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ABSTRACT. From data ta ken on the British Tra ns-Arctic Exp edition it is calcula ted tha t 9 % of the Arcti c 
Ocean surface between the North Pole a nd Spitsbergen was hummocked or ridged ice, 17% was unridged ice 
less than a year old, 73% was unridged old ice and 0.6% was ice-free. The mod e of 250 thickness m easure
ments taken through level a reas of old floes a long the entire traverse lies between 2.25 and 2.75 m . The 
mean end-of-winter thickness of the ice is calculated to be 4 .6 m in the Pacific G yral and 3.9 m in the Trans
Polar Drift Stream . F rom measurements of the p ercentage coverage and thickness of the various ice forms, 
it is ca lcula ted that the total annua l ice accumulation in the Arctic O cean is equivalent to a continuous la yer 
of ice 1. 1 m thick. 47% of this accumula tion occurs in ice-free a reas and under ice less tha n I year old. 
20% of the to ta l ice production is either direc tly or indirectly related to ridging or hummocking. An ice
abla tion ra te of 500 kg m- 2 measured on a level area of a multi-year floe is compared with the ra te on 
deformed a nd ponded ice. Greatest melting occurs on new hummocks and least on old smooth hummocks. 
T he a nnual ba lance of ice older tha n I year but younger tha n multi-year ice is calculated from a knowledge of 
ice-drift patterns and th e percentage coverage of first-year ice. The same calcula tions g ive a mean-maximum 
drift period of 5 yea rs for ice in the Tra ns-Polar Drift Stream and 16 yea rs in the Pacific Gyra!. It is calcula ted 
tha t for th e p eriod Februa ry 1968 to M ay 1969 the a nnual ice expor t was 5580 km3. 

R ESUME. Le bilan de masse de la glace de mer de l' Ocean Arctique. A p artir de d onnees recueillies p a r l' expedi
tion tra ns-Arctique britannique, on a calcule que 9 % d e la surface de l'Ocean Arctique entre le Pole N ord 
et le Spitsbergen e ta it occupe par d e la glace en hummock ou ridee, 17% etant d e la g lace non ridee de moins 
d 'un a n, 73 % d e la vieille glace non ridee et 0,6% Iibre de la glace. Le resulta t des 250 mesures d 'epaisseur 
prises a travers les zones pla tes d e la vieille ba nquise tout a u long de la traversee reste compr is entre 2,25 et 
2,75 m. L'epaisseur moyenne de fin d 'hiver es t, d 'apres les calculs, de 4,6 m d a ns le tourbillon Pacifique et de 
3,9m dans le "Trans-Polar D r ift Stream". Les mesures du taux d e couverture e t d e I'epa isseur d es differentes 
form es de g lace permettentde calculer que I'accum ula tion to ta le a nnuelle de la glace est epaisse d e I , I m . 47% 
d e cette accumula tion se produit d ans des zones libres de g lace e t sous une glace vieille d e moins d'un a n . 20% 
de la production tota le de glace es t direc tement ou indirectement liee a la form a tion d e rides ou de hummock. 
Un ta ux d 'a blation d e la glace de 500 kg m - 2 mesure sur une aire plate d 'une ba n qu i se pluriannuelle est 
compa re avec le taux sur d e la glace deform ee ou cha rgee. La fusion la plus in tense est observee sur les 
hummocks d e forma tion recente, la moins intense sur les hummocks vieux a ux formes adoucies. Le bilan 
annuel de la glace de plus d 'un a n, mais plus j eune que les g laces multia nnuelles, est calcule d 'apres une 
connaissance d es mouvements d e la g lace et le p ourcentage de couver ture de la glace de premiere a nnee. 
Les memes calcul s donnen t une moyenne d e 5 a ns p our la p eriode m aximum de transp ort p ar le ven t da ns le 
"Tra ns-Pola r Drift Stream " e t de 16 ans d ans le tourbillon Pacifique. On a calcule q ue p our la periode de 
fevrier 1968 a mai 1969, l'exporta tion a nnuelle de glace eta it d e 5 580 km3. 

ZUSAMMENFASSUNG . Der M assen B ilanz des M eereises aus dem Arktischen Ou an . Aus d en bei d er britischen 
T ra ns-Arktis-Expedition gewonnenen Da ten wurde errechnet, dass 9% der Oberflache des Arktischen 
O zeans zwischen d em Nordpol und Spitsbergen mit buckligem oder aufgewiilbtem Eis, 17% mit ruckenfreiem 
E is von weniger a ls einem J a hr Alter , 73 % mit ruckenfreiem, a ltem Eis bed eckt und 0,6% eisfrei waren . 
D er H a uptteil d er 250 Dickenmessungen a n ebenen, a lten Eisschollen entlang der gesam ten R oute erga b 
Dicken zwischen 2,25 m und 2,75 m. Die mittlere E isdicke am Winterende wurde [(ir d as Paz ifische Becken 
zu 4,6 m und im T ransp olaren Driftstrom zu 3,9 m errechnet. Aus M essungen d er prozentualen Bedeckung 
u nd Dicke d er verschiedenen Eisarten ergib t sich, dass die gesamte j a hrliche Eisakkumulation im Arktischen 
Ozean einer gleichmass igen Eisschicht von 1, 1 m Dicke en tspricht. 4 7% dieser Akkumula tion erfolgt in 
eisfreien Gebieten oder unter Eis von weniger a ls einem J a hr Al ter. 20 % der gesam ten Eisproduktion sind 
entweder direkt od er indirekt mit der Bildung von Rucken od er Buckeln verbunden . Die Abla tionsra te von 
500 kg m- 2 , di e in einem ebenen Gebiet einer mehrere Jahre alten Eisscholle ermittelt wurde, wird mit der 
R a te fur d eformiertes und W asserlachen bildendes Eis verglichen . Die starkste Abschmelzung tritt an neuen, 
die geringste an alten , fl achen Eisbuckeln auf. Die J a hresbila nz von Eis zwischen einem und m ehreren 
J ahren Alter wurde aus der K enntnis d er Eisdriftsys teme und d er p rozentua len Bed eckung mi t einja hrigem 
Eis berechnet. Dieselben Berechnungen ergeben eine mittlere M axima ldriftperiode von 5 J a hren fUr Eis im 
Tra nspolaren Driftstrom und von 16 J a hren im Paz ifischen Becken . Fur die Period e von Februar 1968 bis 
M ai 1969 wurde ein j a hrlicher Eisausstoss von 5 580 km3 errechnet. 

I NTRODUCTION 

The Arctic O cean ice pack constitutes the largest area of ice in the Northern Hemisphere. 
Consequently, the ice pack has a profound influence on global atmospheric circulation . 
However , very little is known about the ice cover in the Arctic O cean- its thickness and the 
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balance between the amount of ice forming in winter and the amount that either decays in 
summer or drifts out of the Arctic Ocean throughout the year. This lack of knowledge is 
partly due to the necessity of establishing research stations on thick and stable old floes. As a 
result, while the ice and heat balance of old floes has been well studied, the extent and balance 
of the other ice types has not. It is the purpose of this paper to present data on the extent, 
ablation and thickness of the various ice types and to use these data to calculate the total ice 
accumulation and ablation in, and ice export from, the Arctic Ocean. 

Unless stated otherwise, ice volumes are expressed in terms of an equivalent ice thickness 
(in m ) either measured over the total ice and ice-free area (e.g. C) or over the area covered 
by the type of ice denoted by the suffix (e.g. Cl )' If, for example, the area of reference is the 
entire Arctic O cean, where c represents accumulation and the suffix 1 represents first-year 
ice, then Cl is the mean thickness of first-year ice in the Arctic Ocean and Cl is the thickness 
of the same volume of ice considered as a continuous layer covering the entire oceau surface. 
Areas (e.g. SI ) are always expressed as percentages of the total ice and ice-free areas (St). 

M ethods 

Between 21 February 1968 and 27 May 1969, the British Trans-Arctic Expedition (BTAE) 
crossed the Arctic O cean between Barrow, Alaska, and a small island off the coast of Spits
bergen (Fig. 1). 

In order to study the regional variations of surface topography an ice log was kept during 
the journey. Between Barrow and the North Pol e a summary of ice forms was made at the 
end of each day. Between the North Pole and Spitsbergen the estimated height of each ridge, 
the thickness of the ice slabs forming the ridge and the size and type of floes were recorded. 

Over 250 holes were drilled through old and first-year ice to determine its thickness. 
Generally, one hole was drilled each day. 78 % of the holes were drilled through old ice and 
the remainder through thick first-year ice. In addition, more than 100 thickness measurements 

~.~----'"------~------~------~--------~~~ 

Fig . I. The Arctic Ocean showing the route oJ the B ritish Trans-Arctic Expedition. The broad arrows show the two main 
directions oJ ice drift . The Pacific Gyallies between Point B arrow and the North Pole, and the Trans-Polar Drift Stream 
is on the Russian side oJ the Pole. The BTAE driftedJrom A to B between J uly 1968 and February 1969. 
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were made through ice less than 0.5 m thick to estimate its load capacity. From these data 
the ice growth and overall ice thickness in winter have been calculated. 

During July and August 1968 the expedition camped on a giant floe which drifted between 
lat. 81.50 N. and lat. 84.00 N. (Fig. I). During this period, the ablation of the floe ice was 
studied. Ice ablation was measured at an ablatometer and two stakes, all on multi-year 
floes. The ablatometer consisted of two stakes frozen into the ice 2.5 m apart and joined by a 
cord. The mean height of the cord above the ice was measured daily. Bottom ice ablation 
was measured by repeated drilling at two sites. To relate these measurements to ablation over 
the entire surface, two sets of precise levelling traverses were made across 742 m of floes. The 
traverses included both new and old ridges. The first set was made on 17 and 18 July and the 
second on 28 August. 

Accura0' 

As the prime motive of the expedition was not a scientific one, the majority of the observa
tions made during the travel periods were recorded while on the move. Due to the difficulty of 
distinguishing between first-year and second-year ice under a snow cover, any ice of indeter
minate age was recorded as "old ice". Because of this, the coverage of first-year ice has been 
underestimated by approximately 2% . 

No d evice was used to measure distance while travelling so that all the ice-log observations 
are estimates. The total mileage travelled between the North Pole and Spitsbergen has been 
calculated from both the ice log and the astro-fixes. The ice-log mileage is 12 % less than the 
true mileage. Part of this error is due to the fact that the estimated distance was often omitted 
from the ice log during periods when no observations were recorded. The ice-drift direction 
between the North Pole and Spitsbergen was favourable to the expedition and this may 
account for up to half of the distance error. The remaining error is believed to be evenly 
distributed throughout the data. To minimize the distance error, the relative and not the 
absolute cover of each ice type has been used. 

The BT AE data were recorded from a single traverse and therefore may not be represen ta
tive of the entire Arctic Ocean. It is impossible at the present time to determine the typicality 
of the data, but it will be seen later that they are, in many respects, in reasonable agreement 
with theoretical considerations of both the heat balance and the pattern of ice drift in the 
Arctic Ocean. The relative coverage of each ice type along the traverse route is believed 
correct to within ± 5 %. However, the final values for total accumulation, ablation and export, 
because some series of measurements are incomplete and unrepresentative, may be in error 
by as much as ± 50 % . 

R ESULTS 

The ice balance (B) of the Arctic Ocean can be expressed by 

B = C - A - G ( I) 

where C and A are the accumulation and ablation of ice, and G is the amount of ice that drifts 
out of the Arctic Ocean. To calculate the values in Equation ( I), the relative coverage as well 
as the thickness of each ice type at the beginning and end of the mel t season need to be known. 

Relative coverage of deformed, old and young ice and ice-free areas ( Table 1; Fig. 2) 
To compare the surface observations with those taken by nuclear submarine, the extent 

of ridges and hummocks below the water line (i. e. keels and bummocks) has been calculated 
from a pressure-ridge model (paper in preparation by R. M. Koerner) similar to that of 
Wittmann and Schule (1966) . From a study of under-ice profiles recorded by U .S. nuclear 
su bmarines, Wittmann and Schule (1966) found that 18 % of the ice was ridged in the winter of 
1960 and 13 % in the summer of 1962. There is a difference of 3 % between the BT AE and the 
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submarine data . Old bum mocks and ice keels have presumably been included in the calcula
tion from the su bmarine profil es whereas, in the present data, r idges and hummocks more than 
2 years old and smoothed by summer a blation, were recorded as unridged old ice. The 
difference in definition and a genuine annua l variation may account for the 3% discrepancy 
between the BTAE and subma rine da ta. 

20 

T ABLE I. I CE TYP E, EXP RESSED AS A P E RCENTAGE OF 

DISTANCE COVERED 

O ld ice 
I ce 0 - 0.3 m thick 
I ce 0.3- 1 .0 m thick 
New ice > 1 .0 m thick 
Hummocked or ridged ice 
Bummocks a nd keels 
I ce-free 

Percentage 
Trans-Polar 

D rift ice 

73 .0 

1.6 

5·3 
10.1 

9.2 

(14·5) 
0.6 

} 
Gyral 

83.0 

8.0 

10 .0 

? 
1.0- 2 .0 

T he Tra ns-Pola r Drift Stream data were ta ken frbm 
F ebruary to M ay 1969 a nd the Pac ific G yra l d a ta from 
April to July 1968. 

% 

80 

70 
% 

60 

50 , 
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I. 

Fig. 2. Distribution of ice types between lat. 89° N. and lat . 8 [ 0 N. along approximately long. 30° E . expressed as a percentage 
of total area. l. M ean value in the Pacific Gyral; 2. M ean value in the transition zone; A. H ummocks and ridges; 
B . B ummocks and keels. 

In this paper, the term ice-free is used with reference both to areas where no sea ice is 
present and to areas where there is a cover ofjrazil ice or grease ice, as both of these ice types 
form in a few hours in mid-winter. Between the orth Pole and Spitsbergen , only 0.6% of the 
area crossed by the expedition was ice-free (Table I ; Fig. 2). In March and early April, when 
the expedition was within a few degrees of the North Pole, only 0.2 % of the area was ice-free. 
Badgley (1966), on theoretical grounds, considered that less than I % of the Central Arctic 
O cean should be ice-free in winter ; Untersteiner (1964) considered the coverage to be less 
than 0.5 % . Profiles taken by U.S.S. Sargo in the winter of 1960 found an ice-free coverage of 
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r.8 '}o (Wittmann and Schule, 1966) . " Birds-eye" flight data give a m ean winter ice-free 
coverage which is 11.0% of the total area (Wittmann and Schule, 1966) ; this percentage seems 
unreasonably high. The difference between the BTAE and submatOine ice-free coverage 
values may in part be attributable to differences in time and place of observation. However , 
it is possible that the submarine-profiling system used in 1962 was unable to distinguish 
between an ice-free surface and very thin ice. It is interesting to note that 3.0% of the ice 
crossed in April 1969 was 0.3 m or less thick. This suggests the submarine profiler was at least 
capable of distinguishing between ice less than 0.3 m thick and ice-free areas. The high 
percentage of ice-free areas in the Gyral (Table I ) is due to the lateness of the period of obser
vation which extended into the summer months. 

Nilas, y oung and first-year ice will be referred to collectively as first-year ice. The first-year 
ice coverage shown in Table I and Figure 2 is an underestimate by about 2% of the true value. 
Wittmann and Schule (1966, p . 237) calculated from " Birds-eye" flight data a 14% coverage 
for a similar ice type in the Trans-Polar Drift Stream. In the present data, the Gyral shows 
the smaller first-year ice coverage and this is in agreem ent with theoretical considerations 
of ice drift in the Arctic Ocean (e.g. Campbell, 1965) , which predict a higher occurrence of 
convergent ice flow in the Pacific Gyral than elsewhere. The most extensive coverage of 
first-year ice crossed by the BTAE was between lat. 85° N. and lat. 88° N. along long. 
140° W. (Fig. I). This indicates that there was considerable divergent movement in that area 
during the 1968- 69 winter. The position of the area, on the edges of both the Gyral and 
Trans-Polar Drift Stream, may account for the scale of divergent movement. However , it is 
probably a transition zone that varies in position from year to year. For example, the Plaisted 
expedition approaching the North Pole from ElIesmere Island in April 1968, found large 
numbers of heavy old floes in the transition zone and at the North Pole (Aufderheide and 
Pitzl, 1970) . This suggests that in 1968 the Gyral extended its influence to at least the orth 
Pole. A year later, the BT AE saw very few Gyral floes near the North Pole and , from a 
change in the topography, the northern edge of the Trans-Polar Drift Stream was estimated 
to be situated along lat. 88° N. on the Canadian- U.S.A. side of the North Pole. 

Ice thickness (Fig. 3,' Tables I and II ) 

D espite the fact that 75 % of the thickness m easurem ents were taken through old ice, 
there is a wide range of thicknesses (Fig. 3) . Even when the first-year ice and hummock sites 
are excluded from the data, there is still no well-defined mode which can be identified as a 
steady-state thickness . The thickness of unhummocked ice can vary by more than 1.5 m on 
the sam e multi-year floe even though the floe may be several years old . A single steady-state 
thickness, therefore , seems to be theoretical. Instead, there is probably a separate steady-state 
thickness for each basic old-ice type. A m ean multi-year floe thickness is more important 
for the purposes of the present study. This may be termed a m ean steady-state thickness hss 
which is dependent on the relative coverage and thickness of hum mocked , ponded and level, 
unponded ice. The relative coverages have been m easured from a set of air photographs 
taken by the Polar Continental Shelf Project in the Lincoln Sea in July 1968, and from 
photographs taken by the BT AE . The m ean thickness of undeform ed old ice is taken from the 
ice-thickness data. A mean hummock thickness of 13 m has been estimated from a levelling 
profile across a multi-year floe and an above/below relationship of 1 : 7. (D ensity of old sea 
ice = 0. 7 Mg m - 3 (W eeks and Lee, 1958) and sea-water d ensity = 1.025 Mg m- 3 (Cabaniss, 
1962), hss is calculated to be 3.5 m in the Pacific Gyral, 3.0 m in the Trans-Polar Drift 
Stream and 3. 2 m in the transition zone between the two. The BTAE measurements showed 
no significant difference between the thickness of undeformed ice in the Pacific Gyral and the 
Trans-Polar Drift Stream so that the high hss value in the Pacific Gyral must be due to the 
larger number of hummocks on the relatively old multi-year floes there . 
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Fig. 3. Ice thickness (%) of floes more than 1.5 m and less than 4.5 m thick. 

TABLE rI. ANNUAL ICE EXPORT (g), ACCUMULATION (c), ABLATION (a), BALANCE (b) 
AND THICKNESS (h) IN THE ARCTIC OCEAN (m OF ICE) 

Region gt tit Cl hI hn bss htt p) ht(e) 

Trans-Po la r Drift Stream 0.6 0.6 0.6 0 ·5 0 .2 0 3 ·9 3 ·7 
Pacific Gyral 0·5 0.6 0 ·4 0·3 0 .1 0 4.6 4 ·3 
Transition zone 0 ·3 0·7 0 ·4 0 .2 0.1 0 4 ·4 4. 1 

A ll values are the equivalent of a continuous ice layer covering th e region referred 
to in the first column. t is a total value; I- first-year ice, ss- Aoes of steady-state 
th ickness; n- Aoes older tha n first- year but younger tha n stead y-sta te Aoes, (p)
p erimeter thickness at the end of winter (see text), (e)-effective thickness a t the end 
of winte r (see text) . 

,-, 

5.75 

FiI-s t-year ice covers a wide range of thicknesses (Table I ). New ice beginning its growth in 
September can be identified by the fresh-water ice at its surface; seven m easurements through 
this ice in late May gave a mean thickness of 2.04 m , which may be considered a season 's 
maximum growth from open water. 

The mean thickness of the entire ice cover crossed by the expedition, ht, has been cal
culated from the extent and thickness of each ice type, including both undeformed and 
deformed ice. The three values for hss already calculated have been used in the computation 
of ht . The estimated or m easured thickness of each area of undeformed first-year ice and the 
calculated thickness of deformed ice (based on the height of the feature above the water line) 
have been entered into the calculations separately . T wo m ean values are calculated . The 
first value ht(p) considers the cavities formed during the process of deformation as ice. The 
second value ht(e) is an equivalent ice thickness from which the cavities have been excluded. 
The latter is the more important of the two values in any consideration of the ice balance. 
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The results are shown in Table II . kt is greatest in the Pacific Gyral, again because of the 
larger number of old hummocks, but a lso due to the more massive nature of the ridges there; 
this is in accord with both the theoretical and observed patterns of ice drift in the Arctic 
O cean. 

Ice and snow accumulation (c) ( Tables Il, III and IV ) 

In this context, ice accumulation is the volume of ice forming in the Arctic O cean in any 
one balance year. Although ice growth was measured at several sites on both new and old ice, 
the measurements do not cover a complete growth period . The results are shown in Table III 
and the high growth rate of first-year ice underlines the importance of fracturing in the 
process of ice accumulation. 

TABLE Ill. I CE GROWTH (mm d - I ) I N THE CENTRAL ARCTIC OCEAN, SEPTEMBER 1968 TO FEBRUARY 1969 

Sept. Qc/ . Nov. Dec. J an. Feb . 

From open water ; first 5 d 20- 4 0 4 0 5 0 - 70 60 

F rom open water; first 30 d 18 ' 9 2 1 28 25 
U nder, m thick ice 10 - 20 

U nder 2 - 3 m th ick old ice o to - 2 0 0 0 - 2 0 - 4 

A negative figure d enotes a blation, and a bar denotes no observation. 

First-year ice may be in either unridged or ridged forms. In the process of ridging of new 
ice, some old ice is often incorporated in the ridge. Between the North Pole and Spitsbergen, 
16% of the new ridges contained som e old ice. However, the total amount of old ice in first
year ridges is probably no more than 5 % and the calculations of the am ount of new ice in 
ridged form have been corrected by this amount. 

The amount of new and first-year ice crossed by the expedition (i.e. the winter balance 
of ice less than I year old) is given in Table Il . Errors are due to: 

I. An incorrect assessment of ice thickness. 
ii . Misidentification of some second-year ridges for first-year ridges. 

iii. Misidentification of first-year ice for old ice. 

The errors under (i) are probably self-cancelling, and the errors under (iii) are believed 
to exceed those under (ii) . The calculations therefore underesti mate the amount of first-year 
Ice. 

Between 5 O ctober 1968 and 23 February 1969, ice accumulation in fractures forming in 
an area approximately 5 km square was measured daily. The thickness of ice forming in new 
fractures was measured by drilling. The estimates of fracture width have an error of about 
5% when made in periods of moonlight, but about 20 % in periods of darkness when a 
battery spotlight was used . The total ice accumulation in fractures in the study area is shown 
in Table IV. Between 5 O ctober 1968 and 2 January 1969, the figures refer essentially to 
three 400 m by 600 m floes and the fractures at their edges. After 2 J anuary 1969, the study 
area included two large polynyas which opened at the edges of the floes . The polynyas in
creased the new-ice coverage in the study area to 70 % which is clearly unrepresentative of the 
Pacific Gyral as a whole. If the growth rate of ice in fractures between 5 O ctober 1968 and 
2 January 1969 is extrapolated to cover a I September to mid-May growth period, the annual 
first-year ice accumulation (c, ) in the study area is an equiva lent ice layer 0.3- 0.6 m thick. A 
calculation from the ice-log data of first-year ice accumulation for the same growth period in 
the Pacifi c Gyral gives a comparable layer 0.5 m thick. 
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T ABLE IV. I CE GROWTH IN A S:l1ALL AREA IN T H E CENTRAL ARCTIC OCEAN, 5 OCTOBER 1968 TO 22 

FEB R UARY 1969. (mm OF ICE A DAY, EXPRESSED AS A CONTINU OUS LAYER COVE RI NG THE ENTIRE AREA 

EXAMINED (i.e. c) 

5- 20 Oct. 20 Oct.- [4 Dec. [4 Dec.- 2 J an. 2 J an.- 22 Feb. 

T otal new ice growth 3 2 4 16 
New ice growth in recurring frac ture 1- 2 1- 2 3 2 

New ice growth in polynyas 0 0 0 13 
New ice growth elsewhere 1- 2 0 - 1 

O ld ice growth 0 0 4 

I ce growth under steady-state floes is well documented in the literature where values vary 
b etween 0.4 and 0.5 m of ice per year. However, the annual ice accumula tion u nder old ice 
must be higher than this as it includes ice old er than I year but of less than steady-state 
thickness. So that with a first-year annual ice accumula tion (Cl) of about 0. 5 m of ice and an 
old-i ce annual accumulation slightly greater than 0.4- 0.5 m of ice, the contributions to the 
p ositive side of the ice balance of the two basic ice types are quite similar. 

Snow accumulation was m easured on the BT AE by probing to the ice surface in ten 
differen t places and taking one set of density m easurem ents at each of 38 locations. The 
measurem ents were taken in the middle of la rge floes. The results are shown in Figure 4. 
Because snow is blown into open fractures and in to hummock fields, the snow accumulation 
on the floes is less than the tota l precipa tion . There is a significant increase (at the < I % 
level) of snow accumulation towards each end of the traverse. The pattern is probably 
related to grea ter cyclonic activity round the periphery of the Arctic O cean (Wilson, 1963, 
p . 268- 69) · 
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Fig. 4. Snow accumulation between Point B arrow (lat. 7 [ 0 N. ) and Spitsbergen (la t. 81° N. ). 

Superimposed ice forms in June at the base of the snowpack, particularly in depressions 
o n the floes; 20- 30 mm of this ice formed in June 1968. 

Fresh-water ice form s at the interface between salt and fresh water in summer. In 1968, 
20 mm of this ice formed in fractures at a depth of 1.5 m , equivalent to a continuous layer 
2- 4 mm thick. 
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Ablation ( T able II ) 

The measured ablation of a multi-year floe in 1968 was 500 kg m - 2 (i. e. a layer of ice 
0.55 m thick) . Precise levelling transects over the floe surface at the beginning and end of the 
melt season showed that the ablation of the surface ice is non-uniform (Table V ). These 
observations indicated that hummocks, with an albedo about 10% higher than that ofl evel ice 
(Koerner, r970), are self-perpetuating. The total ablation at the level site has been weighted 
according to the data in Table V to g ive a mean ablation a ss of 0.5 m of ice. 

TABLE V. THE VAR I ATI ON OF ABLATION O~ A 

MULTI-YEAR FLOE EXPRESSED AS A PERCENTAGE 

OF THE ABLATION MEASURED AT A SITE ON A 

LEVEL AREA OF THAT FLOE ( 500 kg m- 2, J ULY 

AND AUGUST 1968) 

New ridge 
O ld hummocks 
Level areas 
Ponds, ice surface 
Ponds, water surface 

Percentage 

260 
6 1 

100 

168 
73 

Because fracturing made first-year ablation sites inaccessible, a continuous record of the 
ablation of first-year ice, all was not taken. However, Vanes (1962), from measurements 
taken at U.S.S.R. floe stations, formulated the empirical relationship 

a, = 1.4 a ss . (2) 
Although Vanes (1962) did not specify what type of multi-year ice surface a ss refers to, 

it is assumed to represent the ablation of level ice a SS(d ); a, is then equal to an ice layer 0.8 m 
thick. 

The ablation of new ridges ar and hummocks, ah is 2.6 times as great as that of un deformed 
multi-year ice a ss (d) (Table V ). However, a ridge or hummock field contains about 15% 
cavities so that ablation there is : 

Both the snow cover and superimposed ice layer ablated completely in the summer of 
1968 in the vicinity of the camp (Fig. J) . The interface ice layer did not appear to ablate at 
all but was incorporated into the winter ice layers. 

Balance ( Table II ) 

The mass balance of first-year ice is positive (i. e. C, > a, ), whereas the balance of steady
state floes is zero (css = a ss). However, the mass balance of old ice of less than steady-state 
thickness must be positive; as no separate study of floes of this age was made, the ice balance 
on them must be calculated. 

To attain a m ean steady-state thickness hss, a first-year floe of thickness h, must have a 
total net balance, bn(t), of hss - h, over a period m- 1 years, where m is the age in years of a 
floe which has just attained steady-state thickness . The value for a full season 's growth quoted 
previously (2.04 m ) can be used for hI as ice thicker than this is in its second year of growth. 
Using the previously calculated values of hss in hss- h" the value of bn(t) where J < n < m 
years is 1.42 m in the Pacific Gyral, 1.1 9 m in the transition zone and 0.96 m in the Trans-Polar 
Drift Stream. 

I ce drift in the Trans-Polar Drift Stream may be considered as stream flow where ice 
leaves the stream between Greenland and Spitsbergen. As a first approximation, therefore: 
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where S is the area of ice I, 2, 3, and T years old. T is the age, in years, of the oldest ice 
commonly present and is given by: 

(5) 

where 7' == I year. In this case, SI includes areas of ridged and hummocked new and first-year 
ice. In the Trans-Polar Drift Stream SI is equal to 19.9% of St so that Tis 5 years. However, 
hummocking annually reduces the area of old ice by an amount R which can be calculated 
from 

(6) 

where Sq is the area of hummock fields composed of old ice (6% of the total area in the Trans
Polar Drift Stream), fzq is the mean hummock field thickness (10 m , a figure based on a mean 
above-waterline height calculated from the BT AE ice log and an above: below relationship 
of I : 7) and hd is the thickness (in m ) of the ice before hummocking (2.5 m from Figure 3). 
(Sqhq) / hd in Equation (6) gives the original extent of undeformed ice that the hummock 
fields formed from; 7'/T reduces the term to an annual value. In the Trans-Polar Drift 
Stream, R is equal to 3.6% of the total ice and ice-free area. The area of ice n years old 
(Sn ) for n ~ I year is then given by: 

where 1> is R/St. 

T can then be found from 
T 

(St - SI) = f SI ( I - q,)n- I dn. (8) 
I 

'faking a representative area of 100 km2 where St = 100 km!, R = 3.5 km2 and SI = 19.9 
km2, T is still 5 years. 5 years is in fact similar to the drift period of several Russian floe 
stations in the Trans-Polar Drift Stream and to the combined drift period of Maud and Fram 
(Dunbar and Wittmann, 1963)' 

As, from thermodynamic considerations, there is no ice growth where fz ~ fzss, the area of 
hummock fields more than I year old must be subtracted from the total area of old ice so that 

(9) 

where Sn(d) is the area of undeformed old ice of less than steady-state thickness and Sss(d) is 
the area of undeformed ice of steady-state thickness. U ntersteiner (1964) has calculated that 
hss is attained in 7- 8 years from ice-free conditions. However, there is no significant difference 
between the set of old-ice thickness m easurements from the Pacific Gyral and the set from the 
Trans-Polar Drift Stream despite the fact that ice may circulate for considerably longer 
periods in the Pacific Gyral. Similar old-ice thicknesses in each area, therefore, indicate that 
hss is attained in both, i. e. in less than 5 years. In Equation (10) it is assumed that hss is 
attained in 5 years so that Sss(d) = 0; this assumption introduces a maximum error of 10% 
(i.e. hss is attained in 2 years). The annual balance, hn, of old ice of less than steady-state 
thickness (i.e. where I !( n !( 5 years) is given by: 

/ 

m - I 
Dn = Sn(d)bn(t) -7'- (10 ) 

where m is the age in years of a floe which has just attained steady-state thickness. Again, 
taking a representative 100 km2 area where Sn(d) = 74. I km2 and hn(t) = 0.96 m , hn is 
17.8 m 3 of ice. This may be represented as a layer of ice 0.2 m thick spread uniformly over the 
100 km 2 area (i. e. bn). 
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The same arguments do not apply to the Pacific Gyral, where, due to the circulatory 
pattern of the drift (Fig. I), ice of all ages may drift out of the Gyral in anyone year. If there 
is a constant decrease in the area of anyone year 's ice with time R' (due to both ice export 
and ice deformation), then 

St = S,+ (S, - R') +(S, - 2R') + . .. s,-(f-I) R' 

as (~ - I) R' = S,- R, this reduces to 

T = [ (2St/S, ) - I] T. 

(I I) 

In 1968, I 1.5 % of the ice crossed in the Gyral was in its first year. Substituting this value in 
Equation (12) gives T equal to 16 years. As there is an exponential ra ther than a linear 
decrease in area of anyone year's ice with time, 16 years must be regarded as a lower limit of 
T. There is insufficient ice-drift evidence from the Gyral a t present with which to compare the 
calcula ted T value. Gyral floes have never been tracked from initial growth to export. H ow
ever, i t is known that Fletcher 's Ice Island (T -3) has drifted in the Pacific Gyral for over 20 
years. Assuming again that hss is attained in 5 years, the area of undeformed old ice n years old 
(Sn(d») where I ~ n ~ 5 years is given by : 

5 

Sn(d) = J[ S, -G- I) R ' J dn 

where R' is S,Tj T. Taking a roo km2 representa tive area in the Pacific Gyral where S, = 11.5 
km2 and T = 16 years, Sn(d) = 40.4 km2. Then, putting S n = 40.4 km2 and On(t) = 1.42 m 
into Equation (10) we get On = 14.3 km3 or 6n = 0.14 m of ice in the Pacific Gyra!. 

Using similar arguments in the transition zone, 6n there is 0.05 m of ice. 

Ice export ( Table Il ) 

If the ice ba lance in the Arctic O cean is assumed to be in a steady-state condi tion, then ice 
expor t is equal to the sum of the balances of first-year ice and old ice of less than steady-sta te 
thickness. The calculated regional ice export values a re shown in Table II. It should be 
noted that R' in Equations ( I I) and (13) includes both the area of ice exported and the area 
reduced by the effect of ice deformation. H owever, even assuming the value R' consists 
entirely of ice exported from the Pacific Gyral and the transition zone, the appropriate values 
for gt are not changed significantly. 

The area of the Pacific Gyral, the Trans-Polar Drift Stream and the transition zone bet
ween has been estimated from the pattern of ice drift shown in Dunbar and Wittmann (1963, 
p. 92) . The three regions cover 41 , 55 and 4 % of the Arctic O cean, respectively (abou t 
ro7 km2) . If the ice-export values in Table II are representa tive, the to ta l annua l ice export 
from the Arctic O cean is 5 580 km J, which is equivalent to a layer of ice 0.6 m thick spread 
over the entire Arctic O cean. This means approximately 15% of the ice cover is exported 
each year. Gordi yenko and K a relin '" estima ted tha t an area of I 036 000 km2 of ice left the 
Arctic O cean each year between 1933 and 1944. The mean annual thickness of the entire 
pack ice lies somewhere between the effective thickness (ht(e» ) a t the end of winter (T able II )) 
and the effective thickness at the end of the melt season in August or Sep tem ber (i .e. ht(e) - at). 
U sing the values shown in Table II, we obtain a mean ice thickness of 3.7 m, which means 
Gord iyenko and K arelin 's ice-export value is equivalent to a continuous ice layer 0.4 m thick 

* Statement by P . A. Gordiyenko a nd D. B. K a rel in (in Problemy Arktiki, ' 945, No. 3. (O nly the translation 
of this was availa ble to the a uthor.) 
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(3800 km3). Vowinckel (1964), from a study of wind and current drift into the Greenland 
Sea, calculated a similar value to that of Gordi yenko and Karelin . Because the BT AE data 
may not be representative of the whole Arctic O cean, the value for ice export may be in error 
by as much as ± 50 % . However, it is believed that the data underestimate the first-year ice 
area in the Arctic O cean and this leads to an underestimation of the ice export. In this case, 
it seems that even considering the errors in each of the three sets of calculations, the annual ice 
export for the period of the BTAE observations, i. e. 1967- 69, exceeded that for the periods 
studied by Gordiyenko and Karelin, and Vowinckel (1964). This is in agreement with the 
records, showing an increasing severity of ice conditions off the north coast of I celand in the 
1960's (Kristjannsson, 1969). 

CONCLUSIONS 

The BT AE data, if they are representative, show tha t the equivalen t of a continuous layer 
of ice 1.1 m thick may form in the Arctic O cean in a year (c, +Cn +C88, or gt+at). 47 % of this 
ice forms in ice-free areas and under first-year ice (c,) giving a mean thickness [or first-year ice, 
h" of 3.5 m. As no more than about 2 . 0 m o[ ice forms from ice-free water in a single winter, 
the remainder, i. e. 1.5 m , is formed when new ice is pi led into ridges and hummocks; new ice
free areas then open for ice to form at a very high growth rate. Thus, about 20% of the ice 
production is indirectly du~ to ridging and hummocking . It seems likely, therefore, that 
variations in the amount of ice production each year in the Arctic O cean are more dependent 
on variations in the amount o[ ridging and hummocking than on variations in the winter 
temperature . Consequently, comparisons between the ice-thickness measurements taken in 
different years are not m eaningful in terms of varying ice production and climatic change 
unless the measurements are representative of the entire range of ice types. 
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