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A BSTRACT. A history of the idea of transporting la rge icebergs to a rid reg ions to provide a fresh-wa ter 
source is presented a nd the problem i.s considered in four main pa rts: ( I) Location of a supply of icebergs. 
O nly in the Antarctic a re supplies of la rge ta bular icebergs ava ila ble. Da ta on the size distribution of these 
icebergs a re reviewed a nd it is concluded tha t icebergs of a lmos t any des ired size can readil y be located. 
(2) Towing. Steady-sta te towing velocities of different sized icebergs a re calculated based on es tima tes of the 
drag of the icebergs and the bollard pull of tugs. Because drag increases with velocity squared, large icebergs 
can only be towed a t very slow velocities «c. 0.5 m /s). However , tugs tha t can be built within the capa bili
ti es of current technology are capa ble of towing extremely large icebergs. (3) Melting in transit. Ca lcula
tions of melting indicate tha t, a lthough melting losses a re significant a nd may be excessive for small icebergs, 
when la rge icebergs a re towed , la rge a mounts of ice a re left when the iceberg a rrives a t its des tination. 
Towing trajectories, travel times, a nd ice deli very ra tes a re ca lcula ted for optimum routes between the 
A mery I ce Shelf a nd Wes tern Austra lia (A- A) a nd the R oss Ice S helf a nd the Atacama D eser t (R - A) . 
Forces included in these calcula tions a re towing, a ir, water , gradient current a nd Coriolis. Tra nsit times 
exceed 107 d (A- A) and 145 d (R- A) with over 50% of the in itia l ice delivered. (4 ) Econ olTuc feasibil ity. 
After to tal towing charges are paid, it is possible to deliver ice to W estern Austra lia for 1.3 m ills /m 3 of water 
and to the Atacama D esert region for 1.9 mills/ml . These costs a re apprecia bl y less tha n the expec ted price 
of wa ter deli vered a t these loca tions (8 mills/m

'
). The wa ter delivered by th e op era tion of one super-tug 

a lone would irriga te 16000 km2 • Problems rela ted to both iceberg transport and processing are rev iewed and 
a lthough substa ntia l problems do ex ist, they appear to be within the capabilities of current technology. 

It is suggested that the overall idea is indeed feasible and should be explored further by spec ific groups of 
experts. 

R ESUM E. Les icebergs sources d'eau douce : une estimation. On presente un historique de l'idee de tra nsporter de 
gra nds icebergs vers les regions arides comme sources d 'eau douce. Le probleme es t considere de quatre 
points d e vu e principaux: 1°) Emplacemen t d es a pprovisionnemen ts en icebergs. Seull'Antarctique di spose 
d 'approvisionnemen ts en g ra nds icebergs ta bula ires . D es donnees sur la repa rtition de ces icebergs d e 
differentes ta illes sont p assees en revue e t on conclut que d es icebergs d e presque toutes les ta illes que l'on 
peu t d esirer p euven t etre a isement trouves. 2°) R emorquage. D es normes d e vitesse de remorquage pour des 
icebergs de differentes dimensions sont calculees d' apn,s une estimation du tirage des icebergs et de l'effort d e 
traction des remorqueurs. Comme le tirage a ugmente avec le can 'e de la vitesse, on ne peut remorquer les 
g ra nds icebergs qu'a des vitesses tres fa ibles «c. 0,5 m /s) . Neanmoins, les remorqueurs que I'on sa it con
struire da ns le cadre de la technologie coura nte sont capa bles de remorq uer des icebergs extrem ement 
gra nds. 3°) Fusion au cours du voyage. Les ca lculs d e fusion indiquent que, bien que les pertes pa r fusion 
soient sign ifica tives e t p euven t e tre excessives p our d e pe tits icebergs, lorsque l'on tra nsporte de gros icebergs, 
il r es te beaucoup de glace lorsque l' iceberg a rrive a d estina tion. La route du remorquage, le tem ps de 
traversee et la vitesse d e livra ison d e la g lace sont calcules p our le meilleur itinera ire en tre l'Amer y I ce Shelf 
et I' Austra lie O ccidentale (A- A) a insi q u'entre le R oss I ce Shelf et le D eser t d 'Atacama (R - A). Les forces 
entra n t d a ns ces calculs sont le remorquage, I' a ir, l'eau, les coura nts ma rins et la force de Coriolis. Le temps 
d e p a rcours depasse 107 (A- A) e t 145 (R- A) j ours avec plus d e 50% d e la glace initi a le effec tivement li vree. 
4°) Etude economique. Apres p a iement d e la tota lite d es cha rges d e remorquage, il es t possible de livrer d e la 
g lace a l'Austra lie O ccidentale pour 0.00 13 par ml e t vers la region du D esert d 'Atacam a pour 0 .001 9 
par ml . Ces couts sont nettement inferi eurs au prix excompte pour de l'eau livree a ux m emes endroits ( 0 .008 
pa r ml) . L 'eau livree a pa rtir d 'une opera tion d 'un seul super-remorq ueur irriguera it 16000 km2 • Les 
problemes concern an t a la fo is la conduite e t le tra itement pos teri cur des icebergs sont passes en revue e l 
bien qu ' il en subsiste e t qu ' ils soient a rdus, il s semblent res ter a l' interi eur d e, p ossibilites d e la technologie 
coura nte. 

O n suggere que I' idee d a ns son ensemble est vra iment realisable et devra it e tre exploree plus en d e ta il 
pa r un groupe spec ifique d 'experts. 

* A preliminary version of thi s p a per was presented a t the Symposium on the H ydrolog y of Glac iers, 7- [3 
September 1959, Cambridge, Engla nd. 
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ZUSAMMENFASSUNG. E isberge ais Susswasserquelle : Eine Abschiilzung . Nach einem historischen Riickblick 
wird die Idee des Transportes grosser Eisberge in aride Gebiete zur Siisswassergewinnung unter 4 H aupt
gesichtspunkten betrachtet : I) Lage eines Vorra te3 a n Eisbergen. Nur in der Antarktis gibt es grosse T afeleis
berge. Eine Durchsicht der Da ten iiber die Gro3senverteilung dieser Eisberge fiihrt zu dem Ergebnis, dass 
Eisberge fast jeder gewiinschten Grosse leicht gefunden werden konnen. 2) Abschleppen. Gleichformige 
Abschleppgeschwindigkei ten fii r Eisberge verschiedener Grosse werden auf der Grundlage van Scha tzungen 
des Zugwidersta ndes der Eisberge und der Bollard-Zugkra ft der Schlepper berechnet. D a der Widerstand 
mit dem Quadrat der Gesehwindigkeit zunimmt, konnen grosse Eisberge nur mit sehr geringen Gesehwindig
keiten « c. 0,5 m /s) abgeschleppt werden. Doeh sind Sehlepper, die beim derzeitigen Stand der T eehnik 
gebaut werden konnen, in der Lage, extrem grosse Eisberge abzusehleppen. 3) Absehmelzen wa hrand des 
Transportes. Sehmelzbereehnungen ergeben, dass die Sehmelzverluste zwa r betraehtlieh und fiir kleine 
Eisberge vermutlieh iibermassig sind, dass aber von grossen Eisbergen noeh grosse M engen von Eis a m 
Bestimmungsort ankommen. Sehlepprouten, Fahrzeiten und Eisausbeute werden fiir optimale Wege zwischen 
dem Amery-Schelfeis und W est-Australien (A- A) sowie zwisehen dem Ross-Sehelfeis und der Ataeama
Wiiste (R- A) bereehnet. In diesen R echnungen sind die Krafte des Sehleppens, des Luft- und Wasserwider
standes und die Coriolis-Kraft beriieksiehtigt. Die Fahrzeiten betragen 107 (A- A) und '45 (R - A) T age bei 
einer Eisausbeute von iiber 50% . 4) Wirtsehaftliehe Vertretba rkeit. Naeh Bezahlung der gesamten Abseh
leppkosten kann Eis nach W est-Austra lien fiir 0. 0 01 3 Dolla r pro m3 und in die Ataeama-Wiiste fiir 0.00 19 

Dollar pro m3 geliefert werden. Diese Kosten sind merklieh geringer a ls der vora ussiehtliehe Preis fiir 
Wasser, das in diese Gebiete gebraeht wird (0.0080 Dolla r pro m3) . Das aus der Fahrt eines einzigen Super
Sehleppers gewonnene Wasser wiirde 16000 km2 bewassern konnen. Die Probleme sowohl des Tra nsportes 
wie der V erarbeitung der Eisberge werden iiberpriift ; sie scheinen trotz ihrer Gewichtigkeit innerhalb der 
technischen Moglichkeiten unserer Zeit zu liegen. 

Da die Grundidee wirklich ausfiihrba r erseheint, wird vorgeschlagen, sie durch besondere Gruppen von 
Experten weiter zu verfolgen. 

SYMBOLS AND NOMENCLATURE 

A 
C 

CD 
CDa 

CDw 
CD(form) 

CD(Skin) 

Cp 

D 
d 
F 

FB 
G 

Gc 
Ft 
k 

Kq 
Kt 
L 

(Nu ) 
P 

(Pr ) 
q 
R 

(Re) 
V 
V 

Va 

Vt 

x 

area (m2) 
Coriolis force ( 1) 
drag coefficient 
form drag coefficient for portion of iceberg exposed to the wind 
form drag coeffi cient for portion of iceberg below sea-level 
form drag coefficient 
skin-friction drag coefficient 
specific heat capacity 
drag (N ) 
propeller diameter (m ) 
towing force (tow-rope pull) (N ) 
towing force under bollard conditions (N ) 
gradient current force (N ) 
gradient current vector (m /s) 
average heat tra nsfer coefficient (J /s m 2 K ) 
thermal conductivity 
dimensionless torque coefficient 
dimensionless thrust coefficient 
latent heat of fusion (J /kg) 
average Nusselt number 
power of the tug boat (W ) 
Prandtl number 
heat flow rate (J Is) 
average rate of melting (m /s) 
Reynolds number 
iceberg volume (m 3) 
relative free-stream flow velocity (m /s) 
wind velocity (m /s) 
transit velocity (m /s) 
length of pertinent side of the iceberg (m ) 
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Xd iceberg draft (m) 
Xr iceberg freeboard (m ) 
Xl iceberg length (m ) 
Xt iceberg thickness, Xt = Xr + Xd (m ) 

Xw iceberg width (m ) 
<- distance from snow or ice surface measured normal to the surface (m ) 

<-0 surface roughness parameter (m ) 
II T temperature difference between the ice and water (deg) 

/( Von Karman's constant 
J1- dynamic viscosity (kg/m s) 
j) kinematic viscosity (m2/s) 

Pi density of shelf ice (850 kg/m 3) 
pw density of sea-water ( I 030 kg/m3) 
Ta air stress (~) 
Tw water stress (~) 

c/> latitude 
w angular velocity of the Earth 

TABLE I. CONVERSION FACTORS FOR SI UNITS USED IN THIS PAPER 

Much of the litera ture on which this paper is based is expressed in British or 
American engineering units, such as gallons and horse-power. Table I is to facilitate 
comparison with this literature. 

Area 

Cost 

Density 
Dynamic viscosity 
Force 
Rea t transfer coefficien t 
Latent heat of fusion 
Length 

Power 
Speed 
Therma l cond uctivity 
Volume 

I NTRODUCTION 

I km' = 247.1 acres 
I km' = 0.386 (statute mile)' 
I mill = $0.001 (U.S.) 
I dollar /m 3 of water = 3.7878 dollars / I 000 gallons (U .S.) 

= 4.5453 d ollars / looo gallons (U.K.) 
I kg /m3 = 6.243 X 1O- ' lb /ft3 

Im'/s 
IN 
I J /(s m' K ) 
I J /kg 
101 

Ikm 
IW 
Im/s 
I J /(smK) 
1 m3 

1 m3 

= 10+ stokes 
= 0.2248 lb (force ) 
= 0.1 761 B.t.u ./(h ft' OF ) 
= 4.299 X 10- + B. t.u. /lb 
= 3.28 1 ft 
= 0.540 nautical mile 
= 1.34 1 X 10- 3 horsepower 
= 1.944 knot (nautical mile /h) 
= 0.5778 B.t.u. /( h ft OF) 
= 264 gallons (U.S.) 
= 220 gallons (U. K .) 
= 8. I I X 10- + acre-feet 

The thesis of this paper- that icebergs can be towed to locations remote from the Polar 
R egions and used there as sources of fresh water- is an intriguing idea which is not new. It 
may date from the winter of 1853- 54, when a ship supplying San Francisco with Alaskanlake 
ice was forced , by the lack of satisfactory lake ice at Sitka, to load glacier ice from the Baird 
Glacier north of Petersburg (K eithahn, I967) . The direct towing of icebergs is merely an 
expansion of this operation ; and indeed, between I8go and I goo, small icebergs were both 
towed by ship and sailed from Laguna San Rafael, Chile (c. 45° S. ), to Valparaiso and even 
to Callao, Peru (c. 12° S. ), a distance of 3 goo km. * 

* Letter to J. D . I saacs from C. Roerning, Director, Instituto Nacional de I nvestigaciones Tecn610gicas y 
Normalizaci6n, Santiago, C hile. 
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As far as we are aware, a critical appraisal of thi idea has never been published. R ecent 
interes t in the problem has been stimulated by the increasing need for inexpensive fresh water 
throughout the world and by an unpublished study ofI saacs (Burt, 1965[a] , Cb]; Engel and 
others, 1961 , p. 171- 72 ), which concluded that such an idea was feasibl e. Other interesting 
but less serious proposals dealing with this general problem have been advanced by Novick 
(1966) and Kraft (1966) . 

The problem can be divided into four main parts : (a ) locating a suitable supply of icebergs, 
(b) calculating the power requirem ents necessary to transport the icebergs to a location where 
fresh water is needed , (c) calculating the amount of ice that will be melted in transit, and (d ) 
estimating the overall economic feasibility of the venture. This paper is a preliminary look at 
each of these aspects of the problem. 

A SOU RCE OF ICEBERGS 

To evaluate the feasibility of utilizing icebergs as a fresh-water source, one must first 
locate a suitable supply of large, tabular icebergs. The tabular shape would effectively 
reduce the hazards associated with the icebergs rolling. To be able to select an iceberg of 
given dimensions, a location must be found that consistently produces tabular icebergs with 
a wide variety of sizes and shapes. In the Arctic, the only source of tabular icebergs is the 
vVard Hunt I ce Shelf. Unfortunately iceberg production there is erratic and the icebergs 
norma lly remain in the Beaufort Sea gyre and do not exit into the Greenland Sea where they 
could be towed. 

In the Southern Hemisphere the major sources of tabular icebergs are the large ice shelves 
that fringe the Antarctic continent. Prime sites a re the Amery I ce Shelf, which could supply 
icebergs to Australia, and the R oss I ce Shelf, which could supply icebergs to arid areas along 
the west coast of South America. Another possibility is the Filchner I ce Shelf a lthough 
frequent heavy concentrations of pack ice in the W eddell Sea would severely limit its use 
even in late summer (H eap, 1965). The icebergs produced by the Filchner I ce Shelf could be 
transported to the Namib desert area on the south-west coast of Africa. 

W e are aware of no data which suggest that the icebergs produced by one Antarctic ice 
shelf have more desirable characteristics than those produced by another. There will, of 
course, be large local vari ations in the rate of iceberg production along a given shelf depending 
upon the relative activity of the ice in that particula r area. A sampling of the size distributions 
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Fig . I. Iceberg lmgths and heights above water versus probability of occurrence based 0 11 observations off the coast of East 
Antarctica (Gordiyenko, I9 6o ). 
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of Antarctic icebergs is shown in Figure I (Gordiyenko, 1960) . The observations on which 
this figure is based were made off the coast of East Antarctica in the vicinity of the Amery I ce 
Shelf. Although the mean iceberg length noted was only I 100 m, icebergs with lengths up to 
2 I km were sighted and do not appear to be uncommon. The largest Antarctic iceberg on 
record was 170 km long. I ceberg heights between 30 and 50 m are particularly common 
(Narazov, 1962) , indicating total ice thicknesses between 170 and 280 m. These thicknesses 
are in good agreement with actual ice thicknesses measured near the edge of the Amery Ice 
Shelf (Budd and others, 1967) . 

As one approaches the edge of an ice shelf from the open ocean, the average spacing 
between the icebergs d ecreases (Gordiyenko, 1960) making it easier to locate sui table icebergs. 
However, plots of iceberg sightings by ships (Nazarov, 1962) show that in the past many 
icebergs have been sighted north of lat. 50° S. Ideally, one should look for an optimum com
bination of iceberg size, shape, and location. The selection problem should be further simpli
fied in the next few years by the availabili ty of greatly improved imagery from polar orbiting 
satellites. In the new ERTS satellite imagery, iceberg dimensions as small as 100 m are 
identifiable. This information should make it possible to guide towing vessels directly to areas 
where a maximum number of sui table icebergs are located. An example of tracking two very 
large icebergs (45 km X 100 km and 70 km X 100 km) from the Amery Ice Shelf to the Weddell 
Sea using currently available ESSA-3 satellite photographs is given by Swithinbank (1969) . 
In short, the icebergs are there; the problem is only in arranging suitable transportation. 

In the following discussion we wi ll take 250 m as a representative initial thickness for the 
tabular icebergs produced by calving from the Antarctic ice shelves (Swithinbank and 
Zumberge, 1965) and 850 kg m - 3 as an average density (Gow, 1963) . With this ice density, 
82.5 % , or roughly 5/6, of the iceberg (200 m) is below sea-level. 

TOWING 

In estimating the requirements for towing an iceberg it is useful to calculate the approxi
mate Reynolds (Re) and Froude numbers that will apply to the towing situation. If the 
iceberg has an initial draft of 200 m and moves at 0.25 m /s ( ;:::0.5 knot), the R eynolds 
number is 2.8 X 107 for a reasonable choice of the kinematic viscosity. Therefore, the R eynolds 
number for towed icebergs is well past the transition zone which occurs in the neighborhood 
of 3 X 105 in plots of the drag coefficient CD versus the R eynolds number. This indicates that 
the flow in the vicinity of an iceberg can always be taken as fully turbulent. For these same 
conditions the Froude number is ;::: 10- 3 indicating that the wave drag is negligible. 

A simple way to estimate the force required to tow an iceberg is to calculate the total drag 
at a given velocity. The total drag is the sum of the form drag and the skin-friction drag. 
The relation is 

where D is the drag, pw is the density of the sea-water, CD is the drag coefficient, and v is the 
free-stream velocity. In calculating the form drag, the frontal area of the body is taken as A; 
for the skin-friction drag, A is the area of the iceberg sides (wetted ) and bottom. One must 
then choose the most relevant values of the respective drag coefficients. The shape of a tabular 
iceberg is hardly desirable if one wishes to minimize D; therefore, it is difficult to find experi
mental observations which are pertinent. However, the plots of the form drag coefficient, 
CD(form), versus the shape of a number of blunt objects (Hoerner, 1965, chap. 3, fig. 20- 23; 
chap. 10, fig. 4; chap. I I , figs. 4 and 5) indicate that 0.9 should be a good first choice. I t 
should also be noted that the rounding-off of the edges of the iceberg by melting rapidly 
reduces CD(form) to roughly 0-4- Similar conclusions have been reached by Budinger (unpub
lished) who suggests that for icebergs 0.2 :::;; CD(form) :::;; 1.0. Thus, we will use CD(form) = 0.9 
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in calculating the size of the iceberg that can initially be towed by a given tug and CD(fOrm) 

0.6 for the average value in transit. To calculate the skin-friction drag coefficient, CD(skin)' 

we will use the relation 

. / = 3-46 10g ,o (Re)-5·6. 
v CD(skin) 

Equation (2) approximates the Schoenherr equa tion to within ± 2% (Hoerner, 1965) . 
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Fig. 2 . D rag of square icebergs of different sizes as afunctiol! if relative towing velocity. The iceberg draft is assumed to be 
200 m. The dimensions given on the figure are for the sides of the squares. The total drag is indicated by the solid lines 
and the skin friction drag by the dashed lines. Theform drag co'!!Jicient is assumed to be 0 .9. 

Figure 2 shows the drag or towing resistance as a function of relative towing velocity for 
icebergs that are square in plan view and have a draft of 200 m. The total drag is indicated 
by the solid lines, and the flat plate drag by the dashed lines . The square iceberg is the least 
d esirable shape as far as the total drag is concerned . The tow-rope pull, or towing force F, 
required to move such icebergs at appreciable speeds is very high. W e can, of course, lower 
the total drag by choosing a more "ship-shape" iceberg. Assuming that the general plan view 
for tabular Antarctic icebergs will be roughly rectangular, Figure 3 shows the decrease in the 
total drag for a tabular iceberg (draft 200 m) with a plan area of I km2 as the length: width 
ratio changes from I to 10. The advantage of choosing an iceberg with a large length: width 
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ratio is quite apparent. Such a choice is, however, not completely arbitrary because we are 
limited by the available natural iceberg shapes. Observations by Nazarov (1962) on the 
lengths and widths of a large number of Antarctic icebergs indicate that length: width ratios 
of 4 are the highest that may be expected to occur frequently. Figure 4 gives the drag at 
different velocities for icebergs with this length: width ratio, a draft of 200 m, and assumed 
CD(rorm) values of 0.9 (Fig. 4a) and 0.6 (Fig. 4b). In a ll the iceberg shapes considered in this 
paper, the form drag is appreciably larger than the skin-friction drag. This is in contrast to 
conventional hull forms such as found on large tankers where skin-friction drag is 70 to 80 % 

z 

0.6m/s _-----
----O.4m0.._------

10~~-L __ ~_L~~_L __ ~_L~ __ ~ 

2 4 6 8 10 
Length / Width 

c> 

~ 
o 

Fig. 3. Drag of a rectangular iceberg at several different relative towing velocities as afimction of the length: width ratio of the 
iceberg. The total drag is indicated by the solid lines and the rkinfriction drag by the dash gd lines. Theform drag coefficient 
is taken as 0.9 and the plan area as I km!. 

of the total drag. This suggests that it could be advantageous to somehow shape icebergs for 
towing. Considering that the icebergs are 250 m thick this would, however, be a formidable 
task and will not be considered in the present paper. 

When a tug starts towing an iceberg, the tug and the iceberg accelerate, causing the drag 
of the iceberg to increase. The steady-state towing speed occurs at that velocity at which the 
towing force F of the tug equals the drag of the iceberg. If we know the F that can be exerted 
by a given tug, we can then determine from Figure 4a the initial stead y-state velocities 
possible for icebergs of different sizes. Because drag is proportional to v2 , there is a great 
advantage, as far as the power requirements are concerned, in towing as slowly as possible. 
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On the other hand, enough power must be available to maneuver the iceberg under adverse 
conditions. It should also be kept in mind that along both the Australian and Atacama routes 
the winds and currents a re very favorable. W e estimate that a towing force sufficient to 
achieve an initial steady-state towing velocity of 0.5 m (s ( ~I knot) would be adequate and 
that even a force sufficient to produce a velocity of 0.25 m (s should suffice. Examination of the 
surface current velocity charts in the Atlas Antarktiki (Tolstikov, 1966) shows that near the 
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Fig. 1. D rag oJrectangular icebergs with length : width ratios oJ 1 andJorm drag co4/icients oJ 0.9 (a) and 0.6 (b) respectively. 
The dimensiOllS given are for the iceberg widths. The iceberg draJts are assumed to be 200 m. The total drag is indicated 
by the solid lines and the skinJriction drag by the dashed lines. The skinJriction drag is the same in (b) as in (a). 

Antarctic continent, velocities do not exceed 0.25 m js and, at worst, the direction of these 
currents is oriented at right angles to the towing direction. Maneuvring of the iceberg would 
only be necessary just prior to the final docking at the delivery point. By this time in-transit 
m elting of the iceberg will have sufficiently reduced its size so that much higher velocities can 
b e obtained. 

Now that we have an estimate of the relationship between iceberg size, towing speed, and 
towing force F, the required power P of the tug can be calculated if we know the F(P ratio. 
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Estimates of this ratio available in the literature vary widely (Argyriadis, 1957i . The estimates 
used in the present paper will be based on a relation developed by Kimon (1957) for the 
bolla rd pull condition: 

where FB , the towing force under bollard conditions, is in newtons; d, the propeller diameter, 
is in meters; and power (equivalent to shaft horsepower) is in watts. The parameters Kt and 
Kq are the dimensionless thrust and torque coefficients. For propellers designed for towing, 
the ratio (Kt/Kq ,13) has a value of approximately 3.0 at zero speed of advance. Equation (3) 
also shows that the greater the power, the less the towing force per unit power. 

We will consider two towing cases: one using a large tug of a size that is currently in opera
tion, and a second using a hypothetical super-tug. One of the largest operational tugs is the 
Oceanic with a total power of 1. 3 X 107 Won two screws. The stated bollard pull of this vessel is 
1.3 X 106 N. At a velocity of 0.5 m /s, the Oceanic could only tow an iceberg with a width of 
55 m and a length of 220 m (assuming the ice thickness is 250 m, this is 3.03 X 106 m 3 of ice) . 
An iceberg with such a width: thickness ratio would not be stable against rolling. However, 
at an initial velocity of 0.25 m /s, an iceberg with a width of 230 m and a length of 920 m 
(5.29 X 107 m 3 of ice) could be towed. If we were able to deliver this ice without significant 
losses and if we estimate the value of the water from the current estimated production cos ts of 
large desalination plants that are being proposed , this iceberg is worth $8. 6 million ( $0. 19/m 3 
of water ; U.S. Office of Saline Water, 1972). 

Next consider a hypothetical super-tug with a power plant similar to power plants con
templated for large icebreaking tankers. Assume three propellers with diameters of I I m and 
5.2 X 107 W on each shaft, for a total of 1.56 X 108 W . The thrust of each propeller is cal
culated using Equation (3) as 6.15 X 106 N giving a total of 1.85 X 107N for the tug. At 0.5 m /s, 
this super-tug could tow an iceberg with a width of 750 m and a length of 3 000 m. At 
0.25 m /s, the iceberg width would be 2.8 km and the length I 1.2 km. These icebergs conta in 
5.6 X 108 m 3 and 7.8 X 109 m 3 of ice, respectively, corresponding to 4.8 X 108 m3 and 6.6 X 109 

m 3 of water. Again assuming a value of $0.19/m 3, these icebergs would be worth $9 1 and 
$ I 254 million if they could be delivered with no losses. 

We have now made a favorable answer to the second of our questions: it is within the 
capabilities of current marine technology to build tugboats able to tow icebergs that are both 
extrem ely large and economically interesting. For example, the nuclear aircraft carri er 
Enterprise has 50 % more power than the hypothetical tug we discussed. 

MEL T I! G IN TRANSIT 

In the transits that will be examined , great-circle distances vary between 5 500 and 7 800 
km. Therefore, even if sufficient power were available to transport an iceberg at an average 
of 2.57 m /s (5 knots), the transit times would range from 24 to 35 d. At a more realisti c 
average speed of 0.5 m /s ( I knot), times of 127 to 180 d would be required. Also, surface water 
temperatures at the northern ends of the transits exceed + 15 0 C, and temperatures during 
m ore than half of the transits are in excess of + 50 C, melting is clearly a problem of major 
importance. A detailed analysis of the melting of an iceberg is quite involved and has been 
discussed by K ollmeyer (1966). H e calculated that the amount of heat contributed by 
radiation can be considered as negligible, because it is only roughly 1/500 of the amount of 
heat transferred by convection and conduction. H e also attempted to calculate deterioration 
times by evaluating two constants characteristic of the heat transfer from the water and the air 
to the iceberg. Unfortunately, an adequate evaluation of these constants proved impossible 
with the available data. The problem considered by Kollmeyer is made additionally difficult 
by the fact that during normal iceberg drift the differential velocity between the ice and the 
water is both small and poorly known. The J Dcal water turbulence caused by the rolling of the 

https://doi.org/10.3189/S0022143000032044 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000032044


216 JO U R NA L OF GLACIOLOGY 

iceberg is also an important factor. This turbulence would vary with the sea state and the 
overall stability of the iceberg. In the problem discussed in the present paper, the iceberg is 
propelled through the water at a significant velocity and these problems are avoided . Also 
the icebergs we will discuss have simple shapes compared with the North Atlantic icebergs 
treated by Kollmeyer. 

Because of the very large sizes of the icebergs under consideration, the heat exchange on 
the iceberg sides will be approximated by calculating the average heat-transfer coefficient it 
for the fully turbulent flow of fluid over a fla t plate (Eckert and Drake, 1959). The relation is 

(N u) = 0.037 (Re)o.s (Pr ) I13 

Here (Nu), the average Nusselt number, is given by (Nu) = itx/k, where x is the length of the 
side of the iceberg (total distance from the leading edge) and k is the thermal conductivity of 
sea-water. The R eynolds number (Re) = VX/ II , where v is the free stream relative velocity 
and 11 is the kinematic viscosity. The Prandtl number (Pr ) is given by (Pr) = cpfL /k, where 
cp is the specific heat and fL is the dynamic viscosity. In evaluating Equation (4) we have used 
the following values of these parameters (Fofonoff, 1962) : k = 0.563 J /(s m K ); v = 1.826 X 
10- 6 m 2/s and (Pr ) = 13. 1. For our purposes k, 11, cp and fL can be considered as effectively 
constant. Therefore, Equation (4) can be expressed as 

where it, v and x are given in 1 /(s m 2 K ), m /s, and m respectively. The heat flow rate q for a 
given face of the submerged portion of the iceberg is then given by 

q = hAClT (0) 

where A is the area of the face and Cl T is the temperature difference between the ice and the 
water. The rate of melting R of this face is 

R = q/ALpi 

where L is the latent heat of fusion of ice (3.34 X 105 J /kg) and Pi is the average density of the 
ice (850 kg/m 3) . Therefore, R can be expressed as 

(8) 

where R is given in m /so We will consider that the iceberg is completely immersed in the water 
except for its upper surface and that the upper surface experiences no ablation. While this is 
undoubtedly crude, nevertheless, it should give a reaonable approximation to reality. In 
actuality, undercutting of the submerged portion of the iceberg will cause the above water 
portion to calve. Figure 5 shows the variation in R with changes in v and x for an iceberg 
being towed through water with a Cl T value of + 1.0 deg. 

To obtain a general feel for the importance of melting, we will first consider a greatly 
simplified situation: towing at a constant velocity a long a great-circle route with the velocities 
of both the wind and the sea-water equal to zero. W a ter temperatures along the different 
transit routes were estimated from the 20 m temperature data available in Gordon and 
Goldberg (1970) and the surface temperature data in Sverdrup and others (1946) by assuming 
that the water is not thermally stratified over the depth of the iceberg. Austral summer 
temperatures were used in the calculations. W e have not considered the fact that the initial 
average temperature of the icebergs near the edges of the ice shelves is close to - 10° C 
(Swithinbank a nd Zumberge, 1965). Also, because a constant velocity is assumed for the 
whole transit, the time necessary to move through the warm water north of the Antarctic 
convergence is overestimated, and the time spent in the cold water south of the convergence is 
underestimated . The result should be an overestimation of the total amount of melting. 
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Figure 6 shows the total average amount of ablation on the submerged face of an iceberg 
( I km long at pick-up) as a function of the relative towing veloci ty. Curve (a ) represents the 
transit between the Amery Ice Shelf and north-west Australi a , and curve (b) that between the 
R oss Ice Shelf and the Atacama D esert. Only at relative ve locities of less than I m /s are there 
pronounced increases in the amount of ablation. Note a lso that the total amoun t of ablation 
only doubles as the transit time varies by a factor of 40 (in the case of the shorter Amery
Australia transit from a total of 15.6 d to 625 d ) . This results from the fact that the power of 

R 
cm/d 

60 

50 

40 

o 5 10 

Fig. 5. Variation in the average rate oJmelling R qf a Jaee DJ an iceberg with changes in theJree stream relative velocity v and 
the lerzgth DJ the side DJ the iceberg X l. A temperature difference DJ I.O°C betweerz the ice and the water is assumed. 

v in Equation (8) is close to I: if v entered Equation (8) as a linear term, the total amount of 
ablation during the transit would be independent of transit time. The effect of variations in the 
lateral dimensions of the iceberg on the amount of ablation for the Amery- Australia traverse 
is shown in Figure 7 assuming that v = 0.5 m /so There is a pronounced increase in the total 
amount of melting only if the initial length of the side of the iceberg is less than:::::: I km (if the 
initia l dimensions of the iceberg are such that the final dimensions of the iceberg are quite 
small ) . An examination of the previous calculations suggests that in-transit m elting losses will 
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be large and may b e excessive for small iceb ergs. For example a 55 m X 2 2 0 m X 250 m 
iceberg that could be sta r ted by the tug Oceanic at 0.5 m js would clearly melt completely in 
transit. If, h owever, a large enough iceberg could be towed , la rge volumes of ice could still b e 
del ivered , even considering the m elting losses. 

240 
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Ab lation 
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Fig. 6. Total average amount of ablation on a submerged face of an iceberg as a function of the relative towing velocity v 
which is here assumed to be constant over the complete transit . Curves (a) and (b) represent the great-circle routes for the 
A mery-Australia and the R oss- Atacamrl transits respectively. The ocean is assumed to be motionless and the initial lateral 
din ension of the iceberg is taken as I 000 m. 
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Fig. 7. Total average amount of ablation for the Amery - Australia traverse as alunction of the initial lateral dimellsions q( the 
iceberg face X J . I t is assumed that v= 0.5 m/s and that the ocean is motionless. 
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TRAJECTORIES, TOWING TIMES, AND ICE DELIVERED 

The previous discussion of melting along great-circle routes is, of course, not realistic. 
Although the great-circle distances for the Amery- Australia and the Ross- Atacama transits 
are the shortest, they are not the easiest because of the winds and currents along the routes. 
In addition as the iceberg moves north , the d ecrease in size caused by melting will permit 
higher towing velocities. To es timate properly towing times and the amount of ice that can 
be delivered, it is necessary to consider all these factors simultaneously. The basic steady-state 
equation which applies is 

(9) 

where F is the towing force, T a the air stress, Tw the water stress (drag) , C the Coriolis force, 
and G the gradient current force. This equation must be solved simultaneously with the melt 
equation (8) to find the optimum towing path and towing force for each iceberg of a given 
size and shape. In order to solve this difficult system of equations, several assumptions are 
made. The first of these is that the towing force remains constant. This is a reasonable 
approximation as long as the velocity change along the route is small , as will be seen to be the 
case. Second, it is assumed that it is meaningful to use the m ean wind velocity and gradient 
current fields of the Antarctic seas given by the D.S. W eather Bureau Antarctic Summary 
and the Atlas Antarktiki (i. e. the equations are solved only for seasonal m ean fields and not for 
short-term phenomena such as individual cyclones) . 

Wind velocity vectors were plotted for a wide variety of possible routes between given 
collection and delivery si tes. It was then assumed that along the route the wind stress plus the 
towing force was equal to the drag or water stress. As was discussed earlier , both the Ta and the 
TIV terms have a form drag as well as a skin drag term. If the iceberg has dimensions of XIV 

(width), Xl (length) , Xf (freeboard), Xd (draft) and Xt = Xf + Xd (thickness) , it is assumed tha : 
the form drag component of T a and Tw will act on the smallest face of the iceberg, that is on 
XIVXf and XaXw respectively since XIV ::::;;; Xl. The skin drag term of T a and TW acts both on lateral 
faces and on the top and bottom faces (skin air stress acts on XWX I + 2XfXl and skin water 
stress acts on XwXl + 2XdXl). Considering Equations ( I) and (2) and assuming that a Prandtl 
logari thmic boundary layer exists on the top and lateral freeboard sides of the iceberg, we can 
write the equation TIV = F + Ta as foll ows 

tpwVz{XwXdCDw + (XwX I + 2XdXI)[3-46 log, o (vxl fv) - 5·6] - z)} 

( 
<: + «0) - 2 

= F + tPaxwxrCDaVaz+(Xwxl + 2XrXl) p,\KO
Z In ~ va2 ( 10) 

where pa and pw are the air and water d ensities, C Da and C Dw are the form drag coefficients 
for air and water, v is the magnitude of the iceberg velocity relative to that of the surface 
water, Va is the wind velocity, <: is the height of the wind-velocity m easurement, <:0 is the surface 
roughness, K O is the von Karman 's constant, and v is the dynamic eddy viscosity. Equation 
(10) must be solved simultaneously with Equation (8) to estimate melting and to calculate v 
along each route. At each point the gradient current is known, and the velocity of the iceberg 
relative to the Earth's coordinate system , which we will refer to as the transit velocity Vt, is 
given by the vector sum 

( I I) 

where Gc is the gradient current vector. The Coriolis force at each point along each route is 
then given by 

where w is the angular velocity of the Earth, if> is the latitude, and Pi is the density of the ice. 
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A field of Vt was computed for each iceberg choice and route area by graphically including 
the Coriolis and gradient current forces. At an array of p oints adjacent to and a long p ossible 
optimum towing routes, the direction of the towing force F was varied so that the vector sum 
of Equation (9) provided the greatest V t in the d esired direction. Then the optimum transit 
route was chosen by trying successive solutions to a string of V t solutions such that 

L f Vt· dL = maximum. 
o 

Although this is a difficult operation, the fact that the gradient current and wind vectors 
are almost coli near and do not vary greatly along the optimum towing paths greatly simplifies 
the process. The reason we performed this combined numerical and graphical solution to 
Equations (8) through (13), rather than attempt a full numerical solution, is that such a 
solution would have been both laborious and cos tly. It also would not have resulted in a 
significantly improved analysis considering the limited data available on both the winds and 
currents of the Southern O cean and on the change in the form drag coefficient of the iceberg 
as towing and m elting progresses. However, as better data becom e available, we plan to make 
a time-dependent study of the full vector equations. Indeed, we feel that such calculations are 
essential before field towing tests are initiated . 

Equations (8) through (13) were then solved for a variety of iceberg sizes assuming a 
constant initial ice thickness of 250 m and a length: width ratio of 4. The optimum paths 
for the Amery- Australia and the Ross-Atacama routes lie in two well-defined envelopes 
shown in Figure 8. R epresentative distances are 6 940 km and 8 990 km respectively as 

Fig. 8. Optimum towing paths between the Amery Ice Shelf and Australia and the Ross Ice Shelf and the Atacama Desert. 
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Fig. 9 . Changes in iceberg volume V, iceberg thick/less Xt and transit velocity Vt as a function of distance travelled along the 
towing routes between the Amery l ee Shelf and Australia and the Ross l ee Shelf and the Atacama Desert. The initial 
i~eberg dimensions are 2800 m X I I 200 m X 250 In and the towing force is 18.4 X 106 N. 
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Fig. 1 2. T ransit timesfor the Amery-Australia tow as afunction qfinitial iceberg width and towingforcefor initial lengths of 
four times the width and initial thicknesses of 250 m. 
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compared with distances of 5 550 km and 7 770 km by the great-circle routes. The following 
values were used for the constan t terms: GDw = GDa = 0.6, pw = I 030 kgjm3, Pi = 850 
kg jm 3, <: = 10 m , <:0 = 2.0 X 10- 4 m , v = 1.826 X 10- 6 m 2js and K O = 0 .4. In Figure 9, the 
variations in the volume of the iceberg, the transit velocity a long the route and the ice thick
ness are plotted against the distance along the towing route for the Amery- Australia and the 
Ross- Atacama transits for a towing force of 18.4 X 106 N. The values shown are for an iceberg 
whose initial dimensions were 2 800 m X I I 200 m X 250 m. As expected, the melting during 
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Fig. 13. Transit times for the Ross- Atacama D esert tow as a function of initial iceberg width and towing force for initial 
lengths of four times the width and initial thicknesses of 250 m. 

transit causes a significant loss of ice (the final dimensions of the icebergs are 2 703 m X 
I I 072 m X 202 m and 2675 m X I I 034 m X 187 m respectively). This melting, in turn, 
causes a reduction in the drag a long the route, and an associated general increase in the towing 
velocity. The fact that the highest transit velocities do not occur at the end of the towing 
period is caused by high winds and gradient currents during the middle portion of the transit. 
Figure 10 shows the volume of ice delivered as a function of the initial iceberg width . The 
vvidths of the " ice delivered" curves show the variation in the ice delivered as the towing 
force changes from 1.3 X 106 N to 18.4 X 106 N. Also, as anticipated earlier, major changes 
in the towing capability of the tug make only minor changes in the amount of ice delivered. 
In Figure 1 I, the amount of ice delivered is expressed as a percentage of the initial volume at 
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time of pick-up. Again, as anticipated by Figures 5 and 7, the importance of melting in 
reducing the volume of icebergs whose initial dimensions are less than I km is clearly shown. 

Although changes in the towing force do not make large differences in the volume of ice 
delivered, they do make large changes in the transit times and, therefore, in the delivery rates . 
Figures 12 and 13 show transit times as a function of initial iceberg width and towing force 
while Figure 14 shows the ice delivery rate (assuming continuous ship operation) measured in 
cubic kilometers per year as a function of the same two parameters. The reader will note that 
for the case of the smallest towing force (1.3 X 106 N ) , both Figures 12 and 13 show that for 
initial iceberg widths above a critical width, 2.7 km for the Amery- Australia route and 1.7 km 
for the Ross- Atacama route, the transit times decrease for icebergs of increasing width. This is 
so because the form and skin air stresses acting on the iceberg increase as its width increases 
and when a certain critical width is reached relative to the towing force, F is no longer the 
predominant driving force as it is for small iceberg widths. 

As expected, the delivery rate is appreciably higher on the Australian traverse than on the 
Atacama traverse. In both cases, however, the volume of ice that can be delivered each year 
is impressively large, in the tens of cubic kilometers. A large delivery rate does not, however, 
necessarily mean an economically interesting delivery rate . The final question that remains is 
whether or not such a towing operation is economically attractive . 
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In concluding this section, we would like to stress that we feel that our analysis of the towing 
problem is a very crude first approximation at a quantitative analysis of a geophysically 
difficul t problem. In particular, it can be argued that the use of seasonally averaged maps of 
Antarctic winds and ocean surface currents, produced as they were from an admitted scarcity 
of data, will give results that would not hold for the actual case of iceberg drift under the in
fluence of short time-scale events; i. e. when a passing cyclone causes icebergs to drift in loop 
and other irregular trajectories. This may be. H owever, since no wind or current data exist 
for other than the seasonal case, an initial analysis of iceberg towing can only be made in some 
framework such as we have suggested. In addition, since such major parameters as suitable 
drag coefficients are at present only informed guesses, it would seem reasonable to acquire 
greatly improved data on these parameters before attempting a detailed analysis of iceberg
towing on a small time scale. Later in this paper more will be said about studies necessary to 
improve the towing calculations. 

E CONOMICS 

An adequate economic ana lysis of "icebergs as a fresh-water source" is difficult. It clearly 
depends on a large number of factors, many of which are peculiar to the specific site that is 
selected. An appreciation of the complexity of the problem can be gained by studying recent 
planning documents that discuss the feasibility of large scale desalination projects in various 
parts of the world (United Nations, 1964 ; Oak Ridge National Laboratory, 1968) . Such a 
study is clearly beyond our capability. However, in the present report we wish to appraise 
only the economics of transporting icebergs to suitable coastal sites. If this portion of the total 
operation can be shown to be very inexpensive relative to the price the processed water would 
command, then this should serve as an incentive for further research on the overall problem of 
the development of agro-industrial complexes that utilize iceberg water. It should also be 
noted that because we will discuss the economics of iceberg towing as if it were a wholly 
privately financed venture, it does not m ean that we feel that such a case is likely. Indeed the 
large amounts of land required by such a project would necessitate, at least, partial govern
mental participation. However , if the venture can be shown to be attractive as a private 
venture, it certainly should be attractive as a governmental venture. 

Our problem , therefore , amounts to estimating the operating cos ts of tugs that are appreci
ably larger than tugs currently in existence. Let us consider first the operating cost of the 
1.56 X 108 W super tug that was discussed earlier (towing force 18,4 X 106 T). This cos t 
consists of construction, crew and administration, maintenance, fuel, and interest. For
tunately, a design exercise has been completed on an Arctic icebreaking ship with identical 
powering (Voelker , 1972). Estimates of the construction cost (foreign) of a tug with a similar 
power are $60 million. To estimate the average cost of capitalization, we will assume a 
25-year life for the tug (one twenty-fifth of $60 million or $2.4 million) . To this we must add 
interest on the unpaid balance (using the approximate cost during the middle year of opera
tion) which amounts to $3 million if a 10% interest rate is assumed. Therefore our total 
capitalization cost is roughly $5 .4 million/year or $ 14 795 /day. H ere we neglect any financial 
advantage that might result from a favorable tax structure for the venture. In addition we 
have a crew cost of $2.1 million/year ( $5 750/day) assuming a crew of 60 and a total salary
plus-administrative cost of $35 thousand /crewman-year. M aintenance and repair would 
come to an additional $ I million/year ( $2 74o/day) . 

The principal operational expense would, of course, be fuel. If the propulsion plant is gas 
turbine, the fuel consumption can be estimated from the relation (0.24 kg of diesel/kWh) 
giving roughly 900 000 kg of fuel /day. Assuming a cost of $2.80/barrel (114 kg) , we have an 
estimated fuel cost of $22 lOo/day operating at full power. Therefore, the daily cost of the tug 
during towing is $45 400. During the return part of the cruise, when the tug is not towing, a 
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great reduction in power is possible. For instance if 2.6 X 107 Ware utilized in open-sea 
cruising, this corresponds to a daily fuel cost of $3 6 80 and an operating cost of $ 27000. 

At a cruising speed of 18 knots (800 km/d) the return trip to the Antarctic from Australia 
would take 7 d and from the Atacama, 10 d. The d aily cost while the tug is in port or in a 
shipyard is correspondingly $ 2 3 300. If we assume 10 % port and shipyard time, we obtain a 
total yearly cost for tug operation of $ I 5. 5 million. There is no appreciable change in this 
cost between the Amery- Australia and the Ross- Atacama transits. 

A similar exercise was completed for both a 4. 5 X 107 W tug with an estimated construction 
cost of $ 17 million and the tug Oceanic which has I. I X 107 Wand a construction cost of 
$ 2 .5 million (New York T imeJ, 1969) . The resulting total costs were $ 5.6 rnillion and $ 1.8 

million/year respectively. These figures were then used to d evelop a crude curve relating 
total operational cost per year to the power of the tug. 

N ow we know from Figure 14 the delivery rate in terms of cubic kilometers of ice per year 
for four different sized tugs. These estimates were first reduced by 10 % to allow for shipyard 
time. Then the volume of ice was converted to an equivalent volume of water by multiplying 
by 0.85. Next curves were plotted for a variety of initial iceberg widths giving the delivery cost 
of ice, expressed in terms of the equivalent amount of water , versus the towing force (Figs. IS 
and 16) . In looking at these figures, it should be rem embered that a towing force of 1 .3 X 106 N 
corresponds to the Oceanic, 6 X 106 N to a tug with powering similar to the V.S. Coast Guard 
I cebreaker Polar Star which is currently under construction , and 18.4 X 106 N to a 1.56 X 108 VV 
super-tug. 
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Fig. 15 . Delivery cost per cubic meter of water delivered as ice to Western Australia expressed as afunction of towing force alld 
initial iceberg width, initial length four times the initial width. The dashed cross-curves give the sizes of icebergs that can be 
towed at the indicated steady-state velocities as a function of the towing fo rce if a form drag codJicient of 0.9 is assumed. 
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Figures 15 and 16 tell us a great deal about the economics of iceberg transportation. At 
first glance, delivery costs appear amazingly low. Costs in the range of a fraction of a mill 
( I mill = $0.00 1) per cubic meter of water are certainly competitive by any standard even if 
d elivered in the form of ice. However one must realize that the whole range of values shown 
in Figures 15 and 16 is not available. If the towing force is so small that only extremely low 
speeds can be achieved, the tug wi ll not be able to control the iceberg. This restriction is 
indicated in the figures by the dashed cross-curves which give the sizes of icebergs that can be 
towed at the specified steady-state velocities as a function of the towing force. These cross
curves are based on the calculations that are summarized in Figure 4a (i. e., a form drag 
coefficient of o.g and an iceberg length : width ratio of 4 are assumed ). Therefore only 
prices " above" the appropriate minimum con trol-speed cross-curves can be realized. Clearly 
to minimize our delivery cos ts we should use as large a tug as possible. This tug should then 
tow the largest possible iceberg at the lowest velocity that still a llows it to maintain control 
over the tow. W e do not know what the lowest possible control velocity is, but its val ue for the 
large tows considered here is clearly critical. For instance, if we have a super-tug capable of 
exerting a towing force of 18,4 X 106 N, the delivery costs are 7 mills /m 3 of water if the control 
velocity is 0.4 m /s and on the order of 0.04 mills /m 3 if the velocity is o. I m /so In the following 
discussion we will consider 0.25 m /s as the lowest permissible towing velocity . Therefore, 
u sing a super-tug, costs would be 1.3 and I.g mills/m 3 for water delivered as ice to Australi a 
and the Atacama D esert, respectively. 
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W e could now use the current estimated production costs of large desalination plants as a 
measure of the price of water ( $0. 19/m3) . This would allow us to spend the difference between 
the selling price and the delivery cost on processing the ice. Because our delivery costs are less 
than 2 mills /mJ, we could afford to spend up to $0. 18/m 3 on processing. Attractive as these 
figures are, they clearly are not realistic. Although water prices under certain situations may 
clearly equal or exceed $0.19/m 3 (prices in excess of $2'50/m 3 occur in a number of areas 
served by desalination plants; United Nations, 1964), such water is usually utilized for 
municipal water supply or special purpose projects. From our previous analysis, it appears 
that iceberg towing as a water supply mechanism becomes most attractive when very large 
volumes of ice are involved. That is not to say that iceberg water could not be used for muni
cipal water supply. It certainly could, but probably only as a small part of an operation 
d esigned to supply much larger volumes of water to an irrigation or a large industrial complex. 
We therefore believe that the economic appraisal of iceberg water should be based on the 
price of irrigation water. 

A realistic price for irrigation water is, in itself, difficult to establish. This is true even in 
areas where the utilization of irrigation water is well developed (Clawson and others, 1969, 
Krous and others, 1969) . We could use the U.S. Federal price goal for irrigation water 
produced by desalination ( $0.03 /m 3). This is roughly the production cost for surface water, 
and values in this range have been used recently in planning studies (Oak Ridge, 1968) . 
However, current studies suggest that even this value is high and that a value of 8 mills /m 3 

is a much more realistic planning standard (Clawson and others, 1969) . This is in the range 
of the cost of producing ground water from a large, high-quality well ( Water Newsletter, 1969) . 
In short, if water can be delivered at a cost of a few mills per m J, the development of large 
irrigation projects would indeed appear to be highly attractive. As has been shown, this is the 
case for both W es tern Australia and the Atacama Desert region. In these two locales, one can 
use, respectively, 6 and 4 times the delivery cost of the ice at the coast to moor the iceberg, 
melt the ice, and pump the melt water inland. 

Our discussion of the towing problem is in most cases a "worst case" analysis. In parti
cular, we have calculated travel times and en-route melting from the edge of the Amery and 
Ross Ice Shelves. In fact, the nearest suitable icebergs, as located by satellite surveillance 
would be utilized with significant savings in delivery costs over those estimated in this paper. 
Available information on iceberg sightings (Nazarov, 1962) suggests that cost savings of25 % 
might easily be realized. The data required to perform an analysis of this aspect of the towing 
problem will soon be available based on studies of the imagery from the ERTS and NIMBUS
E satellites. It is also to be expected that by the time of pick-up, melting would have caused 
an appreciable reduction in the form drag coefficient of those "weathered" icebergs from the 
value of 0.9 assumed for initial towing in the present paper. These considerations suggest to us 
that the costs of iceberg towing to Australia and the Atacama D esert are probably lower than 
the values suggested here. 

PROBLEMS RELATED TO ICEBERG TRANSPORT 

It would be easy to present a long "shopping list" here. We are certain that each reader 
feels that at least one of his pet problems has been neglected or even ignored. In this discussion 
we will only mention problems that we consider to be major. 

First, additional information should be collected on iceberg distribution and geometry. 
As discussed earlier, by 1973 satellite imagery having direct bearing on this problem should be 
available. The recently obtained ER TS imagery of ice in Hudson Bay and Beaufort Sea 
has a resolution better than 100 m. Complete coverage of the Southern Ocean should soon be 
available every 18 d (weather and sunlight permitting) . Field observations should also be 
made on the condition of the icebergs that are located at the more northerly latitudes. When 
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this work is completed, it should be possible to base a towing analysis on the distance from the 
most probable pick-up location to the delivery site . 

The towing analysis itself could be greatly improved. First, it would be very useful to have 
better form drag coeffi cients for Antarctic icebergs. These values are important because they 
determine the largest iceberg that a given tug can tow at a controllable speed at pick-up. 
As shown, the size of this iceberg fixes much of the resulting economics. If these drag coeffi
cients cannot be determined by direct towing because of cost, at least studies could be made 
with m odel icebergs. Because of the highly irregular shapes of most "Greenland" icebergs, we 
doubt that data currently being collected on them wi ll prove to be readily applicable to the 
Antarctic towing problem. Secondly, a more realistic appraisal of in-transit melting should 
be made. In the present treatment we simply calculated an average melting rate and assumed 
parallel recession of the walls. This is, of course, incorrect. The most rapid melting occurs at 
the front of a face and gradually decreases toward the rear. The result of this uneven melting 
is a rapid streamlining of the iceberg as it is towed. Not only should the change in shape be 
calculated , experimental observations should a lso be made so that these changes can be used 
to estimate changes in the form drag coe ffi cient as melting progresses. In addi tion a check 
should be made of the applicabili ty of Equation (4) . R ecent studies of the melting of the 
lower surface of river ice (Ash ton, 1972, unpublished ) have shown that the ice surface does not 
remain smooth but develops a series of ripples . The presence of the rippled ice surface appears 
to be associated with an increase in both the heat transfer rate and in the flat-plate drag. If a 
similar phenomenon occurs during the melting of icebergs, it definitely should be taken into 
account. M ethods have been sugges ted (personal communication from J. Hult) that would 
minimize in-transit m elting by utilizing a plastic shield to maintain a layer of cold water at the 
ice surface. This certainly is conceptually possible. However, considering the size of the pro
posed tows, such a shield, even if utilized only on the forward end of the iceberg, would be both 
co tly and difficult to emplace. The shield would probably be even more difficult to keep in 
place while towing. At least the possibility of such a schem e should be explored , particularly 
if iceberg tows to delivery sites nearer to or across the equator are contemplated . 

Once the information discussed above is available, a revised towing calculation shou ld be 
perform ed that takes these new factors into account. This improved calculation should also 
include the acceleration of the iceberg at the start of the tow and the deceleration at the end. 
I t would, as m entioned earlier, be nice to have sufficiently detailed information to permit a 
time-dependent towing analysis that includes the effects of short-term meteorological and 
oceanographic events. I t is, however, doubtful that such detailed information will be avail
able in the near future. An analysis of existing m eteorological information should, never the
less, be adequate to permit a crude estimate of the towing time that would be lost as the result 
of high seas. This lost time will, undoubtedly, be related to the size of both the tug and the 
tow. If all the above information can be combined with a correction factor that es timates the 
amount of ice that will probably be los t during a tow by the calving of fragm ents from the 
main iceberg, we would guess that the result would ser ve as quite an adequate base for an 
economic analysis of the towing aspect of an iceberg delivery system. 

PROCESSING 

The problem of processing the iceberg once it has been delivered at the coast is clearly 
one in which a great deal of ingenuity could be exercised. This is primarily an engineering 
problem that is outside our area of expertise. W e will , however, discuss the general problems 
that can be anticipated . Because of the deep draft of most iceberg3 at their time of arrival, 
many operations will probably have to take place at some distance from the coast unless a 
suitable deep harbor is available. Once the iceberg is moored , a schem e sugges ted by Isaacs 
(Burt, 19S6[b] ) would seem to be a very attractive way to separate the melt water. I n this 
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approach the iceberg is s\lrrounded by a floating fence-like baffle that extends some distance 
below sea-level. The fresh melt water would form a stable layer on top of the sea-water inside 
the baffle. From there it could be pumped to a coastal station. It is also possible that some 
method of quarrying the ice and moving a slurry to the coast could be useful although this 
would require the processing of ice on an unprecedented scale. 

It should also be remembered that the total volume of water produced by a given iceberg 
is appreciably greater than the volume of water produced by the melted ice. During the 
melting process there will be a continual condensation of water on the cold iceberg surface as 
the result of the contact cooling of the warm, humid air at the delivery site. If an iceberg is 
allowed to melt slowly, the amount of water that would be produced by this process could be 
very significant. This would be particularly true for the Atacama Desert docking site. 
Experimental studies have been undertaken recently at the Universidad del Norte de Antofa
gasta (United Nations, I964, p. IQ4- 05) to develop methods for collecting fresh water from 
the dense fogs that are formed every night by the cool Humboldt Current. 

Irrigation water can contain an appreciable impurity concentration. The melted ice is, 
however, extremely pure, containing usually less than IQ p.p.m. impurities (Gow, I968). 
The melt water can, therefore, be mixed with sea-water to bring the impurity concentration 
up to the allowable level, thereby increasing the volume of water that can be delivered. 
Irrigation water containing 400 p.p.m. impurities is considered to be excellent for all crops, 
while goo p.p.m. water can be tolerated by most crops (comparable to the salinity of the water 
in the lower reaches of the Colorado River) . A few crops such as cotton can be raised even 
with impurity levels as high as I 500 p.p.m. (Krous and others, I960). To achieve these 
concentration levels I. I, 2.6 and 4.5 % (by volume) sea-water can be added to the melt water. 
There will, of course, also be water losses during the melting process. These are difficult to 
estimate because they depend on the details of how the iceberg is handled, a matter which is at 
present not resolved. Therefore, we will neglect the water additions and assume that they will 
roughly balance the water losses . 

One other aspect of the processing of the ice should be remembered. Regardless of the 
engineering details, the iceberg during processing serves as an extremely large heat sink. 
The iceberg towing scheme could, therefon: , be most favorably coupled with a major power 
generation project. The thermal pollution associated with the power generation would then 
become a valuable asset in the conversion of ice to water. Such a combined major nuclear 
energy center with associated industrial and agro-industrial complexes has been discussed by 
the Oak Ridge National Laboratory ( I968) in conjunction with the desalination of sea-water. 
Based on the present study, it would appear that the development of such a complex in 
association with an iceberg transportation scheme could have great economic as well as 
environmental advantages. 

At the present we do not see any major engineering obstacles to processing icebergs that 
could not be overcome with existing technology. We would guess that it would be a rare 
engineer who would not consider the design of an iceberg processing facility, within the econo
mic constraints that we have outlined, to be an interesting problem indeed . 

The environmental effects of an iceberg towing program should also be investigated. 
Although the in-transit effects would be expected to be minimal, the icebergs would definitely 
cause localized thermal pollution with an associated drop in the sea temperature near the 
delivery site. In addition there would be a decrease in the salinity of the sea-water as the result 
of the mixing of "escaped" fresh water during the melting process. There is also the possibility 
of changes in the local climate in the vicinity of the moored icebergs; for instance the increased 
occurrence of fog and rain. It is difficult to quantitatively analyze these changes. However, 
we do not believe that they would prove to be major problems. The undesirable environmental 
effects upon the marine biota associated with a drop in the sea or air temperature below 
normal values would probably be less than expected from a similar rise in temperatures above 
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the normal. There would, however, undoubtedly be significant local changes in the marine 
life around the delivery site. If a near steady-state temperature and salinity are developed in 
the vicinity of the delivery site, a new ecosystem would d evelop that might be more biologically 
productive. 

CONCLUSION 

W e would like to stress that we, in no way, feel that the present study is an adequate look 
at the " iceberg" problem. It is merely a first approximation at a quantitative assessment of 
the availability and transportation aspects of the problem. Unless our analysis is grossly in 
error, the results of this portion of the study are very exciting. The possibility of delivering ice 
to coastal sites in Australia and western South America for costs of a few mills per cubic meter 
is certainly sufficient motivation to explore the problem in considerably more detail. W e have 
also tried to outline where research is needed and what aspects of the problem should be 
considered next. In addition, we have discussed some approaches that have been suggested for 
processing the iceberg once it has reached the coastal site. Although there are a number of 
major engineering problems that must be overcome, it is our impression that they are within 
the reach of existing technology. The problems are, however , sufficiently varied (oceano
graphy, m eteorology, glaciology, fluid m echanics, naval architecture, marine biology, agri
culture, economics) that an adequate a ppra isal of the problem is beyond the capabili ty of a 
few individuals or even one major research group. Wc hope that our efforts on this subject 
will interest other speciali ts in giving the problem the d etailed analysis that it appears to 
merit. 

If our preliminary appraisal is approximately correct, the development of an operational 
iceberg transportation scheme offers the possibility of efficien tly utilizing some arid coastal areas 
in the Southern H emisphere for la rge-scale agriculture and perhaps for large agro-industrial 
complexes. The amount of land that could be placed under irrigation is very large. For 
instance if only one super- tug (18.4 X 106 N ) delivers ice to Western Australia, the steady-state 
a mount of melted water ( ~12 X 109 m 3 of water per year) would irrigate over 16 X 103 km2 
e f land. Thi. corresponds to a square field 126 km on a side. This assumes that 0.76 m 3 of 
water is required per rn' of land (Todd, 1970). The amount of water (12 X 109 m 3) is roughly 
four times the amount provided by the Snowy Mountains Project (Overman, 1969, p. 82) 
and can be increased to vir tually any larger amount by simply constructing more tugs . 

The best aspect of the scheme discussed in the present paper is that i ts principal resource, 
the icebergs, are currently being completely wasted as regards man's needs. They calve from 
the Antarctic ice shelves and slowly drift in the Southern Ocean until they eventua lly melt. 
The towing proposal simply utilizes small amounts of power to break selected icebergs through 
the "barrier" of the Antarctic convergence and deliver them to points where large volumes of 
fresh water a re needed . T here, the water, after being utilized for irrigation, even tually returns 
to the sea. The end result is the same, only the path is different. W e would guess that the 
potential rewards to m an of the more tortuous path will prove to be well worth the addi tional 
energy expenditure, not only in terms of increased food production but as a more eco logically 
sound way of alleviating water scarcity than the more frequently mentioned sea-water 
d esalination techniques with their resultant g reat positive thermal pollution. Indeed , iceberg 
towing in temperate and sub-tropical waters may help to coun ter the increasing warming of 
surface waters due to man's energy production. 
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