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ABSTRACT. The processes of melting, freez ing, precipi tat ion, evapora tion and condensation were con
sidered in the computation of the mass budget of a n ice Aoe in the northern Chukchi Sea. It was found that 
condensation and evaporat ion contribute negligib le a mounts, and that melting accoun ted for the la rges t 
loss from the upper su rface of the Aoe. From a n original mass 01'270 g. cm .- " a un it ice column lost 9' 2 g . cm .- ' 
by melting of snow and 35 ' 2 g . cm. - ' by melting of ice during the melt season. During the freez ing period 
5 . 8 g. cm.- ' were regained by the accumulation of snow and fros t. M easurements a t the bottom of the ice 
ind icate an es timated net loss of 5 g. cm. - ' over a seven -month study. A comparison of six summers at three 
stations shows no obvious correlat ion of abla tion a nd latitude, and an ave rage loss of ice a t the su rface of 
40 g. cm. - '. 

RESUME. Eludes du bilan de masse de .floes cllI jJack ({rclique. D a ns l'etab lissement du bi lan de masse d ' un Aoe 
d e la ]'vler Chukchi septentriona le, on a considere les processus de fusion. gel, precip itat ion, evapora tion et 
condensation. 11 ses t avere que les inA uences dues it la condensat ion e t evapo ra tion etaient negligeables, et 
que la plus g rande perte e ta it due it la fo nte de la surface du Aoe. A pa rt ir d ' une masse de 270 g cm - ' , un 
cy lindre unita ire d e glace perd it 9,2 g cm- ' pa r I'onte d e ne ige et 35,2 g cm - ' par [onte d e g lace pendant 
la saison de fonte. Pendant la sa ison fro ide , 5,8 g cm- ' s'accumulerent par chute d e neige et gel. D es mesures 
a u bas du Aoe montren l une ab la tion nelle d' environ 5 g cm- ' pour la periode d 'obse rvation d e sepl mois. 
Les observat ions effeclUees penda nt six periodes esti va les en trois stat ions ne montrent aucune corre!a tion 
entre l' a blation Cl la latiLUde, e t une p erte moyen ne de g lace it la surface de 40 g cm- ' . 

Z USAMM ENFASSUNG. Untersllchllng de> /vfassellilallsilaite< arklircher Packeis-schollen. U nter BerC, cksichtigung 
beobachteter Werte von Abla tion , Eisneubild ung. Niedersch lag, Verdunstung und Kondensa tion w ird del' 
M assenha usha lt ciner Eisschollc in d e l' nord li chen T sch llktschen-Sec bcrechnct. Es zc ig t sieh, dass \lerdun
SlUng und K ondensa tion nul' uncrhebliche Bcitrage li(' fern und dass del' g ross tc Massenve r lust durch 
Abschmelzung a n del' OberAache e intritt . Sic red uziert die Ausgangsmasse e ine r Einhcl tssa ule von 270 g cm- ' 
um 9,2 g cm- ' durch Schnee-Ablation und um weitere 35,2 g cm ' d urch E is-Abla tion in del' Abschmelz
periode. In del' Frostperiode betragt die Akkul11 ula tion durch Schnee und R auh re il' 5.8 g cm- ' . l\l[essungcn 
an del' Unte rsc ite d el' Eisscho lle crgaben einen NClIover lus t von schalzu ngswe ise 5 g cm ' wahrend ei nt's 
7-monatigen Bcobachtungszeitra umes. Ein Vcrglcirh von sechs Abla t ionspcr iocic-n an drci Stalioncn zC igl 
ke ine eindeuligc Bre itenabha ng igkeil. Del' durchschnill lichc Eisverlust a n del' Obcr:lache betragt 40 g CI11 '. 

I NTRO D UCTIO N 

The presen t re port is ma inl y a stud y of the mass budget of U .S . dri ft ing station " C ha rl ie" . 

D a ta from the preced ing sta tion "Alpha" and th e succeeding sta t ion ARLIS I 1 (Arctic 

R esearch La boratory fee Sta tion) are used 10 1' compar isons. 

Station "Alpha", wh ich was used during the l.G.Y. , was se t up on drift ing pack ice during 

April 1957 a nd a bandoned in November 1958. Dur'ing th e 19 months of occupation the sta tion 

dr ifted in the area bounded by la t. 79° to 86· 5 ° N. and long. 110° to 176. 5° W . 

Station "Cha rlie" (a lso known as "Alpha 11") was es tablished on drifbng pack ice during 

April 1959 and was withdrawn during January 1960. During th is p e riod it o rifted in an a rea 

bounded by la t. 76° to 78'2 ° N . and long. 159 '5° to 174'4° W . 

ARLIS II is on an ice iola nd. It was occupied in May 1961 at laL. 76° N., long. 155° W. 

and had , up to May 1964, drifted with the Bea ufort Sea gyral to lat. 86° N., long 28° W. 

Continuous studies of the sea ice a djacent to the island have been h a mpered by contamina

tion and frequen t ice movement. Only during the summer of 1963, a sma ll floe of clean pack 

ice 2' 5 m. th ick was accessible for m easuremen ts of ab lation . 

The budge t described here pertains to the mass of a column of un it cross-sectiona l a rea 

and a length eq ual to the m ean thi ckn ess of the fl oe. By assum ing d ensities (Un tersteiner, 

196 1) of o · 9 g. cm. - 3 [or the ice , errors smal ler than those from othel- sources are introduced . 

T he mass changes considered in the- computation of the mass budget at station "Charlie" 
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were m elting, freezing, precipitation, evaporation and condensation . Internal melting was 

considered to have no net effect. 

METHODS 

The mass of the snow cover was measured just before the onset of the melt season by more 

than four hundred measurements of the snow depth. 

The amount of ice melt at the upper surface of the floe was determined from several sets 

of white wooden ablation stakes set in the ice approximately I m. deep at the time the snow 

disappeared. Pond stakes were set in the lower areas where melt water had saturated the snow. 

The accretion or ablation of the lower surface of the floe was determined from thickness 

measurements made by drill holes and by thickness gauges devised hy Untersteiner and 

Badgley (1958) (Fig . I). 

Reference 

_--"...--__ --'r-_H ~s lake 

l 
FLOE 

OCEAN 

~G ouge Wire 

Chromel No. 22 

r-r- - Ground Wire 
Copp er No. 12 

z.:WeiQhl 

Fig. I. Thickness gauge to measure ice bottom accretion or ablation 

Observations of evaporation, condensation and/or sublimation were carried out by 

weighing two clear " Plexiglass" pans which were filled with wet snow or disintegrated ice 

and placed with the pan tops even with the surface. The pans had an area of 500 cm." 

were 1·5 and 2·0 cm. deep and had walls approximately 2 mm. thick. (Pans of different 

d epths showed no systematic difference in the mass changes of th~ir contents.) 

During the melt season (June to mid-August) m easurements of the ablation stakes and 

weighing of the evaporation pans were made twice daily, which also permitted calculation of 

diurnal changes. After the termination of the melt season the stakes and the thickness gauges 

were m easured several times each m onth. 

A water level recorder which can be used to determine changes in ice thickness was in 

operation at station "Charlie". A description of the use of this instrument for such purposes 

has been given by U ntersteiner and Badgley (1958) . The rise of the floe of 37·5 cm. observed 

between 21 June and 3 I August corresponds to a surface ablation of 41 ·7 cm., in almost 

perfect agreement with the stake m easurements. 

RESULTS 

Upper su~face 

The measurements of snow depth preceding the melt season ranged from 0 to 122 cm.; 

the average was 28 cm. With a density of 0·33 g. cm.-" as found at station "Alpha" 
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(Untersteiner, 1961), this amounts to 9 . 2 g. cm. - 2
• At the end of the melt season the amount 

of the winter snow cover remaining on the floe was estimated to be less than I per cent. 

Solid precipitation (snow and frost) during the melt season amounted to 2 ·82 cm. when 

melted, all of which for purposes of mass budget calculations was assumed to have melted. 

Table I gives monthly totals of precipitation measurements by U.S. Weather Bureau personnel 

on station "Charlie". From the end of the melt season to the end of the year snow and frost 

accumulation amounted to 5.8 g. (Table II). 

TABLE 1. STATION "CHARLlE", MONTHLY PRECIPITATION (cm. of water) 

[959 Total 

Ty pe June July August September June-September 

Rain , drizzle o· 15 o· 18 0·43 o· 13 0·89 
Snow 0 · 08 1·93 trace 0 · 81 2 · 82 

T otal precipitation 0 · 23 2· I I 0·43 0·94 3. 71 

TABLE H . HEIGHTS OF SNOW AND FROST DEPOSIT (cm .) 

Period 

1959 

Increment Total 

15- 31 August 0 · 7 0·7 
25 September 2· I 2 · 8 
28 O ctober 6·0 8·8 
27 November 5·3 14 · 1 
31 December 3.6 17·7 

Net accumulation (d ensity 0·33 g. cm.- J) = 5.8 g. cm.- '. 

Snow melt and formation of ponds began in June. The ablation values during 5-day 

periods in non-ponded areas as computed from two sets of ablation stakes are given in Table 

Ill. A "weighted total" is given because stake set II incompletely spans the melt season. 

TABLE Ill. 5-DAILY ICE ABLATION OF NON-PONDED AREAS (cm.) , 

20 J UNE- 20 AUGUST 1959 

Period N umber of 

eIldillg Set I stakes 

1959 

26 June 6 ·9 4 to 6· 
I July 6·6 6 
6 July I · If 6 

11 July 1·3 6 
16 July 2·5t 6 
21 July 3·3 6 to 11· 

26 July 4 . 1 11 

31 July I ·4t 11 

5 August 4·7 11 
IQ August 3·7 11 
15 August 2 · 5t 8 
20 August 0 ·0 8 

Total 38. I 

Weighted total 

Mass, using 0· 9 g. cm.- J 

• Number of stakes increased. 

t Snow or frost during interval. 

Set II 
Number of 

stakes 

o 
o 
o 
o 
o 
o 

3.0 (3 days) IQ 

2·7 10 
5 ·4 10 
3 . 8 10 
2·7 10 
0·0 10 

17. 6 

39.2 cm. 

35·3 g. cm.- ' 
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TABLE IV. POND ABLATION (cm .), MINIMUM VALUES 

Period 

1959 

25 June- I8 July 
18 JulY- I I August 

I I August-I 0 September 

Total melt 

Pond depth at end of season 

Pond /* 

41 ·8 

Pond 2t 

33·4 
28·0 

37· I 

Pond 3 

39 ·7 
46 .6 
I 1· 9 

98 . 2 

58 .9 

Net mass lost using 0·9 g. cm.- J 18 · 2 g. cm.- ' 29 · 5 g. cm.-' 

W eighted n e t loss for all ponds (a t least) 28 g. cm.- '. 

* Pond 1 m easurements were discontinued after it filled with drifting snow. 

t Pond 2 m easurements were discontinued after the surface froze. 

The "weightt'd net loss for all ponds" given in Table IV was computed b y using~the three 

intervals shown in Table IV. Pond 2 was about twice the area of pond 1 but only one-seventh 

the area of pond 3, and therefore the "net loss" incluoed area I weighting. The difference in 

the amount of melt in any interval between ponds was due in the main part to differences in 

pond d epth and ice type and to a lesser part to errors of measurement. 

Diurna l differences in melt rate were observed . The data analysed by half-day periods is 

shown in Table V. The pond melting rate was smoother by a lmost a factor of two. 

T ABLE v. M EAN D IURNAL ABLATION R ATES (mm.) 

Period Location D ay Night 24-hr. rate 

1959 

25 June- 23 July 3 ponds 9 . 8 5. 0 14 . 8 
22 June- 14 August Stake set I 7 ·8 2·0 9. 8 
23 JulY- 14 August Stake set II 7. 8 1 · 7 9·5 

Lower surface 

Ice thickn ess m easurem ents were made at two sites by drilling; these were helpful not only 

to determine changes of thickness but also for the study of "fa lse bottoms" and under-ice 

ponds. A " false bottom" is a thin layer of ice which forms in summer underneath the floe 

where fresh water lies between th e salt water and the ice ; this is d escribed by Un tersteiner and 

Badgley ( 1958) . M f:asurements of the thickness of a " false bottom" are accurate to I cm. 

The results obtained by rep eated drilling in a small pond with natural drainage are shown 

in Figure 2a. The formation of two fresh -water under-ice ponds indicates that there must 

have been two periods of pond drainage in this area prior to the initiation of m easurements. 

The floe continued to thin after the pond froze over, because of the supply of heat from the 

fresh-water pond and from short-wave radiation passing through the clear pond ice and wa ter. 

At another site near an artificial drainage hole the under-ice pond had vanished between 

19 and 30 August (Fig. 2b) . All drilling at this site was near an ablation stake which served 

as a datum plane. The step in the false bottom which occurred between 19 and 21 July 

was probably caused by the escape of some of the under-floe pond water. 

Bottom ablation and accumulation m easurements by thickness gauges were initiated in 

September (Table VI ); three of these gauges had been installed through under-ice ponds. 

Ablation continued at the "false bottom" of the floe well into the winter season (shown by 

gauges 2 and 3 in December) . The large variation of the net thickness change was caused by 

differences in ice thickness, snow depth and by the presence or absence of surface and under-ice 

ponds, as well as by the variahle amount of water within the floe. 
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STUD I ES OF THE MASS BUDGET OF ARCTIC PACK-ICE FLOES 

DATES of MEA SUR EM EN T S - DR I L LING 
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0 -- - - - ---I~ 3m-:.-;-h~T - - - --=--== ~ -=- ~ -=--~ - - -P-;n T,~ - - 711"-0 

11r -____ PO N D --- ~ -- _ 

--- -- 11r -_ fresh Wafe r 

F LO E 
-m - - - _ -",..- _ _ __ nr - - - 711 

1- --~----- - -~-----~----~ ___ ~-I 
PL--- ---

Fresh Water 

U-POND I _- --m-
Fo ls e Boftoms _;;::::. 11L. __ _ m 

2 - =-~ --~-- ---~~~Jtr =.ft = =-=-nr - ::. ::: ~ ;:::::;::::: -- - 2 

U-POND ~ __ :::::::-~ ::-::-::-: :::::_-=-- OC EAN 

~-==- ..::=;:::.~---

DATES o f MEA SUREME N TS - DRILLING 

JU LY AUG US T SE PTEMBER 1959 
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U-POND m ~ 
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3 - rrf/ -- - ~ Fo lse Boffoms -3 

Fig. 2. (a) Time cross-section of floe at a site with both sllrface pond and under-floe pond near natural drain hole. (b) Time cross

section of floe near artificial drain hole 

DISCUSSION 

Measurem ents of the initia l ice thickness of the floe at six points within the stud y site area 

ranged from I ' 5 to 5' 2 m ., with an average of 2' 9 m. The mass of a uni t ice column, including 

9' 2 g. cm. - 2 of snow, was es timated as 270 g. cm. - 2 a t the start of the ablation season. 

The amounts of evaporation and condensa tion were so n early in balance and were so 

small (mg. cm .- 2 day- I) that these processes have been neglected in the ana lysis. 

The mass loss at the upper surface of the floe (Tables J, III a nd IV) was calculated as a 

weigh ted m ean of areas free of and covered by ponds, reduced by the amount of rcfrozen pond 

water. The la rgest source of error in the pond ablation measurements was caused by the 
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ablation stakes melting loose. An analysis of the pond ablation measurements gave a minimum 

value for the melt in the ponds. The actual loss was probably slightly greater. 

The amount of ice gained or lost from the bottom of the floe was not well determined owing 

to the unknown fraction of the total surface which had under-floe ponding, but the best 

estimate from drilling is that under-floe ponds covered approximately one-half the floe 

bottom. The under-floe ponds, no doubt, protect the floe bottom from ablation; in fac t some 

accretion ean be expected (Untersteiner and Badgley, 1958) . From the drilling and thickness

gauge measurements it is estimated that, while more than 9 g. of ice was lost by ablation, 

there was an average accretion of 6· 3 g. (average of gauges I, 4, 5 and 6; Table VI). The 

data of Table VI alone show a near balance in ablation and accretion, but the installation 

dates extend over a five-week period beginning after the end of the surface melt season. In the 

absence of the insulating effect of under-floe ponds, a larger bottom ablation would probably 

have been measured and a lso a larger accretion. A summary of the mass balance for station 

"Charlie" is presented in Table VII. From June through December approximately 20 per 

cent of the original mass was lost. 

TABLE VI. BOTTOM ABLATION AND ACCRETION (in cm. ), AS D ETERMINED BY THICKNESS GAUGES 

Gauge No. I Gauge No. 2* Gauge No. 3t 

A ccre- A ccre-
Thickness Ablation tion Thickness Ablation tion Thickness Ablation 

Date began 2 September 15 September 28 August 

45°'0 252 '7 221 ·0 
30 September 442 '5 7'5 25 1' 3 1'4 2°4'9 16· I 

29 October 442 '2 0'3 249 ' 0 2 ' 3 199 ' 7 5'2 
29 November 442 .6 0'4 248 .8 0·2 200·6 
21 D ecember 443'2 0·6 247'5 I · 3 198 '3 2'3 

Total 7. 8 1·0 5 ' 2 23. 6 

Net thickness change - 6·8 -- 5'2 - 22'7 

Gauge No. -; Gauge No. 5t Gauge No. 6 

Accre- Accre-
Thickness Ablation tion Th ickness Ablation tion Thickness Ablation 

Date began 28 September 30 September 3 O ctober 

3°7'0 268·6 198 . I 
30 September 3°7'2 0'2 274'4 5. 8 
29 October 3°5'0 2·2 276 '4 2·0 195 .6 2'5 

29 ovember 305'5 0'5 284'3 7'9 193. 6 2 ' 0 
21 D ecember 309. 8 4'3 "94'2 9'9 204'4 

Total 2·2 5'0 25. 6 4'5 

Net thickness cha nge 2·8 25. 6 6'3 

* Under-floe pond 8 I cm. thick. 
t Under-floe pond 28 cm. thick; also surface pond with :26 cm. water and I I cm. ice. 
t Surface pond with 3 cm. water and 3 I cm. ice. 

TABLE VII. STATION " CHARLIE", M ASS BUDGET FOR j UNE-DECEMIlER 1959 (g. cm .- ') 

Gain/Loss B alance 

Initial m ass 
Loss of ini ti a l snow cover 
Solid precipita tion during melt season, all of which melted 

Surface ice melt 
Snow a nd frost 
Bottom a blation 
Bottom accretion 

27°. 0 
- 9'2 
+ 2·8 
- 2 ·8 

- 33. 8 
+ 5. 8 

- 10 ,0 
-1- 6 ' 3 

260·8 
263. 6 
260·8 
227'0 
232 . 8 
222 ·8 
228· I 

Accre· 
tion 

0'9 

0'9 

Accre-
tion 

10 ·8 

10 ·8 
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STUDIES OF T HE MASS BUDGET OF ARCTIC PA C K-ICE FLOES 

In Figures 3 a nd 4 melt season curves of four summers at three stations are presented . 

Furthermore, a summary of the n et losses for the summers of 195 7, 1958, 1959, 196 1, 1962 

and 1963, which have been adjusted according to estima tes of pond a rea and remaining pond 

water , show rather wide varia tions (T a ble VIII ). Apparently, the effect of la titude is out

weighed by the variations of weather condi tions during individual summers. 

The 70 cm. m elt estimated for 196 1 is based on the measurement of the ablation of 

a pproxima tely 1 m. of contaminated ice. Similarly, for 1962 the m easurement of the melt of 

contamina ted ice was approximately 30 cm . 

TA BLE VIII. COMPARISON OF Loss DUE TO MELT1NG llF THE UPPER S URFACE OF P ACK I CE (g. cm.- ' ) 

Station/ Year Xlit luss Latitude 

"Alpha" 
" Alpha" 
"Charlie" 
ARLI S II 
ARLIS II 
ARLIS II 

, Es ti ma ted (see text) . 

1957 
1958 

1959 
1961 
1962 

1963 

3'2 

53 
46 

(70 ) ' 

(20) * 
28 

80- 85° N. 
84-86° N. 
76- 78° N. 
73- 76° N. 

81 - 83'4° N. 
86-88· 5° N . 

For energy budget calcu lations it must be considered that the to ta l mass of ice m elted is 

greater than the ne t loss by the amount of water retained in surface pond s. I t may vary be tween 

5 and 25 per cent of the total m elt. An average of 40 g. cm. - 2 (Table VIII ) appears to be 

a reasona ble value of the average n e t loss of mass from the uppcr surface of old clean pack ice 

in the Arctic Ocean. 
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