

records, and the advantage of having the long samples of 21 min has been 

lost. However, since these data are filtered before sampling and the data 

quality is generally good, it is now possible to return to the method of 

analysis discarded in the previous section , namely that of joining up 

contiguous data records. This is done only over the 21 min samples, and 

therefore it can be safely assuned that the environmental conditions 

have not changed much over this period of time. 

To calculate extreme value statistics, the method described by Tann 

(1976) has been followed . Toe mean up-cross period has been calculated , 

corresponding to the RRPs introduced in section 3.2. Furthermore, the 

l ar gest and second lar gest cr ests and t r oughs ( r elativ e to the sampl e 

mean) ar e id entifi ed and used fo r calculat i ons of sig nificant 

wave-he ight and the likely maximun wave-he ight ov er a 3 hour period (3 

hour maxima), which is derived from the Rayleigh distribution of 

individ ual wave heights. The results of calculations on the strain 

records from 15 January to 31 March 1982 are shown in figures 3.3.3 and 
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3.3.4. The RRPs show that the iceberg ( number 5 in table 2. 6.1) moves 

mainly at periods of 20 to 34 s, but that there is also some response at 

shorter periods ( 5 s) and at longer periods ( 50 s and above). An 

interesting trend can be seen comparing the records from January, 

February and March. IX.Iring the first two weeks in January, the iceberg 

response is at shorter periods than in February and March, with peaks at 

12 to 24 s and a smaller peak at around 40 s. There is very little 

difference in the response periods between February and March. · The 

occurrence of short periods at 5 sis more or less the same between the 

three months. This development in periods could be explained if the 

iceberg moved from an area that was protected from long period swell to 

areas that experienced such swell. It is, however, difficult to confirm 

this from the drift track of the iceberg, since very little ocean wave 

data have been r ecor ded in this area. Furthermore, there is a parallel 

t r end in the development of the significant wave height ( of strain) 

.where the heights recorded in January are significantly smaller than 

those for February and March. Thus we may conclude that the longer 

period swell of around 34 s is clear ly associated with the lar gest 

str ain amplitudes on this iceberg. 

We shall now turn to the calculation of extreme values from 

estimat es of 3 ho ur maxima, and use t hese calculat i ons t o predic t t he 

larg est strains that this ic eberg is likely to experience throughout one 

year. We shall assume that the probability of exceed ence (number of 

maxim a und er a certain wave-height divid ed b y the total number of 3 hour 

maxima) follows a Weibull distribution, and we shall use the lower bound 

type of distribution. The equation for the Weibull distribution is given 
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below ( Sarpkaya and Isaacson , 1981 ); 

[ 
a 

J p = 1 - exp - [H~EJ 
ex 

E < H < 00 3. 3. 1 
o . < e < 00 

0 < a < ro . 

There are three variable parameters given in equation 3.3.1, a is a shape 

parameter, determining the basic shape of the distribution, 8 is a scale 

parameter which controls the degree of spread along the abscissa, and 

finally, E is a location which places one end of the density function 

along the abscissa. A linear plot of data on log-normal paper, 

ccrresponds to E being zero, and the Weibull distribution appears in 

this case as a log-normal distribution. Furthermore, since we are 

interested in long-term trends, the data plotted are the distribution of 

3 hour maxima (the limiting value being H3h=O , if E :0) . The histogram 

giving 3 hour maxima of the data samples recorded over 10 weeks, is 

s hown in figure 3.3.5. The height range is divided into 25 intervals. 

These data are then plotted on log-normal paper ( figure 3.3.6) in the 

following manner: the abscissa is the value of the midpoint of the nth 

3 hour maximum interval . The plotted ord i nate value is t hen t1?,e number 

of occurrences of H3h up to the nth interv al divided by the total number 

of obser vations. A linear best fi t is dr awn thr ough the plotted dat a , 

which is the probability distribution of exceedence of 3 hour maxima. To 

obtain a time axis for fi gur e 3. 3. 6, i t i s ne c essar y t o assume that the 

3 hour maxima are ind epend ent. If the probability of exceeding the wave 

height Ht is given by q, then this will ha ppen once every 1/q value of 

3 hour maxim a . The prob ability for this to happen is given by: 

q = P (H) = 1 -
t 

3 
365 X 24 

where T is the time period of obs ervation. 
0 

T 
0 

-1 
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and f1t can now be read off the linear plot in figure 3.3.6 as the height 

corresponding to the probability given by equation 3.3.2. The time 

period, t, must be specified, and choosing t = 1 year, an approximate 

value can be read from figure 3.3.6. We find that the largest expected 

3 hour maximum during one year is approximately 14 microstrain. This 

result may be inaccurate for several reasons. Firstly, the results are 

based on calculations of RRPs from records which have been joined up 

over one or several gaps in the data. These gaps are increasingly 

frequent, but there are few indications from the histograms that the RRP 

distributions are significantly different in February and March. 

Secondly, the data represent iceberg strain variations at the end of the 

summer, and different results may be obtained if data from the winter 

season are used. Finally, we have assumed that the amplitudes of iceberg 

strain re sponse follow a Gaussian distribution. If this is not the case, 

then . the extreme value statistics calculated above, following the 

procedure outlined by Tann (1976), may be invalid. However, we have shown 

an example of strain variations ( figure 3.3.1) where the amplitudes are 

2.0 microstrain, and it does not seem lmreasonable that the maximum 

strain amplitude in one year is at least one order of magnitude larger. 

Although no data ex i st on the failure strain of icebergs, some exist 

for sea ice since an East Greenland ice floe broke up while instrumented 

with strainmeters ( Goodman and others , 1980 ) . The measured value was 

43 microstrain. If we can extrapolate this to the iceberg problem, we can 

see that wave-induced break-up is a very likely mechanism for iceberg 

fracture. 
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3. 4 Conclusions 

I n thi s chapter we have discussed deployment of two automatic dat a 

collection platforms and the data pr oduced thereby. The two stations had 

a different design; while the first station collected a broad dataset 

applicable to general problems of icebergs in the environment, the 

measurements made on the later station concentrated on tilt and strain. 

However, neither design was entirely successful from the point of view 

of gaining information on the response of icebergs to ocean waves and 

their mechanisms of break-up. 

We have shown in section 3.2 that the tilt and strain data collected 

on station ID 1080 were largely unsuitable for any kind of statistical 

analysis. Thus the only rel iable conclusions we can in fer from this type 

of data from station ID 1080 are the following: 

Cycl i c strain variations ar e above 0. 1 microstrain most of the time 

fo r th i s partic ul ar i ceb er g . 

The s tr ain vari ations show fl exural r espo nse within two period 

domains of arotmd 20 and 40 s , and the longer pe r iod r espo nse i s 

dom inant most of t he t i me. 

No trend was found in the strain periods when comparing the results 

from different months. However, the RR Ps reflect the long period 

response and it is therefore possible that seasonal differences 

ex.ist at shorter strain periods. 
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The lack of tilt variations along both axes may be due either to the 

variance being smaller than the resolution ( 3. 5x1 o-5 rad) most of the 

time, or the til tmeter being out of range. 

No conclusive evidence has been found for a correspondence between 

strain and tilt amplitudes and periods, and wind speed and direction, 

nor any correlation found between tilt and strain. This does not 

necessarily mean that such carrel at ions do not exist, but rather · that 

the data quality is too poor to reveal these features. 

Some seasonal variation in tilt periods was found, but the data 

quality is so poor that it is difficult to place any confidence in 

these reul ts. 

Changes in the mean values of tilt can be interpreted and possibly 

connected to the calving of ice at the sides of the iceberg. However, 

the til tmeter is not particularly suitable for this type of analysis. 

Several changes in instrument design and data sampling are 

suggested for new stations, including longer sampling periods and 

smaller sampling intervals, and a re-zeroing device on the tiltmeter. 

Some of these changes were made on station ID 1588, but the changes in 

the design of the til tmeter did not fulfil expectations. Instead of 

increasing the resolution, the range was increased, so that no tilt 

variations were recorded most of the time. A more sensitive strainrneter 

was deployed, and this proved a success since nearly al l the 

investigated strain records show cyclic variations at periods between 
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10 and 80 s. However, the increase in sampling period to over 21 min , 

while the sampling interval at the same time was decreased to 4 s, 

proved to be an unfortunate choice. As the iceberg drifted northwards, 

increasing numbers of gaps were · introduced in the data, caused by 

irregular data transfer between the station and the TIROS satellites. A 

better solution to this problem would be to include a micro-processor in 

the design of the platform, and to transfer pre-analysed results. The 

strain data collected by the station on iceberg 5 is in accordance with 

the in situ measurements obtained earlier in the summer. Mean response 

periods , significant wave-heights and extreme value statistics have been 

estimated from the data records from January, February and March. Some 

conclusions from the analysis of these data are listed below: 

-':'.: The iceberg responds mainly between periods of 20 and 34 s, with 

another peak at 42 s. This is confirmed both from FFT analysis of 

single records, and from calculation of RRPs. There is some response 

at around 5 and at 50 s and above , but this response is small in 

amplitude compared to the main peaks. 

Some differences are found in response periods and significant 

amplitudes between January and Februar y, but the results are similar 

for February and March. Indications are tha t the iceberg responds 

most in strain at periods of around 34 s . 

The significant strain amplitudes are of the order of microstrain , 

showing that this iceber g experiences lar ge surface str ains compar ed 

to the in si tu measurements on other icebergs. 
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Extreme value calculations, based on a method described by Tann 

(1976), give an estimated value of approximately 14 microstrain for 

the largest strain wave height expected during one year. Al thoug h 

this r.esul t may not be reliable, it does not seem unreasonably large 

compared to strain amplitudes in single data samples. 

We have shown in chapters 2 and 3 that icebergs respond to ocean waves 

both by moving as a rigid body and by bending. The same pattern of 

response was found on all the icebergs, but the periods and amplitudes 

of response varied substantially with iceberg geometry and 

environmental forcing. The results we have obtained in this chapter, 

together with the results from chapter 2, will form the basis for a 

comparison with the results from the modelling of iceberg response to 

ocean waves in chapters 4 and 5. 
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Chapter 4 

RIGID BOpY MOTIONS 

4.1 Some simple models 

A floating body has six rigid body motions corresponding to six 

degrees of freedom, as illustrated in figure 2.2.1. If the equations 

describing these motions are assumed to be linear and uncoupled, then 

:·.:,;.i- ~ 
motion amplitudes and periods can be found separately and depend only on 

. I'· '-

characteristic features of the floating body, the fluid and the forcing. 

Although simple expressions for rigid body motions are derived in most 

basic textbooks on naval architecture and engineering (Muckle, 1975; 

Rawson and Tupper, 1976; Berteaux , 1976), the solution for Antarctic 

tabular icebergs generally requires a more complex approach, since 

effects o f added mass and inertia cannot be neglected. Very little work 

has been done on the calculation of the various rigid body motions of 

t abular icebergs, and only two articles have been publi shed in the 

literature: Schwe rdtfeger (1980) and Foldvik and others (1980). Some 

in situ measurements in the latter paper were presented in section 2.2 

of this thesis. In this section we discuss results from these papers and 

develop further our study of the motions of icebergs due to ocean waves. 



The three rigid body motions of heave, roll and pitch are different 

from those of surge, sway arid yaw since in the former case the iceberg 

has an equilibrium position and thus a restoring force acts on the berg 

if it is displaced. This is given by the mass of the water displaced by 

the sub~erged part of the iceberg multiplied by the gravitational 

constant. The last three rigid body motions ( surge, sway and yaw) result 

from the net horizontal force (or torque) from the ocean waves. We begin 

by deriving some simple expressions for heave using the parameters given 

in figure 4.1.1 a). We assume that the only forces acting on the iceberg 

arc those of gravity and buoyancy. We neglect non-linear effects, the 

_ ,effects of added mass and damping created by the entrained water, and 

·· the forcing from ocean waves. The equation for heave motion of an 

iceberg can then be written as : 

.. 
M. z 

l 4.1.1 

where Mi is the mass of the iceberg, g is the gravitational constant, 

-~~ is the mass of the displaced water, ~ is the horizontal 

cross-section and Pw is the water density. We assume that Mi=Mw, then, 

with thickness T, equation 4.1.1 reduces to : 

.. 
z z 

where X = Pw /Pt, with a solution 

z A cos(w t + <P) 
0 0 

g . - x- z 
T 4. 1.2 

4.1.3 
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wh ere w
0 

= /g1xT
1 

is the natural r adi an frequency o f o sc ill ation for the 

iceberg. The natural period of oscillation is therefo r e 

2TT ~ 4. 1. 4 g 

Th i s i s t he same ex pr essi on a s that deriv ed by Sc hwerd t f eger ( 1980 ). 

Ho wev er, compa r ison with field resul ts immediately reveals that the 

express i on is too simple to desc r ibe heave . Both X and g ar e constants , 

so t hat equation 4.1. 4 gives the heave pe r iod as a linear function 6f the 

squa r e r oot of the thickness. The results from section 2. 7 i ndicates 

that the r elationship between heave resonance and iceberg geometry is 

more complicated , and depends also on the horizontal dimension of the 

i ceber g . 

We now consider a more adv anc ed de scri ption o f heave mot i on, and 

., includ e the effec t s o f added mass and dampi ng i n equat ion 4.1.1. The 

;,e qua tion of motion becom es: 

(M . + m) z + $z 
1 a - p g z 

w 4. 1.5 

wh ere ma is ·the added mas s and B is the dampi ng coeffi c i ent. Vi scous 

effects are not included and the damping is linear . Equation 4. 1. 5 can be 

r e- arranged to t he familia r fo r m : 

.. 
yz 2 z + w z 0 

0 

/ Pw g 
w 

0 M. + m 
l a 

8 4. 1.6 
y = M. + m . 

l z 
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where the added mass and damping are functions of the frequency. For the 

case of light damping where Y < 2wo' the solution takes the form : 

z = A exp ( 
1 
2 

y t ) cos ( w f t + <I>) 

w 
0 

l' 
[1 - ( Y;2wo)2] 12 4. 1. 7 

The period of oscillation is therefore dependent on the damping, but 

,. 
unless Biis large compared to (Mi+ ma)Z the effect of the damping on the 

natural frequency is very small. The natural period is therefore 

approximately : 

4. 1.8 

We now consider the roll and pitch motions of icebergs. [ 1] The 

simplest expr ession fo r the r olling motion of a tabular iceberg is given 

by : 

I 8 = T er r 4.1.9 

wher e IcR is the moment of inertia about the centre of roll, 8 is the 

angular acce1·er ation and Tr is the return to r que , or the r ight ing moment. 

We assume that the gravitational force on the iceberg (Fg) is equal i n 

mag nitud e and oppos i te in directi on t o t he buo yancy force (Fb) and t ha t 

the am plitudes of the oscill ations are small so that sin 8i;B. T is then r 
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given by 6F9 , where 6 is the magnitude of the righting arm . In this 

simple appr oximation 6 is the distance par allel to t he x- axi s of t he 

inertial system of reference ( figure 4. 1. 1 b)) between two lines in the 

dir ections of the buoyancy and the gravitation force, and going through 

the centr.e of buoyancy ( CB) and the centre of gravity ( CG), respectively. 

Thus 6 is given by : 

3 XT 
T 

2 
(2 X -1) 8 

The moment of inertia, ICR' is taken about the centre of roll ( CR). 

4. 1. 10 

At this point, clarification of the difference between the centre of 

roll and the metacentre is necessary. Metacentre is a well-known 

parameter used in defining stability criteria for floating bodies . 

Gener ally, its position is not fi xed with r espect to an inertia frame of 

r eference. A di.scussion of the relative positions of the metacentre and 

·t he centre of gravity when an iceberg changes its shape through melting 

is given by Nye and Potter ( 1980) who utilize catastrophe theory to 

obtain stability criteria. We shall not discuss problems o f i ceber g 

s t ability i n this thesis, since this is mainly important for very small 

icebergs whose shapes can depar t consider abl y f r om tabular i ty. Ho wever, 

we note that the instantaneous position of t he metacentr e is positioned 

at the inte r section o f a line normal t o the water l ine in the equilib r i um 

position and a line through the temporary position of the centre of 

buoyancy and · normal to the sea surface when the iceberg is tilted. 

Furthermore, the s t ability criterion is such that the centre of gravity 

does not cross the curve defined by the position of the metacentre 
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during the rolling motion. An approximate estimate of stability, based 

on a realistic density profile, is a metacentric height (distance from 

the centre of gr avity to the metacentre) of at least 10% of the iceberg 

thickness (Weeks and Mellor, 1978). 

A simple definition of the centre of roll is a position which does 

not CY\Ol;N. in an inertial frame of reference during a purely rotational 

motion of the iceberg. The calculation of the exact instantaneous 

position of the centre of roll is extremely complicated and here we 

present only a qualitative argunent for placing the centre of roll at 

the centre of gravity of the waterplane. Assume that the iceberg is 

homogeneous, the water density is constant with depth, that no 

translatory motion occurs and that the vertical cross- section of the 

i ceberg is a r ectangle. Assume furthermore that the roll oscillations 

·· -are sufficiantly small for the sur f ace corners o f the iceberg to be 

above water at all times. Since the motion - is purely rotational, it 

follows that the gravity and buoyancy forces are equal in magnitude and 

opposite in direction throughout the oscillations. Therefore, the 

cross-sectional area of the triangle ABC in figure 4.1.1 b) is equal to 

that of CDE. This is only feasible if the rotation is about an axis in 

the waterplane and through the centre of gravity of the waterplane . For 

this reason the centre of roll is sometimes referred to in the 

literature as the centre of flotation. 

In reality the centre of roll follows a curve dependent on the 

forcing that initiates and maintains the rotation, the density structure 

of the iceberg and the surrounding water, the iceberg' s shape, the period 
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of rotation, and finally hydrodynamical effects such as added mass, and 

linear and non-linear damping. The relative change in buoyancy force due 

to the density structure of the iceberg or the surrounding water is 

likely to be very small. For the remainder of this thesis we therefore 

assume that the centre of roll is at the centre of gr avity of the 

waterplane. 

Both Foldvik and others (1980) and Schwerdtfeger (1980) have 

assumed that the iceberg is rolling about the centre of gravity 

(al though the latter has drawn the rolling motion about the centre of 

-gravity of the water plane) . Returning to equation 4.1.9, the expression 

· -- for the moment of inertia about the centre of roll for a homogeneous 

iceberg is : 

I = M. er i 

-•_-so that equation 4.1.9 becomes: 

e + o2 e = o 

(2b)
2 

+ T ),a] 
(XT - 2 

The solution of this equation is of the form : 

e e cos ( ot + <p) 
0 

4. 1. 11 

4. 1. 12 

4. 1. 13 
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with a natural period of roll given by 

p 
r 2TI /T 

d 
4. 1. 14 

This expr ession reduces to that of Foldvik and others (1980) if the 

centre of roll is taken to be at the centre of gravity. A further 

simplification is to take the righting arm to be the x-coordinate of the 

centre of buoyancy in the inertia frame of reference. This produces the 

expression obtained by Schwerdtfeger ( 1980). A 250 m thick iceberg with 

a beam of 1000 m would then have a natural period of 32.2 s as calculated 

from 4.1.14, 30.1 s using the expression given by Foldvik and others, and 

30.2 s following the calculations by Schwerdtfeger; thus the differences 

are negligible for these simple expressions. 

We shall not at the present stage include added inertia and damping 

"' .. in, our calculations for roll mot1on, but merely observe that the 

,,:,,,;;q1.1ation is given by 

I + I er a 

where I a is t he added inertia. 

8 + B8 + T = 0 r 4. 1. 15 
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4.2 A 2D model of rigid body motions 

In this section we formulate a 2D model which will be used to 

calculate the motions experienced by Antarctic tabular icebergs in 

response to ocean waves, and the resulting hydrodynamical pressure 

variations along their undersides. We assume that sea water is 

incompressible, that the fluid motion is irrotational and that the waves 

are of small amplitude. We furthermore assume that the bending of the 

icebergs does not modify the ocean waves or the body motions. The system 

of equations representing the rigid body motions is given below : 

(M. + ID. Hi. + B. n. + yJ. n . 
J J J J J J 

j , 1, 2, 3 --- 6 

M. Mass (inertia) 
J 

m. Added mass (inertia) 
J 

B. 
J 

Damping coefficient 

iw t 
F. e e 

J ,o 

y, 
J 

Restoring (stiffness) coefficient 

iw t . . f F. e e = Wave exiting orce 
J ,o 

Motion acceleration 

nj Motion velocity 

nj = Motion amplitude 

4.2.1 

At pr e se nt we have assum ed tha t non-linear e ffec t s ar e neglig ible; the 

system of equations g iven in 4.2.1 is therefore uncoupled and the 
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solutions can be written in the form of harmonic, small amplitude 

oscil l ations : 

- iw t 
A. e j 

J 4. 2.2 

j = 1 , 2, 3 6 

where Aj is rectilinear motion amplitude for surge, sway and heave 

(j = 1, 2, 3) and rotational motion amplitude for yaw, roll and pitch 

(j = 4, 5, 6) (Sarpkaya and Isaacson, 1981 ). Additional information is 

necessary to enable a solution of the equations in 4.2.1. If we represent 

the fluid motion in terms of Laplacian velocity potentials, then the 

ocean waves can be · represented as superimposed velocity potentials 

which are solutions of two different problems: firstly, that of 

radiation of waves from ·a body undergoing forced oscillations in still 

water, and second ly,., t hat of scattering of waves i nter acting with a body 

in a restrained position. The total wave velocity potential can be 

written as : 

4.2. 3 

wher e 

'Pw velocity potential for incident wave 

<D = velocity potential for scattered waves - s 

cp f velocity potential for waves generated by body 

The three components, as well as their sum, must satisfy Laplace's 

equation, and 'Ps and 'Pf must also satisfy the r adi ation condition, which 

states that the solutions apply to out- going waves only. The velocity 
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solutions can be written in the form of harmonic, small amplitude 

oscillations : 

- iw.t 
rrj A. e J 

J 4.2. 2 

j 1, 2, 3 --- 6 

where Aj is rectilinear motion amplitude for surge, sway and heave 

(j = 1, 2, 3) and rotational motion amplitude for yaw, roll and pitch 

(j = 4, 5, 6) (Sarpkaya and Isaacson, 1981 ). Additional information is 

necessary to enable a solution of the equations in 4.2.1. If we represent 

the fluid motion in terms of Laplacian velocity potentials, then the 

ocean waves can be r presented as superimposed velocity potentials 

which are solutions of two different problems: firstly, that of 

radiation of waves from ·a body undergoing forced oscillations in still 

wate r , and second ly~ t hat of scatter ing of waves interacting with a body 

in a restrained position. The total wave velocity potential can be 

written as : 

where 

~w velocity potential for incident wave 

<D = - s velocity potential for scattered waves 

velocity potential for waves generated by body 

4. 2. 3 

The three components, as well as their sum, must s atisfy Laplace' s 

equa tion, and ~s and ~f must also s atisfy the r adi ation condition, which 

states that the solutions apply to out-going waves only. The velocity 
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potentials must also satisfy boundary conditions at the ocean bottom, at 

the free surface and on the submerged body surface. The last condition 

can be formulated in terms of the body motions : 

+ + V 
n 4.2.4 

where Vn is the velocity of the body surface along the normal n to the 

underside. We have assumed that S ~ S
0

, since oscillations are small. The 

body motions are directly associated with the generation of ocean waves, 

··~s o that equation 4.2.4 can be separated into two parts : 

+ 
4.2.5 

4.2.6 

Equation 4.2.5 describes the velocity potentials for the restrained body 

problem, while equation 4.2.6 defines the six body motions through : 

6 6 
-iw.t V = I ~t (IT . ) n. = l - iw. A. n. e J n J J J J J 

4.2.7 

j=l j=l 

where n j is given by : 
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----- -

n3 n 4.2.8 z 

n4 zn - ynz y 

ns Xn - zn 
z X 

n6 yn - Xn 
X y 

The equations of motion (4.2.1) can now be re-written as a matrix 

equation: 

· wtere 

2 
d A· J~ A . . 

J 
- c .. -- + p 

lJ at 2 l] w at 
so 

A. . are the mass ( inertia) matrix l] 

n.dS 4.2.9 l 

components, cij are the 

- 'hydrostatic ( restoring) stiffness components and ni are defined in 

. ··~. 2~8. For a linear representation, Aij = 0 and cij = 0 for i -I j. 

We have formulated the full set of rigid body motions in three 

din-ensions, although we have already neglected all non-linear terms. We 

now wish to restrict further modelling to a two-dimensional analysis. 

Two procedures are commonly used to analyse the problem of the response 

of a floating rigid body to waves: the multiple expansion method 

originally developed by Ursell ( 1949), and the more recent technique of 

utilizing a Fredholm integral equation of the second kind approximated 

by a system of linear algebraic equations. other procedures have been 

reviewed by Wehausen ( 1971 ). The model presented in this thesis is based 

on the second method mentioned above and was originally developed by 

Frank (1967) . A modified version of the computer progran based on Frank's 
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method was implemented by Professor Choung Lee of David Taylor Ship 

Research and Develoµnent Laboratory, Washington , on the IBM 370/165 

computer of the University of Cambridge. In this program the 

cross-sectional contour of the floating body is approximated by a number 

of nodal points joined by straight line segments. Complex source 

potentials of a form suggested by Wehausen and Laitone (1960) are 

allowed to vary in source strength from segment to segment, but are 

constant along each segment. The resulting set of linear algebraic 

equations is solved numerically. A further discussion of the method can 

be found in Lee (1976). Its applicability to the rigid body motions of 

ice floes has been investigated by Squire ( 1981 ). 

The input and output parameters in the model are as follows. 

Input : contour geometry of the submerged part of the body, radius of 

gyration, position of the centre of roll, and the period and dir ection of 

.. -,,~ incomj.ng ocean waves. Output : rigid body motion amplitudes and phases, 

·, ,.;,·;;;. added mass ( inertia) and damping for the rigid body motions, pressure 

-,:.: · fields resulting from the different rigid body motions, and the total 

pressure field on the body contour. Motion amplitudes are scaled to an 

i ncoming ocean wave of 1 m in all the figures presented. To convert to 

the motions ·ac t ually experienced by a real iceberg we multipl y these 

results by a scaling factor . The model is quite general in that it allows 

bod y r espon se to be calcul ated at any posit i on on the i ceber g . Ho wev er, 

we s hall only pr esent r e sults for the surface centre of the berg , where 

most of the field data were collected. Furthermore, we shall not discuss 

the phase change between the oce an forcing and the measured response, 

since this information is not contained in the field data. 
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Some preliminary calculations are necessary before applying the 

model to iceber gs. The present model i s sensitive both to changes in t he 

position of the centre of roll and to the radius of gyration. This is 

illustr ated in figure 4.2.1. The sway, heave and roll motions sho w the 

effect of a 10% change in the · parameters mentioned above. Iceberg 

dimensions of 1000 m by 800 m and a thickness of 250 m have been used in 

the calculations. As we would expect, the heave response is unchanged, 

but there are substantial changes in sway and roll . It follows that the 

density structure and the freeboard are important in establishing the 

correct radius of gyration and centre of roll. Thus, it is necessary to 

know both the thickness and the freeboard to estimate a suitable density 

profile. However, if the correct combination of density profile and 

freeboard is used for a given iceberg thickness, the model is not 

particularly sensitive to reasonable variations in the density profile. 

This is illustrated in figure 4.2.2 where rigid body motions are 

,-. k calculated for three different density profiles and for an homogeneous 

- ,Ill iceberg . Al though little is known about the density structure of 

icebergs, it is likely that it is similar to that found in ice shelves 

(section 1. 2) . We have found t he density pr ofile at Little Amer ica V 

station is the one which gives estimates of freeboard/draft ratios 

closest to the observ ed fi eld value s. We t herefore use this den sity 

profile i n the future modell i ng . 

The calculation of radius of gyration and centre of roll for an 

arbitrary shaped floating body with non-uniform den s ity s tructure 

requires a num erical solution. The present author has written several 

computer programs to meet this demand. Figure 4.2.3 shows the variations 
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in the non-dimensionalized radius of gyration with varying length and 

thickness for tabular icebergs. 

As a first illustration in the use of the model, we have calculated 

the rigid body motions, added ma.ss and damping for an iceberg with a 

non-uniform density structure and the dimensions used in figure 4.2.1. 

The results are presented in figure 4.2.4. All the motions have clear 

resonant peaks; sway at 37 s, roll at 48 s and heave at 52 s. As expected, 

both the sway and the heave curves tend to perfect response at very 

large periods ( ie, they follow the motion of the waves), while the 

rolling motion of the iceberg is negligible for very long waves. The 

sway motion also shows a minimum at around 52 s. Since this behaviour in 

sway is well documented in the literature, we shall not discuss it 

further (Vugts, 1968). Figure 4.2.4 b) and 4.2.4 c) clearly demonstrate 

the importance of including added inertia and damping in the model. 

Their variation in roll with incident wave period is small, but the same 

parameters for heave and sway are strongly dependent on period. A 

simpler modelling approach with added inert i a and damping neglected, o r 

represented b y constants, would ther efor e yield unacceptable results . 

This agrees well with the conclusions of Lee ( 1976) for the heave 

motions of qoating bodies of various cross- sectional shapes. In the 

linear theory damping is directly related to the outgoing waves created 

by the motion of the iceber g . Fig ur e 4. 2. 4 b) therefo r e illustr ates t ha t 

the wavemaking potential of the standard s i zed iceber gs i s lar gest in 

heave and occurs at r e l ativ el y l ong periods. Dam ping for swa y i s largest 

at medium periods, and is small for long and short waves, while r oll 

damping is al ways small. 
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4.3 Rigid body motions of visited icebergs 

We now turn to the problem of modelling the rigid body motions of 

the icebergs investigated on our two field trips. All the information 

collected on freeboard-to-draft ratio, geometry and under-water shape 

has been incorporated. The results are presented in figure 4.3.1 for the 

long and short axes of the four icebergs. 

Two features are common to all the curves presented. Firstly the 

rigid body response is negligible for low periods. The cut-off period 

varies somewhat from iceberg to iceberg and al so with different body 

motions. All the motion amplitudes are close to zero under periods of 5 

to 10 s. This agrees well with results obtained in section 2. 7, since 

· only iceberg 5 showed any significant response between 5 and 10 s, and 

· this response was of much smaller amplitude than the longer period 

· ·response. 

Secondly, most of the curves show resonant peaks. For surge, resonant 

periods are at 35 to 40 s . The curve for sway mot i on of iceberg 5 

displays features which are not similar to those of the other icebergs. 

Similar behaviour was found fo r the i ceberg modelled i n figur e 4.2.4, and 

it is often associated with sway and sur ge motions of medium-length, 

t hin i cebergs. 

There are clear reson ance pe a ks a t 40 t o 50 s in the theor et i cal 

curv e s for heave for ic eberg s 2, 3 a nd 4, partic ularly fo r wav es b eam- on 

the short axis. All these icebergs were medium to small in size and had a 
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marked sliver-shape. Iceberg 5 did not have a clearly defined resonance 

peak in the heave predicted by theory, nor were there any large 

differences between the long and the short axes. This is probably due to 

this iceberg being thin compared to the others, and also of a larger 

horizontal dimension. Resonance occurs at 40 to 50 s for icebergs 2, 3 

and 4 in roll and pitch motions, but the period of resonance is 

considerably greater for iceberg 5, particularly for pitch ( at 70 s). 

When comparing field data with theoretical results, it is necessary 

to convert the gain factors obtained from the model into response 

amplitude operators (RAOs). Heave, surge and sway amplitudes are already 

in the correct units (m/m), but pitch and roll gain factors are divided 

by the halfbeam to obtain the unit microradians/m. Tue results are shown 

in figures 4.3.2 and 4. 3. 3. Tue errors in periods increase with the 

magnitude of the pe r iod and can be calculated from record length and 

grouping factor. Tue error in amplitudes is not known, since the 

coherence function cannot be produced (section 2.7). 

Unfortunately, ver y littl e fi eld data on s wa y and sur ge has been 

collected. On iceberg 4, peaks in the recorded surge RAOs were found at 

25 and 10 s , compar ed to the peak predicted b y theory at 38 s. Tue 

amplitudes of the theoretical curves are somewhat larger than the ones 

r e cord ed, partic ular ly at periods gr eater than 20 s . Tue s wa y data 

r ecord ed on iceberg 5 show peaks at 18 and 41 s, which ag r ees well with 

the resonance period in the theore tical c urv e , but again t he t heor e tic al 

amplitud e s a re larg er. Tue occurrence of r eso nance peaks obse rved in the 

heave field data agrees well with theory. Resonance is found at 42 s for 
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iceberg 4, with a smaller period response at 25 s; peaks are found at 35 

and , 16 s in the RAOs from iceberg 5, but no corresponding resonances 

were found in the theoretical curves. The theoretical heave amplitudes 

for periods less than 20 s agree well with the field data for iceberg 5, 

but are ,smaller for iceberg 4. The shape of the heave RAOs recorded on 

iceberg 4 agree best with the theoretical results for waves beam-on the 

long axis, while the same comparison for iceberg 5 indicates that the 

waves were beam-on the short axis. 

Finally, we observe that the recorded peaks in the pitch and roll 

spectra agree well with the theoretical resonance peaks at around 40 to 

50 s. Iceberg 5 has a theoretical resonance at around 70 s for which no 

evidence is found in the field data. On the other hand, all the icebergs 

have low-period peaks in the recorded data which do not correspond to 

resonances in the theoretical curves. In addition, icebergs 2 and 4 had 

reson ances at 76, 90 and 110 s found in the spectra, but not in the RAOs, 

pr-OlJ ably because of large inaccuracies in Waverider records at periods 

beyond 20 s. These resonances were not found in the theoretical curves. 

The roll resonance of iceberg 4 was particularly spectacular, with a 

much larger amplitude than the pitching and rolling motions measured on 

the other icebergs. 

On the whole, the theoretical results reproduce the positions of the 

resonance peaks in periods, but amplitudes in the field data are 

generally smaller than those predicted by theory. This is particularly 

noticeable in roll and pitch motions, and it may be an indication that 

viscous damping should be included in the model if detailed description 
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of t he rolling motions is required . The heave, sway and pitch amplitudes 

measured on the icebergs are smaller than those predicted by theory fo r 

periods above 20 s. This is probably caused by a combination of several 

er rors due to the method of collection and analysis of the field data . 

Firstly._ the Schaevitz accelerometers used to record vertical and 

horizontal acceleration will resolve the periods of resonance above 

20 s, but they are highly inaccurate in amplitude (section 2.7). 

Secondly, additional errors due to the inaccuracy of the Waverider buoy 

are introduced at periods larger than 20 s. Thirdly, an unknown random 

error is present in the calculated RAOs. This error can be calculated if 

the coherence factor is known, but since simultaneity of the data cannot 

be established, confidence limits are not given in the present case . 

,4. 4 Rigid body motions of ideal icebergs 

We have in the previous section shown that the presented model 

approximately reproduces features of the body motions observed during 

in situ investigations on four icebergs. Toe next step in our modelling 

is to study- the effects of varying iceberg geometry. For all such 

variations the same density profile has been used , but new values of 

r ad ius o f g yr ation and centre of roll have been calcul ated as r equired. 

Res pon se amplitud e s for s wa y, heave and roll are pr e sented in 

figure 4.4.1 for three icebergs of different lengths. All three motions 

show marked diffe r ences as the beam of t he ic eber g dec r eases. Sway 

amplitudes are small for incident wave periods of less than 30 s and 
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quickly approach the incident wave amplitude in magnitude above periods 

of 60 s. The longer berg shows a large sway response at periods between 

20 and 80 s, but the usual minimum occurs at a much greater period than 

for the standard berg and its short counterpart where the minimum is not 

so marke9. The main effect of increasing the length of the iceberg on the 

other body motions is to decrease the severity of resonance in heave, 

and to increase it in roll. Not unexpectedly, the period of resonance 

increases with length. 

Motion amplitudes for icebergs of varying thickness are shown in 

figure 4.4.2. In sway, the first peak is moved only slightly with 

increased thickness, but its amplitude becomes significantly smaller as 

the iceberg thickens. This is al so the case for the roll response. The 

resonant peak in the heave motion is markedly larger for the thicker 

iceberg. 

Since we are using a two-dimensional model the varying of width will 

not affect the results for incident beam waves. We therefore consider 

the motion amplitudes generated by waves incident at an angle of 135° 

(bow-quartering waves). The results are presented in figure 4.4.3 and it 

is interesting to note that, while the period at which resonance occurs 

does not vary much with width, the response amplitudes of our standard 

iceberg are larger than those for both the narrower and wider icebergs. 
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4.5 Hydrodynamical pressures under icebergs 

One.result from modelling the rigid body motions of icebergs is the 

possibility of calculating hydrodynamical pressure variations along the 

submerged contours of the icebergs. For each case of different iceberg 

geometry and environmental forcing there is a corresponding pressure 

distribution . The pressures can be separated into contributions 

associated with the different rigid body motions , which can be written 

as: 

P (x,t) 
m P g Re { (P (x) + iP (x)) (A + i A ) e-\F} 4.5.1 w mR mI mR mI 

where m= 1 corresponds to heave, m:2 to sway, m=3 to r oll, and so on. 

PmR and Pmr are components of a complex pressure coefficient which is 

independent of the iceberg motions. \iR + i~I is the complex motion 

amplit ude, with modulus 

A 
m + A 

mI 
2 

The added inertia and damping are obtained for each motion by: 

M 
m 

s 
m 

pwg 
--

w2 

pw g 

w 

f P n dl mR m 

f P n dl mI m 

4.5.2 

4.5.3 

where nm is the direction cosine of the mth dir ec tion of motion, and 

integra t ion is pe rformed along the submerged contour of the iceberg. 
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The t otal hydr od ynamical pre s sure distr ib ution is given as a sum of 

t he pr essur e s o f t he com ponen t motions : 

6 

Pt (x, t) = l [(PmR( x ) + PmI( x )) 
m=l 

(A + i A )e-iwt] 
mr mI 4. 5. 4 

The present model gives solutions in the form of numerical r esults , t hat 

is , the total pressure distr ibution is given at points on the iceberg 

contour . At each of these coordinates, the pressure is given as an 

amplitude and a phase factor . The pressures var y harmonically in time , 

but not along the submer ged contour . Result s ar e pre s en ted fo r a t i me 

t=O when the crest of the incident ocean wave is assumed to be 

under neath the centr e of the iceber g . Since al l nece s sary information is 

given at eac h contour point ( ampl i tude and phase ) , pr essure 

distri butions at an arbitrary chosen time can easily be calculated . 

·1m ex am ple o f t he c alculation s o f pr essure var iat i ons is g iv en in 

figure 4. 6. 1 where results are presented for an ocean wave with a pe r iod 

of 25 s incident on the l ong axis o f iceberg 3. The f igure illus tr ates 

sever al features common to the pr essur e distributions of all the iceberg 

geometries. The heav e component is the most significant contribution of 

the motion-induced pressures. The pre s sure field resulting from the 

velocity potent i al s of ocean waves in t eracting with a r estrai ned 

iceberg ( equation 4. 2. 3) is , ho wever , al ways much lar ger. The total 

pr essure d i s trib ution under the i ceber g i s the r e for e approximat ely 

equal to the pressure variations under the restrained iceberg modified 

by the pressure variations resulting from the vertical acceleration of 

. I 



168 

the iceberg. Thus, even if the present model is not ad equate for 

describing details of the rolling motions of an iceberg at long periods, 

this does not seriously interfere with the calculations of 

hydrodynamical pressures along the bottom of the iceberg. 

Pressures are also calculated along the sides of the icebergs in t he 

same manner as the pressures along the bottom. However, it is likely that 

3D effects and effects of viscous damping will play a more important 

role fo r the pressures at the sides, and the present model is therefore 

probably not particularly suitable for the purpose of investigating the 

problem of vertical pressure variations in the vicinity of tabular 

icebergs. 

· Calculations o f the hydrodynamical pressure distributions give the 

.·nece ssary input to the modelling of the flexural response of iceber gs to 

ocean waves, which we will discuss in chapter 5. 

4.6 Discussion and conclusions 

In this chapter we have presented a two-dimensional linear model for 

the calculation of rigid body motions and hydrodynamical pressure 

variations on the submerged contour of a tabular iceberg in ocean waves . 

So far we have presented the results of these calculations as 

non-dimensional i zed amplitudes of rigid body motions . 
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When comparing theoretical results with those obtained from field 

data, a number of features are evident: 

a) Some of the resonance peaks found in the theoretical curves are 

not .evident in the field data. An example of this is the pitch 

resonance at 70 s for iceberg 5. A probable explanation is that no 

energy was present at that period in the ocean waves at that 

particular time, and thus the resonance was not initiated. 

b) Some of the low period peaks which are found in the recorded data 

are not found as resonances in the theoretical curves . This may 

indicate that it is necessary to include viscous damping in the 

present model to describe roll and pitch motions accurately. 

However , since the roll-induced pressure variations und er all the 

icebergs were small compared to the total pressure variations, it is 

not relevant to the pr oblem of flexural bending of icebergs. 

c) . In a few cases, of which the rolling of iceberg 4 is the most 

notable, peaks of large amplitudes occur in the recorded spectra at 

long periods where there is no indication of reson ance in the 

theoretic-al curves. We have previousl y suggested that an initial 

tilting of the iceberg, due to a calving of ice from its side , could 

possibly set up a rocking motion of this amplitude. If, however, a 

single event caused the rolling motion of iceberg 4, it is to be 

expected that the rolling would be at the resonant period of 45 to 

50 s. Thus, it seems more likely that the long period rolling 

recorded on this iceber g was set up by cyclic pressure variation , 
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possibly non-linear wave packets, in the ocean. At present, 

insufficient information is available to draw any conclusions about 

such phenomena. 

d) The sway, surge and heave motion amplitudes were recorded with 

instruments which induced large errors for measurements at above 

20 s. It is therefore difficult to establish whether acceleration 

resonances occurred at very long periods. 

e) All the theoretical amplitudes were larger than those recorded 

for periods above 20 s. Since the present model does not include 

non-linear viscous damping nor 3D effects, this could be an 

indication that such factors are important. 

The modelling of idealized iceberg geometries showed that both 

thickness and horizontal dimensions are important in determining 

·'·periods and amplitudes of resonance. However, conclusions about the 

.significance of these results when considering fracture of tabular 

icebergs will not be made until the corresponding surface strain has 

been calculated in chapter 5. 

Finally, we discuss some points concerning the most important basic 

assumptions in the modelling work. Al though three-dimensional effects 

are important for the body motions of very large objects such as tabular 

icebergs, we have chosen to use a model basically similar to the strip 

theory of naval engineering (Rawson and Tupper, 1976). There are several 

re asons for making this restriction . Firstly, the results sho we d 
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correspondance with the field data and , more important , several features 

in the data would have made a comparison with more sophisticated 

three-dimensional models difficult to interpret. Secondly, no 

information was obtained about the shape of the sides of the icebergs, 

and this part of the geometry may play an important part in 

three-dimensional modelling. Thirdly, the Waverider records were not 

directional, implying that we have no information on the directionality 

of the forcing. And finally, adequate records from strainmeter rosettes 

for calculating the maximum and minimum principal surface strains and 

their directions ( Squire, 1978a) were not obtained on any of the 

icebergs. 

A 3D analysis of rigid body motions of a floating box is presented 

by Faltinsen and Michelsen (1974). The authors also compare their 

results with those obtained from a two-dimensional analysis similar to 

.:.: that used in this thesis. This comparison is not necessarily pertinent 

--.~. to the present analysis, since the floating body analysed by Faltinsen 

·.-:- and Michelsen is smaller by a factor of 500 than the most common tabular 

iceberg. It is interesting to note that the comparison shows a 

consistently lower estimate for the added mass and inertia in the 

two-dimensional model. However, it is not likely that this t r end also 

holds for floating bodies of much larger dimensions and mass, and 

because of the many factors involved in the calculations, the 

correc t ions c annot be stated with c erta i nty b e for e a fu l l analys is ha s 

been made . 
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The other major approximation in the present model is that it 

neglects non- linear effects . The theory outl ined in section 4.2 is based 

on the assumption of small ocean wave amplitudes. Two diffe r ent types of 

non- linear effects may arise if the wave amplitudes cannot be regarded 

as small. Firstly, long period ocean waves resulting from non-linear 

effects in the ocean may feed energy into the long period rig id body 

response of tabular icebergs . Since long period response has been 

observed on some of the icebergs visited, particularly in roll , we 

suggest that non-linear effects may be important to the long period roll 

response. Another effect of wave non-linearities is the difference in 

the forcing derived from integration of the wave pressure up to the 

still water level (for the linear theory) on one hand, and similar 

integration up to the instantaneous water surface on the other. We 

believe this effect to be relatively small for tabular icebergs because 

,.·,· f their very lar ge vertical dimensions compared to ocean wave 

<· ,··: am plitudes. Non-linear drift forces are unlikely to be important for the 

'<pr"oblem of forcing along the bottom of tabular icebergs. However , 

. . . non- linear wave diffr action , when horizontal iceberg dimensions are 

comparable to the ocean wavelengths, may not be negligible for certain 

iceberg geometries , and there ar e indications that solutions may become 

u:1stable for such configurations (Lee, 1976). 
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Chapter 5 

FLEXURAL BENDING AND CREVASSE PROPAGATION 

5.1 Introduction 

Our aim in the present chapter, and indeed in this thesis, is to 

obtain fracture criteria for icebergs of various dimensions and 

internal structure subjected to different environmental conditions. In 

short, we wish to know which tabular icebergs are the most likely to 

fracture, and the conditions in which they will do so. So far we have 

derived hydrody11amical pressures representing forcing of the waves on 

icebergs ( section 4.5). However, before we are ready to utilize these 

results to calculate surface strains, there are several important areas 

of the mecha.nical behaviour of icebergs which need to be examined. 

Once we have settled on a description of the mechanical behaviour of 

icebergs, it is necessary to choose a model to describe the flexural 

bending. Very little work has been published which deals specifically 

with the break-up of tabular icebergs. We are therefore left with an 

extensive, but, not always relevant, literature on the flexural bending 

of sea ice, ice tongues and ice shelves ( glacier ice). 
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General solutions to a varie~y of thin plate problems have been 

di s cussed by Timoshenko and Woinowsky- Krieger ( 1959) , and the method ha s 

been adapted to sea ice problems by Michel (1974) , Hutte r (1975) and 

Hutt er and Williams (1980) . For a plate , deformations occ ur in all t hr ee 

dimensions . Thus a section of a plate subjected to a line load along one 

edge can be said to be in plane stress. A further assumption is to 

neglect the strains induced transv er se to the section and the line load. 

This corresponds to beam theory with the condition of plane strain. 

Solutions to these two problems in the plane of the cross-section are 

identical, but a different flexural rigidity is applied in the second 

case . We shall later show that results change by a small factor, and 

hence the difference between plate and beam theory is not important as 

long as stresses and strains are allowed to vary in the vertical 

direction . 

A measure of the rigidity of a plate is the critical plate 

length, ).._-l, whe r e A is given b y the ex pr ession: 

4 

IP[? 
4D 

He r e Di s the stiffness and is given by: 

D 
EI 

1-\! 2 

5. 1. 1 

5.1.2 

where E is Yo ung's modulus , \! is Poisson's ratio, and I is the moment of 

inertia of a segment of the beam. We have not yet discussed values fo r 

these elastic constants fo r tabular icebergs . Approx imate typical values 
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for cold , dense polycrystalline ice give : 

/1. - l = 24. 7 T \ 
5.1.3 

Hence, fo r a 200 m thick iceberg, the critical plate length is 1314 m. 

Icebergs with horizontal dimensions shorter than this value tend to 

respond rigidly to ocean waves, i.e. with little bending, while much 

longer icebergs deform closely to the shape of the forcing function. For 

icebergs with horizontal dimensions around the critic al plate length , 

the general deflection curve cannot easily be predicted . Unfortunately 

many Antar ctic tabular icebergs fall into that category. 

An approach frequently used to model flexural bending of ice shelves 

and ice tongues is that of a cantilever beam . Solutions to this type of 

problem under assumptions of either plane stress or plane strain have 

been obtained by Holdsworth (1969, 1978, 1982), Smith (1977) and finally 

Fastook and Schmidt (1982). The plane strain equation for an elastic 

beam on an elastic foundation is given by Smith ( 1977) as : 

5. 1. 4 

where y is the deflect ion of the beam and I is the moment of inertia per 

unit thickness. It is assumed that there is no deflection at the clamped 

end and the deflection is !'::.y at the free end. Smith's results show that 

7T .3 7T maximum stresses occur at x = O, /2J..., h1,.., ••• where x = O corresponds to 

the clamped end. This corresponds to distances of x = 2756, 8267 m, ••• 

for typical iceberg parameters. Ratios of successive maxima are given by 
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-\x 
e , so that the third and higher order peaks are negligible. This type 

of analysis cannot be used even for very large tabular icebergs, since 

the cantilever analysis is much too simple a picture to describe the 

bending response when the iceberg is not restrained at one end . It could, 

however, under certain conditions be used to describe flexure of the 

free-floating part of large, grounded icebergs. 

5. 2 Mechanical properties of icebergs 

Polycrystalline ice is generally recognised as a brittle material 

(Glen, 1974), that is, during cyclic bending the elastic deformation is 

r-ecovered until a critical level of loading is reached. The ice then 

f r -actures without viscous or plastic yield. In general, this simple 

picture is not correct for many instances of cyclic bending. For strain 

r ates smaller than 10-4 s-1, the viscous effects may not be negligible, 

but for the purpose of the modelling carried out later in this chapter , 

we . shall assume that this is the case , and that the problem of flexure of 

tabular icebergs can be treated by elastic theory. 

The mechanical behaviour of Antarctic tabular icebergs is a 

complicated problem, in part because the bergs are not homogeneous slabs 

of ice, but also because so little is known about mechanical properties 

of ice in general. We have already suggested that icebergs inherit most 

of their structural features from their parent ice shelves 

(section 1.2), and we may therefore assume that the density profiles and 

crystal structure of icebergs and ice shelves are very similar. This 
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assumption is also made for temperatures in the interior of icebergs, ,at 

least below the 10 to 20 m deep surface layer. Thus the larger part of 

tabular icebergs is composed of pure, polycrystalline ice of low 

porosity, but the upper 60 to 70 m consists of progressively denser snow 

and firn interspersed with ice. Some density profiles are given in 

section 1.2. We may also assume that the dense part of the icebergs is 

relatively cold, at temperatures between -15 and -2o0 c. 

Although crystal size and orientation have been found to vary in the 

Antarctic ice sheet (Duval and Le Gac, 1980), these effects are likely to 

be insignificant compared with the large variations in Young's modulus 

due to density· and, to a lesser extent, to temperature. Both elastic and 

viscous moduli are likely to vary with the material properties. At 

present, no complete description of the mechanical properties of ice 

exists, since more experimental data are needed. Figure 5.2.1 is 

reproduced from Mellor ( personal communication, manuscript 1982) and 

shows a summary of data from various experiments. The value of E varies 

significantly with the porosity of the ice. If we .use the aforementioned 

density profiles for ice shelves, then Young's modulus varies between 

109 at the surface and 1010 within the iceberg interior. The variation 

with temperature is somewhat smaller, but again indicates .a smaller 

value of E at the surface of the iceberg. Although Poisson's ratio also 

varies with density and temperature, these variations are small and we 

shall use v=0 .33 in the later modelling. 

Because of the varying material properties of icebergs with depth, 

it may be advantageous to obtain 'effective' elastic moduli ( Mellor, 
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personal communication, manuscript 1982) . An approxima~e expr e ssion for 

calculating the 'effect ive' modulus for a beam composed of two materials 

with elast i c moduli Ea and Ebis given by Roark and Young (1975) : 

2b 
3 

Ta Eb Ea K EI = Tb 

12 (T E + 1) ~) 1 
a a 

2 3 5. 2.1 

Kl 4 + 6Ta + 4[Ta] + E [Ta] ~b Tb 

Tb Tb E: Tb + Ea Ta 

where Ta and Tb are the thicknesses of the two layers in the beam. This 

expression can also be used if the beam consists of the same material , 

but has a vertical temperature difference that changes the elastic 

moduli . However, 'effective' moduli, when estimated from laboratory and 

field tests , have been found to be highly dependent on the type of test 

performed , time scales for the loading , and also on the size of the test 

sam ples . Furthermore, results are often at variance and even sho w 

contradictory trends (Hooke and others, 1980; Mellor, 1980) . Considering 

how little is known about the internal structure of tabular icebergs, an 

attempt to obtain 'effective' elastic moduli seems of littl e value at 

this stage. 

5.3 Models of the flexure of tabular icebergs 

The problem we are about to investigate is that of transverse 

bending of an elastic beam on an elastic foundation subjected to time-

and space-dependent forcing. We assume that the ocean waves are beam- on 

the iceberg, that conditions do not vary in the z-direction 
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( figure 5.3.1), and that deformations in the z-direction can be ignored 

(plane str ain) . In other words, the stiffness of an elastic plate, D, is 

exchanged with the flexural rigidity of a beam, EI, where I is the moment 

of inertia of a segment of the beam. The two factors are given by 

ET
3 

D 
12(1-\!2 ) 

ET
3 5. 3. 1 

EI --
12 

2 
The two factors differ by (1-v) , and using Poisson's ratio given in 

-section 5.2, results are changed by approximately 12%. In the following 

equations for beams, we shall use EI as the flexural rigidity. 

A cross-section of unit thickness of the iceberg is regarded as a 

beam subjected to a pressure distribution varying along the bottom and 

with time. This corresponds to the strip theory used in chapter 4 to 

model the rigid body motions of icebergs. The elementary equation of 

transverse bending of a beam is 

M EI 5.3.2 

where M is the bending moment at x, and y is the vertical displacement of 

a beam segment. The assumption of pure bending is valid for thin beams 

when the effects of a shearing force in they-direction of the segment 

can be neglected. The shearing force is given b y 

Q = EI 5. 3.3 
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In the case of a thic k beam, it ea~ be shown that the bending moment of 

the beam when it is loaded by a uniform pressure distribution is given 

by (Tim oshenko and Goodier , 1970) 

5.3.4 
- T 

where E;, ( x) is the deflection curve, q is the load intensity, and fo r 

convenience this particular expr ession has x=O at the centre of the 

iceberg . This expression al so holds for a varying load intensity. For 

icebergs which are long compared with their thicknesses , the second term 

is small as long as x is smaller than (b-T) . Fo r icebergs whose lengths 

· are comparable to the thicknesses, the simple expression for the bending 

moment is no longer a good approximation, even at x=O. The effects of the 

shearing force and the resulting compressive stresses should therefore 

·· be included in the calculations of the deflection curve for some iceberg 

· geometries . 

Since we are considering a finite beam, the boundary conditions at 

the sides must be specified. We shall assume that the ends of the 

icebergs are free from restraint of any kind, and thus, we do not discuss 

the possible influence of a sea ic e cover surrounding the iceberg. Also 

a thin cover of sea ice is not likely to inhibit the motions of a 

floating iceberg because of the berg's vast momentum. For free end 

conditions, the bending moments and shearing forces at the two ends are 

zero : 
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= 0 for x 0,2b 

a3c; 5.3.5 
Q - EI 

d 3 
X 

Strictly, we are dealing with beams in bi-axial loading , since there are 

hydrodynamical pressure variations along the sides of the icebergs. This 

is, however, a complex problem and requires numerical solutions, possibly 

using the method developed by Mathieu ( 1890) using cross-wise 

superimposed Fourier series ( in x and y). Saint Venant's principle 

states that the effect of boundary conditions at the ends of a beam can 

be neglected at horizontal distances from the sides larger than the 

thickness. For many iceberg geometries where the length and thickness 

ar:e comparable, hydrodynamical pressure variations at the sides should 

:l:ffeally be included. 

The icebergs move on an elastic foundation and this will affect the 

natural periods of oscillation. We assume that the reaction forces from 

the ocean are proportional to the displacement of a beam segment ( a 

Winkler foundation) , and that the modulus of the foundation is therefore 

given by Pwg• The re action force to a displacement, y, is therefore 

5. 3. 6 

We now calculate the free vibrations of a prismatic beam with geometry 

as shown in figure 5.3.1. The dynamical equilibrium equation for the 

forces in they-direction is then 

dQ 
Q - Q - -

dX 

2 
dx - P. Sdx 4 

i at 0 5.3. 7 
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where Q is the shearing force, p. is the density of ice, S is the 
' l 

cross-sectional area of the segment ( and is equal to Tm 2 ), and y is the 

displacement of the segment. Correspondingly, the equilibrium equation 

for bending moments is 

- Qdx + c.1M dx 
ax 0 

Since we assume that the flexural rigidity, EI, does not vary with x, we 

obtain the equation 

a 

------. 
/

E I / 
p,S 

l 

When a beam vibrates in one of its natural modes, the displacement of any 

segment will vary harmonically with time, and can be written as 

y X. (A cos w.t + B sin w.t) 
J J J 

5. 3. 10 

. where wj is the natural frequency and Xj is the normal function in the 

jth mode. Equation 5.3.9 can then be reduced to 

4 
4 d X· 

J k. x. 0 

dx4 J J 
5. 3. 11 

4 2 
k. = W. / 2 

J J a 

The general solution to this fourth order ordinary differential 

equation can be written as 

X. 5. 3. 12 
J 
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So far we have not included the boundary conditions. For a beam with 

free ends, they are 

0 

for x = 0,2b 5.3.13 
3 

d Xj O 

ax3 

To satisfy these conditions, we have 

C = C = 0 2 4 
5. 3. 14 

coskj 2b coshkj 2b 1 5. 3. 15 

.~quation 5.3.15 has solutions only for the the values of kj which makes 

the expression equal to zero 

k 2b 
0 

0 4.730 

5. 3. 16 

7.853 10 . 996 14 . 137 

The first of these values corresponds to rigid body motions. Introducing 

the effects of the elastic found at ion, equation 5.3.11 can be written as 

EI 
a4 x. __ J 

ax4 5.3.17 

The solutions to this equation are the same as those for 5.3.11, but with 

a different expression for the natural frequencies 

w. 
J 

+ Pwg 

Eik-
4 

J 

5. 3. 18 
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Thus, the presence of the elastic foundation does not change the shape s 

o f .the nor mal mode f unctions. 

We now turn to the problem of fo r ced r esponse of an elastic beam of 

finite length. The forcing is given by the hydrodynamical pressures 

described in section 4.5, and can be written as: 

P(x , t) P g Re { (P ( x ) + iP (x) ) e -iwt I.J 
w R I 5. 3. 19 

Thus the pressures are separable in x and t, and can be written as a 

c •• general expression where the time-dependency is harmonic ( a standing 

.wa-Ve, since phase is not included): 

P(x,t) p g f(x) sin w t 
w 

·rri e total forcing from the environment is then given by 

F ( x ,t) = P gy + p g f( x ) s in wt w w 

The equation fo r the deflection curv e i s 

EI cl t,; (x, t) 
clx4 + p ,S 

l 

2 a E,: (x , t) 

cl t 2 - p g E,:(x,t ) + p g f( x ) sin wt w w 

The gener al solution to equation 5. 3. 22 is o f the form 

E,: (x,t) = 
co 

l ~ 
W , 

j=l J 

2b 

I f (x) X. dx 
J 

0 

t 

r sin wt' s i n w.(t-t ') dt ' 
J J 
0 

5. 3.20 

5. 3. 21 

5. 3. 22 

5. 3. 23 
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,; (x, t) 

co 

I .:S_ 
WJ, 

j=l 

2b 

J £ ( x) X j dx [ sin wt - ~ j 
0 

Sj is the magnification factor , and is given by 

1 

B. 
J 

sin wj t J Bj 
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5. 3. 24 

5.3. 25 

which for j:1 approximately gives the ratio of dynamic deflection to 

that obtained by static theory (Timoshenko and others, 1974) . The first 

te-m of equation 5.3.24 corresponds to forced vibrations when 

steady-state has been reached, and the second term describes transient 

· fn~-e vibrations. 

When steady-state has been obtained, the frequency of flexural 

b;:..,a ing is the same as that for the varying hydrodynamical pr essures, 

and we can therefore write the expression for the deflection curve as 

,;(x,t) 

Equation 5.3.2 then reduces to 

4 
EI d L (x) 

dx4 

L( x ) 
-iwt 

e 

p g f (x) 
w 

with botmdary conditions given by equation 5.3.13. 

5.3.26 

5.3.27 
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Up to this point our approach to the present problem is the same as 

the one presented by Goodman and others (1980). However, the latter 

analysis assumes that the pressure field underneath the iceberg can be 

described by a sinusoidal variation in x and t. As seen in section 4.5, 

the pressures obtained from the model of rigid body motions vary 

harmonically in time, but this is not the case for the spatial 

variations. We shall therefore continue our calculations by assuming 

that the problem can be treated by a semi-static analysis , and calculate 

the bending moments and surface strains by numerical methods (Squire, 

Goodman and Wadhams, personal communication, 1982). 

The equation of motion for the centre of mass of the iceberg moving 

in ocean waves is: 

M. r = F 5.3.28 
l -g 

where Fg is the gravitational force, Fb is the hydrostatic pressure and 

Fd is the hydrodynamical pressure. r(t) is the position of the centre of 

mass in an inertial frame of reference. We assume in the following 

calculations that the flexural bending of all the icebergs is so small 

in amplitude that it does not interfere with the hydrodynamical pressure 

variations resulting from the interaction between the icebergs and the 

ocean waves through the rigid body motions. We also assume that the 

motion of the iceberg can be 'fr ozen' in a r bitr a r y positions where the 

iceberg is in hydrostatic equilibrium with the surrounding water masses , 

•• that is: Fg = Fb. Thus, Mir = Ed, which corresponds to considering the 

flexural bending in a frame of reference following the motions of the 

1111 

I 

I 
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centre of mass of the iceberg~ Inertia effects between different parts 

of the iceberg are neglected. 

The hydrodynamical forcing, of which an example is given in 

section 4.5, is calculated assuming that the crest of the incident ocean 

wave is under the centre of the iceberg at t=O. This does not for most 

cases correspond to the largest bending of the iceberg at the surface 

centre. Since we are now looking at the static problem, we may assume 

that the bending of the iceberg is in phase with the applied pressure 

variations, and that the shape of the deflection curve follows the slope 

of the pressure variations. This is not necessarily the case in the full 

dynamical solution. In order to obtain the maximum surface strain at the 

centre of the iceberg we therefore consider static bending at a time t 

when the pressure variations have maximum curvature at x:b (calculated 

numerically), which corresponds to calculating the phase factors. This 

is not a trivial problem, since the phase change of the pressure curve is 

different for each iceberg geometry and ocean wave loading. The method 

and program utilized is described by Squire (1981). 

Since we limit the analysis to the calculation of maximum strains at 

the surface centre only, we assume that end conditions can be neglected, 

but we include the effects of the shearing force on the deformation. 

Thus our expression for the maximum strain at the surface centre of the 

iceberg becomes (Timoshenko and Goodier, 1970): 

E (b I t) 
T 

2 
X b 

Mi T 
2EI 

+ 
P( x =b) 

2E 1(2-\J) 3 J 
-- - - (2-5\J) 

2 10 5. 3.29 
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where the bending moment is calculated by numerical integration of the 

pressure variations along the bottom of the iceberg. We have removed the 

translatory rigid body motions by centring the pressure variations 

about the mean value, and have furthermore assumed that the iceberg does 

not rotate. Results of the analysis are presented in the following two 

sections. 

5.4 Surface strains on visited icebergs 

We begin our analysis of the flexural bending of the icebergs 

visited by calculating some characteristic parameters previously 

mentioned in section 5.3. Results of these calculations are given in 

,.:,;~ table 5.4.1. Values of the characteristic plate length shows that most of 

the iceberg geometries are those of short or medium-length beams. Hence, 

·'\'.•,, in some cases the pressure forcing at the sides should have been 

,.~ included, the effects of the elastic foundation cannot be ignored, and 

- the bending is not purely transverse , that is, in some cases the effects 

. of the shearing force on the deflection curve should also be included. 

The latter is also seen from the ratio of the bending moment when shear 

is included to that of pure bending. It is interesting to note that the 

periods of the first natural vibration mode are small for all the 

icebergs except 5. Thus, for icebergs 2, 3, and 4, the static approach 

will not yield very different r esults than those obtained by a similar 

dynamic solution. However, it must be noted that the expr ess ion for the 

magnification factor ( equation 5.3.25) is not valid for ratios of w/wj 

larger than 1. For iceberg 5, resonances are expected at 5 and at 18 s , a 



Table 5.4.l Characteristic parameters for tabular icebergs. 

Iceberg Axis 
number 

2 short 

long 

3 short 

long 

4 short 

long 

5 short 

long 

4 

11 -1 /ET3 1 

3p,g 

llM 
shear 

P. 
J=l 

2b2 + T2 (~ + ~) 

2b2 

2'TT = 
w. l J= 

-1 ;\ llM 
shear 

(m) 

1414 1.43 

1414 1.10 

1670 l. 96 

1670 1.11 

1528 1.53 

1528 1.09 

947 1.02 

947 1.00 
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pl 

(s) 

0.33 

l. 35 

0.18 

1.60 

0.27 

l. 78 

4.82 

17.66 
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result which is confirmed i n the field data . 

The maximum surface strains calculated from pr essure variations due 

to inc ident ocean waves at periods between 5 sand 150 s a r e shown in 

figure 5.4.1 . A common feature in most of the curves of the gain factors 

is that there are several resonance peaks . The relationships between 

maximum sur face strain, iceberg geometry and ocean wave forcing are 

considerably more complex than the ones which characterize the rigid 

body motions. The strains experienced by the bergs along the long axis 

are in all cases considerably larger than those along the short axis . 

Resonances occur at various periods between 10 and 100 s , but the 

largest resonances are generally found at periods between 20 sand 30 s 

and at 60 s. The maximum strains are comparable on icebergs 2, 3 and 4 

· - (short axis) , but are considerably larger on iceberg 4 (long axis) and 

on iceberg 5. 

A compar ison between f ield data and theoretical r esults is 

presented in fig ure 5. 4. 2. Excellent corre spondenc e is found when 

comparing mag nitudes of t he r e c ord ed s tr a i ns with those cal culat ed 

theor etically. Also , t he RAOs display similar s ha pes to tho se obtained 

fr om t heor y, but with a sl i ght shi f t of the observed pe a ks towards 

shorter pe riods . Th i s shift i s typ i cal ly between 2 and 1 O s fo r pe riod s 

under 30 s, and som ewh at l ar ger for pe riod s lar ger than 30 s . Howeve.r, in 

view of the uncertainty in defining the elastic parameters it is felt 

that the theory reproduces the field results well. The only significant 

feature, which is found in the RAOs from the observed strains and not in 

the theoretical gain factors, is the massive resonance centred on 90 to 
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100 s found in the strain recorded along the long axis of iceberg 4. It 

is very probable that this resonance is an artifact resulting from a 

recorded strain at 90 to 100 s which has been erroneously amplified by 

in accurate wave amplitudes recorded at those periods by the Waverider 

buoy. As was discussed in section 2. 6, this iceberg displayed a 

spectacular rolling motion at the same periods. 

Another similarity between the strains recorded and those 

calculated for the visited icebergs is that the the field results are 

larger fo r pe r iods under 30 s. The differences are, however , small and 

not consistent. The largest differences in magnitudes are those found on 

iceberg 5 along the long axis, where the theory predicts strains which 

· ·a;,e up to 1 O times larger than those recorded. 

: 5.5· Surface strains on icebergs with various geometries 

We now utilize the presented model to investigate the relationships 

between various iceberg geometries and maximum surface strains. In 

figure 5.5.1 a comparison is made between strains calculated for 

icebergs of varying lengths and thicknesses. Because of the complexity 

of the flexural response of icebergs compared to the rigid body 

response, the results are not so easily attainable as those presented in 

section 4.5. 

There are progressively more resonance peaks in the bending 

responses as the icebergs become longer. Also, the magnitudes are 
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considerably increased for the longer bergs . Thus , the maximum surface 

strain on a short iceberg (400 m in length) is approximately 50 times 

smaller than that experienced by an iceberg of 10 times the length. 

Longer icebergs also have resonance peaks at larger periods, but the 

resonance at around 30 s is 1 arger for the medium-length iceberg ( 1 OOO m 

in length) than that for both shorter and longer icebergs. On the other 

hand, the longer iceberg has a resonance at around 18 s, which the short

and medium-length icebergs do not display. The significance of these 

results is that storm swell will probably affect the medium-length 

iceberg as much as a long iceberg, but that short icebergs are 

relatively unaffected by ocean waves at all periods. 

When comparing icebergs of different thicknesses, the largest number 

. of resonance peaks are found for the thickest iceberg, and the thicker 

the iceberg, the greater are the periods at which resonance peaks can be 

found. Magnitude of strain increases rapidly with decreasing thickness, 

and maximum strain on a 150 m thick iceberg is about 20 times larger 

than that on a 400 m thick berg. Also the main response peak is shifted 

towards smaller periods for thinner bergs, and resonances can be found 

at smaller periods. Thus a thin iceberg responds with larger surface 

strains to storm swell, and will also be more affected by shorter period 

waves. 

The general shape of the icebergs investigated by the models 

presented in chapter 4 and the present chapter is that of a short beam, 

and the periods of natural vibration are generally small ( less than 5 s) 

for those icebergs which r espond rigidly in ocean waves. As was seen in 
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equation 5.3.18, the periods of natural vibration are dependent on length 

and thickness of the iceberg, as well as on the characteristic 

parameters of the elastic foundation. Figure 5. 5.2 shows a 

t hr ee- dimensional plot of the first na t ural vib r ation period for a large 

range of iceberg thicknesses and lengths. 

The ocean wave periods most critical to the icebergs are those for 

which the bergs display resonant flexure. For a 250 m thick iceber g, the 

first natural vibration period is larger than 5 s if the berg is longer 

than 2000 m. Thus, icebergs of these dimensions are much more likely to 

. fracture than bergs that are shorter than 2000 m. If a berg of this 

· -thickness is longer than around 10 OOO m, the vibrational response will, 

' 'co a large extent, be determined by the elastic foundation, and the 

·· m'aximum period of the first vibrational mode of a 250 m thick iceberg is 

· 29 s. An approximate expression for the maximum period of the first 

·· v i brational mode of an iceberg with thickness, T, is: 

p 5.5. 1 
max 

A cor responding expression for the length at whic h the elast i c 

foundation i s dominant in determining the period of the first 

vib r at ional mode is : 

L 
max 

4 ------

~I 5.5.2 

Thus , a 4 00 m thick iceberg will have a maximum period of the first 

vibrational mode of 40 s when this iceberg is 22 OOO m or longer. It is 
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therefore interesting to note that al l long icebergs are li ke l y to have 

periods of flexur al resonance within the range o f periods found in ocean 

wave storm spectra, and that the thicker the iceberg, the shorter it need 

be to have a flexural resonance within the periods found in the ocean 

wave spectra . However , .because of their thicknesses , such icebergs are 

less affected by the occurre\1ce of resonance. 

5.6 Plastic deformation and creep in icebergs 

Stress concentration at the crack tip is important in controlling 

t he rate of propagation of the crack. Several long term factors are 

:11kel y to be of importance to the question of where cracks form , and how 

:qui ckly they propagate. In this section we discuss one of them , namely 

creep caused by the spreading of the iceberg under its own weight as 

· well as an imbalance of hydrostatic forces along the sides of the 

i ceberg. MacAyeal and Thomas (1982) used a finite element method to 

calculate the isotropic plastic spreading of a cylindrical iceberg 

under its own weight. The thickness was 100 m and the length 1000 m. The 

results showed a strain rate of approximately 10-11 with tensile strains 

at the surface. A viscous analysis of creep caused by the imbalance of 

hydrodynamical forces at the front of ice shelves has been made by Reeh 

( 1968 ). In his calculations Reeh assumed that the constant viscosity was 

dependent on temperature and shear stress and took account of the 

buoyancy force created by the deflection. Again, a cantilever approach 

was used with the boundary conditions of zero deflection and deflection 

gradient at the clamped end. Results from the calculations are given as 
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percent deflection of the ice shelf with time . The effective shear 

stress is . largest at a distance from the edge equal to about the 

thickness, and the largest surface stresses occur at a distance of about 

half the thickness from the edge. The time facto r for the bending 

deflection is dependent on the thickness and is about 8 times larger for 

a 200 m thick ice shelf compared to one which is 400 m thick. Thus , the 

thicker ice shelf will bend 8 times slower to a given deflection. A 

typical value of deflection at the edge of a 400 m thick ice shelf is 

16 m after about one year. Al though this analysis is not directly 

applicable to icebergs, since the clamped boundary condition does not 

hold, we suggest that it represents a lower estimate of deflections and 

stresses due to the imbalanced hydrostatic forces arotmd the edges of 

the bergs. It is very likely that this effect is a significant 

contribution to fracture. For small icebergs, the stresses are largest 

iii an area around the surface centre, while for larger icebergs the 

.stress distribution is probably similar to that at the edge and inwards 

on ice shelves. The creep str esses combine with the cyclic stresses to 

pr oduce areas where the tensile str esses are particularly high. Thus , 

smaller icebergs of dimensions appr ox imately twice the thickness tend 

t o f racture along the middle , wh il e larger i ceber gs ar e likely to 

fracture into several smaller pieces . Another interesting result from 

the deflection at the sides o f iceber gs is that the c r eep st r esses along 

t he bottom ar e likel y to be compr e s siv e . Th i s e ffect is t he n pr obably 

more marked in small iceberg s . Hence, bottom crev asse s pr obably c lose up 

on smaller icebergs, while some might be observed far from the edges on 

very large icebergs. This argument is supported by the fact that no 

bottom crevasses have so far been detected on radio echo sounding 
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records from icebergs ( section 2. 5) . 

5.7 Formation and propagation of crevasses 

So far, we have discussed the break-up of icebergs i n terms of the 

magnitude of surface strains. Clearly, to predict the actual propagation 

of a crevasse, fracture cr iteria are necessary. We shall discuss he r e 

some aspects of the fracture due to a critical stress intensity during 

elastic bending. This corresponds to a situation where a small crack is 

propagated due to tensile stresses normal to the direction of the crack. 

Toil ure due to stresses parallel to the crack direction ( shear stresses) 

·1.s quite conce iv able , but, since our modelling only allows us to 

c·a1culate tensile surface strains , this latter type of crack propagation 

· ...... . cannot be discussed further . The basis of fracture mechanics is the 

., ;,,,~,stress analysis of a crack i n an infinite bod y (Smith, 1977). The local 

··stress/strain field in the vie inity of the crack is defined by the crack 

leng th, the applied stress, the geometry of the body, and the orientation 

of the crack, and is describ ed by a stress intensity factor : 

K 
Ic 

5. 6.1 

where Sto
0 

is the r emotely applied stress given in terms of a constant, St, 

depending on geometric considerations, and o is the local average 
0 

stress. c is the length of the crack. A discussion of representative 

values of K 1 c is given by Goodman (1980), who gives a value of 

115 kN m-3 12• Given that the initial crack has a length equal to a 
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typic~l grain s ize of pure ice, the critical strain necessary to cause 

the crack to propagate during elastic bending is then given by 

E 
C 

K re 
1 

2 
1-\J 

E 
5. 6.2 

Typical values for the parameters in equation 5.6.2 are c = 1 mm , ~ = 1, 

E = 9.ox1 o9 Nm- 2 , and v = 0.33, and thus the critical strain is: 

E 
C 

-4 
2.14 X 10 5.6.3 

Several important factors may make this value an upper limit to the 

propagation of cracks on icebergs. Firstly, the elastic moduli are 

significantly different in the surface layers of icebergs , resulting in 

a lower estimate of the critical strains necessary to propagate cracks 

through the firn layers of the iceberg. Secondly, the effect of exsisting 

, :e: racks may change the results in two ways: the existing cracks will 

propagate at lower stresses, and the pattern of crevasses will r el i eve 

the existing overall strain field at the surfac e (Holdsworth, 1982). 

Which of these effects is the more important will clearly depend on the 

crevasse pattern and loading for each individual iceberg. A third factor 

in estimating the crit ic al strains necessary to propagate a crack is the 

possible occurrence of fati gue phenom ena . Mel lor and Cole ( 1981) have 

studied the strain energy dissipation during cyclic uniaxial 

compression. The results were not conclusive and revealed no consistent 

dependence on the number of cycles taken to reach failure as these 

numbers varied greatly with stress amplitude and frequency. Furthermore , 

the maximum resistance in terms of plastic yield occurred at axial 

II 
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plastic strains which were very close to the values obtained for ductile 

yield under constant stress and constant strain-rates. Fatigue is 

defined by Mellor and Cole ( 1981) as the point of inflection in the 

stress to strain-rate curve for constant stress. There is however a 

related phenomena which might be classified as fatigue in the 

engineering sense, but which is not directly connected to the plastic 

d~forrnation at the crack tip. During cyclic loading at stresses close to 

the critical values, the crack will propagate during the tensile part of 

the cycle, but may not close (due to residual deformation energy at the 

crack tip) during the compressive part of the cycle. Thus the crack 

. would propagate under cyclic loading, but the critical surface strains 

·· would probably be very close to those for fracture under semi-static 

··it1ad ing. 

The fourth factor we shall discuss concerning the propagation of 

.e ... ae ks is the interesting observation that water-filled crevasses 

propagate faster than those without water. Calculations on this effect 

has - been made by Weertman (1973; 1974), Smith (1977) and Fastook and 

Schmidt (1982). The authors show that the presence of water is a 

significant factor in the propagation of cracks. Smith (1977) concludes 

that any crevasse filled with water to a level equal or greater than 

94.6% of its depth can penetrate to the bottom of an ice mass , while 

Weertman (1973) gives the maximum crevasse depth of 126 m if the 

crevasse is two-thirds full of water, assuming a . tensile stress 

corresponding to isotropic spreading. It is therefore interesting to 

note that crevasses are likely to penetrate faster and deeper during 

summer when the upper surfaces of the icebergs are probably soaked with 

I I 



meltwater. This effect would be more marked in areas with high mean air 

temperatures, i.e. when the icebergs drift north of the Antarctic 

Convergence. 

5.8 Summary and discussion 

In this chapter we have discussed various approaches to the 

modelling of the flexural bending of icebergs in ocean waves. From the 

outset, the problem is difficult because of our lack of knowledge about 

the mechanical properties of ice in general, and particularly about the 

'-"Structure and mechanical behaviour of tabular icebergs. A number of 

. ;,, •. a ssumptions have been made in the present studies of which the most 

'" '·important are: 

Tabular icebergs respond as elastic bodies to ocean waves. 

- The model used is that of a beam, the end effects are neglected, 

but effects of shear are included. 

- We have limited the modelling to calculation of maximum surface 

strain. 

We have assumed that a static approximation is valid, but have 

shifted the pressure curve at the bottom of the iceberg to obtain 

maxim um curv at ur e. 

The results show good correspondence with the field results, both in 

the magnitude of t _he strain response and in the general shape of the 

response curves . When comparing RAOs and theoretical gain factors i t 
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appears that the resonance peaks of mos~ of the field data are shifted 

towards smaller periods. There are, however, several reasons for 

differences between theory and recorded data . Firstly, as previously 

discus sed in sections 2.4 and 4.3, periods in the RAOs have an error 

after smoothing the spectra. Secondly, the RAOs contain random errors 

which cannot be assessed since the time series of the Waverider and the 

rigid body instruments were not recorded simultaneously. Coherence can 

therefore not be calculated. Thirdly, when interpreting the field data, 

it should be noted that the strainmeters were placed in a rosette 

configuration. A strainmeter was always aligned along the long axis, and 

the other strainmeters were at angles of 60° with the short axis . Since 

data sets from the three strainmeters were not simultaneously recorded 

on either of the icebergs, principal strains are not calculated, and the 

measured strains have slightly different resonance periods and 

anplitudes than if they had been measured along the short axis. 

Results from t heoretical calculations on the response of iceberg 5 

sho w a larger difference when compared to field re sults than do the 

other icebergs. This may be due to the fact observed in section 4.3 that 

the presented model for rigid body motions is not very suitable for 

long, thin icebergs. 

Our investigations of the flexural response of icebergs with 

varying geometries can be summarized as follows: 

Thick icebergs and long icebergs respond to long period ocean waves . 

which are not seen by thin icebergs and short icebergs. 

Ii 
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Medium and long icebergs have similar response to waves between 20 

and 40 s , while icebergs under approximately 500 m have a mar kedly 

lowe r response at these periods. Thus, the length of icebergs is 

c l early significant to the problem of f r acture . 

Thin icebergs have a much larger strain response than thicker 

icebergs , and thickness is thus a critical parameter in determining 

the life spans of the bergs . 

Although we have shown that ocean waves are a principal agent in the 

.... destruction of tabular icebergs, several other environmental factors are 

important in determining how long bergs can exist. Thus the geographical 

l ocation of the bergs, and their age, will be significant factors in that 

"" d iscussion. 



Chapter 6 

CONCLUSIONS 

6. 1 Summary of conclusions 

In this chapter we re-examine some of our conclusions of the 

previous chapters, paying particular attention to fracture of tabular 

icebergs. 

The range of iceberg geometries considered was established in 

section 1.2. our analysis must encompass bergs which are between 100 and 

600 m thick, and with horizontal dimensions from 200 m and up to several 

kilometres. The structures of the icebergs are likely to be similar to 

those of the parent ice shelves , although their top layers may be 

different due to surface melting and re-freezing. However , this is not 

likel y to play an impor tan t r ole i n determin i ng the mechanical 

properties o f t he iceber gs themselves. 

We akness zones are inherited by the ic eb erg s fr om the flow 

characteristics of the parent ice shelves, and from the mechanisms 

re s ponsible for the calving of t he icebergs. It is therefore likely that 

20 6 
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icebergs from some ice shelves are more durable than those from others. 

Furthermore, it is clear that some ice shelves tend to produce icebergs 

of a predominant size. 

Observations indicate that many icebergs have a dome-shaped profile, 

and this is probably due to plastic deformation caused by the imbalance 

of hydrostatic forces along the sides of the bergs. 

Icebergs deteriorate by melting and by fracture. Wave-induced 

und ercutting along the sides, combined with Reeh-type deformation, 

results in frequent calving of small pieces of ice from the edges of the 

bergs ( section 1.4). This is probably not a significant contribution to 

the deterioration of tabular icebergs. We saw in section 1.4 that the 

fracture of tabular icebergs greatly enhanced mass lost through melting, 

and that the decrease in expected duration was large. Thus we concluded 

,that fracture was the most important event determining the life spans of 

the bergs. 

The in situ investigations described in chapter 2 established that 

tabular icebergs ·move and bend in response to ocean waves, and that 

ocean waves were the probable mechanism to induce break-up. It was 

demonstrated that both the rigid body motions and the flexural bending 

were highly dependent on the geometry of the icebergs studied , both in 

terms of response periods and anplitudes. All the investigated icebergs 

respond ed to periods typical for ocean swell, and the largest response 

amplitudes were usually found at these periods. Al though evidence of 

response to ocean wave phenomena at very long periods ( around 100 s) was 
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observed, both in rigid body motions and flexural bending, it is likel y 

that such long period response does not play an important role in the 

fracture problem. 

Automatic data collection platforms were placed on several icebergs 

in the Weddell Sea in an effort to monitor rigid body motions and 

surface strains over a long period of time, particularly during harsh 

environmental conditions. Considerable difficulties were encoimtered in 

the analysis of the collected data, mainly due to experimental design. 

Results obtained in chapter 3 indicated that the cyclic strains on the 

two icebergs that were monitored had amplitudes of 0.1 microstrain, and 

larger for most of the time. A statistical calculation of extreme values 

of strain expected to occur within one year showed that these strains 

\icr-e , of the same order of magnitude as those expected to lead to 

fracture (section 3.4). Unfortunately, the quality of the data collected 

·crn t he first platform was too poor to allow any interpretation between 

r esults obtained for different seasons. 

The rigid body motions and flexural bending of tabular icebergs were 

modelled with a two- dimensional analysis, cor responding to the str ip 

theory of naval architecture . Results from chapters 4 and 5 show that 

r esonances occ ur within per i ods foimd i n t ypical So uthern Ocean s well 

spectr a , and tha t the largest fl exur e is experienced at periods of 

aroimd 20 to 30 s for most iceberg geometries. Limitations to the 

applic ability of the mod el make pr ediction s for very l arge icebergs 

1.IDcertain, and the best results are obtained for iceber gs less than 5 km 

in horizontal dimensions. 
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The most important conclusions reached in this thesis are those that 

establish relationships between iceberg dimensions and the occurrence 

of r esonances in flexural bending. The conclusions obtained in chapter 5 

have bee.n collated in figure 6.1.1. In this figure, several areas 

pertinent to the question of fracture have been identified. Firstly, 

icebergs with dimensions which fall within the shaded region ( A+C) have 

flexural response peaks in the period domain between 10 and 40 s. The 

periods and amplitudes of these peaks are determined by the forced 

response of the icebergs to ocean waves. A lighter shade indicates 

smcl.ler amplitudes, but this should be taken in a qualitative sense only. 

Secondly, the area with diagonal lines ( A+B) represent icebergs with 

dimensions such that the period of the first mode of natural vibrations 

(as ' defined in equation 5.3.18) is larger than 10 s . Area A contains 

-i c eb-e r gs which ar e likely to have forced flexural response periods near 

those calculated for natural vibrations, and these periods are also 

"i!Ommonly found in ocean swell spectra. These icebergs are therefore the 

most likely to break up during and after storms. Area D, on the other 

hand, contains icebergs which rarel y experience critic al strain periods 

found in ocean swell, and they are therefore not likely to fracture. Of 

these icebergs, the long and thick ones are likel y to last the longest , 

since they have a small relative loss of mass due to melting. J).Jring 

t he ir exi s t ence , i cebergs move towards the lower left par t of the 

diagram because of melting, and their dimensions are therefore likely to 

become more critic al to fracture as time passes. 

Creep caused by the spreading of the iceberg and the imbalance of 

hydrostatic forces at the sides, and the existence of weakness zones and 

I I 
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Figure 6.1.1 Relationshi'ps between iceberg geometry and flexural response 
to ocean waves. Because of melting, tabular icebergs will 
move in this diagram towards the lower left corner during 
their existence. Area A represents icebergs that are likely 
to experience strain resonances, since periods of natural 
vibrations and periods of resonance peaks in the gain factors 
of the forced flexural bending are of the same magnitude 
(10 to 40 s), and these can also be found in ocean swell 
spectra. Area B respresents icebergs for which the period 
of the first mode of natural vibration is larger than 10 s, 
but these icebergs have geometries that do not have 
significant strain peaks in the calculated forced flexural 
bending between 10 and 40 s. Area C contains iceberg 
geometries for which the latter condition is fulfilled, but 
since the natural vibration periods are smaller than 10 s, 
the forced response strain amplitudes are likely to be small. 
Area D encompasses icebergs which do not have significant 
strain response, nor are likely to experience resonant 
response at periods found in the ocean swell spectra. 
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cracks are important in deciding where fracture will occur as well as 

how quickly the iceberg will break up under particular environmental 

conditions. 

6.2 Predictions relating to the break-up of tabular icebergs 

Several questions relating to the ultimate demise of Antarctic . 

t abular icebergs during their pas s age north have previousl y been 

identified. Using the results obtained in this thesis, we are now able to 

answer some of them. The more important questions can be summarized as 

follows: 

Wh ei ·e ·de;- icebergs break up? Are there areas where they are protected 

from :fracture and, conversely, are there areas where they are likely 

to break up ? 

Do some icebergs break up more easily than others? I.e. do some 

icebergs last longer than others? Furthermore, does this depend 

mainly on their shape and structure, or do environmental conditions 

exert a dominant influence? 

Do icebergs break up after they have reached a certain age 

regardless of environmental conditions? 

How does a typical iceberg age in terms of its changes in shape and 

loss of mass? 
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Th.e prediction of a time scale for break-up of single icebergs is 

very difficult to make, since fracture depends to some extent on the 

history of the berg in question. However, on the basis of results 

obtained · in this thesis, it is possible to arrive at some general 

predictions , assuming that the icebergs are isotropic, perfectly tabular 

blocks of ice. Very large icebergs (> 10 km) have large flexural response 

periods (>50 s) and this is also the case for rigid body motions . Thus, 

it is unlikely that very large tabular icebergs regularly experience 

cyclic surface strain amplitudes sufficient to induce crack growth. 

Undercutting along the sides and Reeh-type calving of smaller pieces of 

ice are more important to the deterioration of small icebergs than to 

that of large ones. Also, this creep-induced calving is much more rapid 

fo r thin icebergs than for thick ones, so that a thick, large iceberg 

will last considerably longer than a thin, large one. 

·'From statistical analysis of data on iceberg geometry, it is evident 

that· the most common horizontal shape of tabular icebergs is rectangular 

with a length/width ratio of 1.6. Square and markedly oblong icebergs are 

rare. It is of course difficult to discuss this problem within the 

framework of a two-dimensional analysis, but we tentatively suggest some 

explanations. There is some evidence that sliver-shaped icebergs tend to 

align beam-on to the swell component of the incoming sea, since this 

combination of geometry and waves offers minimum turning moment to the 

berg. Hence, long and short period waves tend to run parallel to the long 

axis of the iceberg, while the swell direction tends to coincide with 

the short axis. The longer dimension of the iceberg has the longest 

period of resonance, both in rigid body motions and flexural bending, and 
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it is most likely to break in long waves. There seems to be no 

satisfactory physical explanation for the relatively low occurrence of 

square icebergs, although it is highly unlikely that the maximUTI 

stresses -during calving are r egularly positioned at a distance from the 

ends equal in length to the width of the iceberg. 

A popular theory in iceberg literature is that bergs can be 

protected from break-up when surrounded by pack ice ( Weeks and Mellor, 

1978; Hult and Ostrander, 1974; Orheim, 1980; Neshyba, 1980). However , it 

has frequently been shown (Robin, 1963; Wadhams, 1978; Squire and Moore, 

1980) that even a large, thick sea ice cover does not dissipate a 

substantial amount of ocean wave energy at periods greater than 15 s. In 

this thesis, we conclude that icebergs break up by the action of medium 

-~!' to long period waves, and thus a sea ice cover would offer little direct 

·,::: protection against the sea state most likely to lead to fracture. Very 

little statistical evidence supports the above theory (Hult and 

Ostr ander, 1974 ), and it is tempting to suggest that differences in the 

statistical distributions of icebergs within and outside pack ice may be 

due to observational errors. If the differences are real, however , we 

suggest one or · more of the following expl anations: firstly, icebergs 

observed within pack ice may be closer to land and ther eby younger than 

icebergs which have drifted into open water.Secondly, it is clear that 

since the pack ice has survived late into the summer after having been 

formed early in the winter, these areas are necessarily protected from 

the arrival of storm swell. The icebergs in such areas would, of course, 

al so be protected from storm swell and thus from break-up. Thirdly, it is 

likely that wave-induced undercutting and hence calving from the sides 
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probably is smaller when the iceberg is surrounded by pack ice, as the 

water temperatures are lower, the water circulation is less , and the 

short period waves, which contribute to the undercutting, are 

significantly inhibited by the ice cover. 

Evidence fo r selective break-up of icebergs with change of season 

and in certain areas can be divided into two groups; time-dependency and 

geographical dependency. Firstly, there are differences between the 

Antarctic summer and winter seasons which will influence the break-up of 

... , ic ebergs. During winter the occurrence of large amplitude, long period 

swell is markedly higher than during summer ( Mognard and others, 1981 ). 

This means that Antarctic tabular icebergs experience higher surface 

·· strains more frequently during the winter . However , higher air 

t emperatur es during summer may lead to melting at the sur face of 

., icebergs and result in water-filled cr evasses which would propagate 

,,. faster that those without water. It is difficult to say, on the basis of 

present evidence, which of these effects is more important. Clearly, 

there is a need for more observational data to answer this question. 

Secondly, there is good evidence of more frequent break-up in certain 

geographical areas. Toe warmer waters and air temperatures of latitudes 

north of the Antarctic Convergence wil 1 have a major effect on the 

deterioration mechanisms. Undercutting, calving of ice from the sides, 

and enlargement of crevasses reaching the water-line is likely to reduce 

icebergs quickly to dry-dock bergs as they drift into warmer water. 

Crevasses filled with sea water will propagate to the bottom of the 

icebergs. It is to be expected, then, that icebergs drifting north of the 

Antarct i .c Convergence will rapidly fr acture and deteriorate. 

• - - - • • ~ ~.. • • ... ~ • - • .. • - 4'\ ~ -- •• 
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