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ABSTRACT. Compared with freshwa ter ice , whose phys ical properti es are we ll known, sea ice is a re lati ve ly 
complex substa nce whose transition to a completely so lid mix ture of pure icc a nd solid salts is com ple ted 
onl y a t ex treme ly low tempera tures ra re ly encountered in na ture. The phys ical properties of sea ice a re thus 
strongly dependent on salinity, tempera ture a nd time. Man y of these properti es a re still not full y understood 
o r accuratel y known , pa rticula rl y those important for the understanding of a na tural ice cover. The spec ifi c 
hea t for example is a n important te rm in the ca lculation o f the heat energy content of a cover. However, 
M a lmgren ( 1927), whose calcu lated va lues of the spec ific heat of sea ice a re in genera l use, neglec ted the 
direc t contribu t ion of the b rine present in inclusions. Re-examina ti on of the ques tion of spec ific and latent 
heats of sea ice has led to d istinguishing between the freez ing a nd melting poi n ts a nd enabled signifi can t 
o b3erva tions in this ra nge. Simila rl y, b ecause the therma l conducti vity is a necessary pa ra m ete r in th e 
d escri ption of the therma l behav iour o f ice. the sea -i ce model suggested by Anderson ( 1958 ) has been 
modified a nd ex tended in the presen t work to the case of saline ice conta ining air bubbles . This enabled the 
completion of ca lculations of density a nd conducti vity. ln o rder to ill ustra te the theoret icall y calcula tcd 
values. measurem ents were made on sea-i ce samples to dc te rmine the spec ific heat, density a nd the rma l 
conduc ti vity. 

R ESUME:. Pa r compa ra ison avec la g lace d 'eau douce. d ont les proprie[('s p hysiques sont bien connucs, la 
g lace de mer es t une sub3tance rela t ivem ent complexe don t le passage a un m elange entierement so lide d e 
g lace pure et de se ls n 'es t realise qu 'a d es t emp~ratures ex tremem en t ba5Ses quc I'on rencontre ra rem cnt da ns 
la na ture. 

Les p roprie tes p hys iques de la g lace de mer dependent fortement de la salirtite, de la tempera ture e t du 
temps. De nombreuses p ropri etes ne sont pas encore p le inem ent comprises ou connues avec precision , en 
pa rt iculier cell cs qui sont importa ntes pour la comprehension d ' une couverture de glace na turelle. Pa r 
exemple la cha leur spec ifique est un te rme importa nt d a ns le calcul du contenu de chaleur d ' une tell e 
couverture. Cepend a nt. Ma lmgren ( 1927 ), don t on utili se gencra lement les valeurs ealculees pour la eh a leur 
spec ifique de la g lace de mer, a neglige la contribution dircc tc de la saumure presente da ns les inc lusions. U n 
no uvel examen clu pro bleme cles cha leurs sr t'cifiques c t la tcnt es de la glace d e mer a conduit a fa ire la 
di stinction entre les po ints de conge lation et de fusion e t perm is des observa tions signifi cati ves d a ns ce 
d oma ine. Pa rallc lem ent , puisque la concluc tivite Ihermiq uc es t un pararne tre necessa ire a la desc riptio n du 
comportement thermique de la g lace , le modelc de glace cl e mer sug~ere par Anderson ( 1958 ) a e le m oclifi c 
e t c tendu da ns le present travail a u ca de la glace salee cont enant des bul les d 'air. Ceci a permis d e comple te I' 
les calculs de densite e t de conduc tivite . D e fa~on a ill ustre r les valeurs theoriqucs calcu lccs, cles m esures ont 
e te fa ites sur cl es ccha ntillons de glacc d e mer pour determ iner la chaleur specifiquc. la densite et la conduc tivite 
thermiquc. 

Z USA MM ENFASSUNG . Verg li chen rn it SLisswassereis, dcsscn ph ys ika lische Eigenscha ften gut beka nnt sind, 
ist M eereis e ine ve rh ii ltnismiiss ig kompli zierte Sub, tanz. di e erst bei sehr ti efen , in d el' Kalllr se lten verw irk­
li chten T emperaturen vo llstiind ig zu e ine r Eis-Salzmischung e rstarrt. Die ph ys ika li schen Eigenscha ften des 
M eereises sind daher sta rk von Salzgeha lt. T empera lU r und Zeit abh ii ng ig . Viele dieser Eigenschaften , 
insbcsondere d ie fur cl as VersUi ndnis e ine r na turli chen Eisd eeke wichtigen , sind noch nicht voll ig gek la rt 
ocle r bcka nnt. Z. B. die spez ifische Wa rme ist eine wichtige Grosse in del' Berechnung des Wiirm einha ltes 
e iner Eisdecke. Malmgren 's ( 1927) a llgemein verwandte VVerte der spez ifischen W ii rme vernachlass igen d en 
Beitrag des vom Ei se e ingeschlossenen Sa lzwassers. Eine na here Untersuchung d e r spezifischen und la tenten 
Wa rme des M eere ises hat zu einer U nterscheidung zwischen Gefri erpunkt und Schmelzpunkt gefLihrt unci 
b ed eutsame Beobachtungen in cl em U b ergangsgebiet zwischen diesen T emperaturen ermogli cht. A hnli ches 
gi ll fLir di e Warmele itfahigkeil. di e fLir die Beschreibung des thermischen Verha ll.ens d es Meereises unerl assli ch 
ist. Das von Anderson ( 1958) vorgeschl agene Modell fLir M eere is ist modifi ziert unci a uf den Fa ll d es sdlz­
haltigen Eises mit Luftb laschen erwe ite rt worden. Dadurch wurden Berechnungen von Dichte und W ii rme­
le itung moglich. Di e auf diese Weise erhaltenen theoreti schen Werte wurclen durch M essungen der spezifischen. 
Wa rme, del' Dichte und del' Wa rmele itfa higkeit an M eere is kontrolliert und bcs ta tig t. 

INTRODUCT ION 

The thermal diffusivity term in the diffusion equation is defined as the ratio of thermal 
conductivity to specific heat. It is thus convenient to consider these two terms, together with 
the la tent hea t and density, as thermal properties . 

Because these quantit ies are strongly dependent on tempera ture and composition , in the 
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-case of sea ice their precise measurement has always posed considerable difficulty. In fact 

it still appears to be safer to rely on theoretical values for the thermal conductivity and specific 

heat. In the development of a suitable sea-ice model for the calculation of these quantities, 

.an in teresting progressive complexity appears. The specific heat can be obtained from 

knowledge of the composition alone. The density requires additional consideration of air 

bubble content. Finally, in order to calculate the thermal conductivity, information on the 

.spatial distribution of all the components is required. 

I. THE SPECIFIC AND LATENT HEATS OF SEA ICE 

[ . I The composition cif sea ice 

When sea-water is cooled to its freezing point, pure ice crystals form, separating from the 

brine which initially remains in contact with the sea. As freezing progresses, some pockets of 

brine are cut off so that the resulting ice as a whole is composed of pure ice, brine, solid salt 

-crystals and air bubbles. The latter have negligible influence on the specific heat, but the 

-continuous change in relative abundance of the other constituents with temperature leads 

to an abnormally large specific heat. At temperatures not far removed from the freezing 

point, further freezing of the interior brine is the major heat absorbing process. 

The total mass of dissolved solid material in grams contained in one kilogram of solution 

1S the usual oceanographic definition of salinity. This is also applied to sea ice and the mass 

of sal t in grams per kilogram of sea ice is usually quoted in parts per thousand (%0)' The 

'Salinity of sea ice may well be considered a convenient property to which other more complex 

properties, including thermal, electrical and mechanical, may be referred. However, because 

the salts in sea ice consist of many ions, chief amongst which are : Na +, K +, Ca + + , Mg+ +, 

CI - , S04 - - and C03 - - , the specification is in general insufficient to fix the relative ionic 

·content of the ice. 
As shown in the phase diagram in Figure I of Assur ( [960), based on the work of Nelson 

and Thompson (1954), above a temperature of - 8· 2 ° C. essentially all salts trapped within 

the body of sea ice are in solution. Down to this temperature limit, the relative concentration 

of the ions is as in sea-water and the specification of salinity alone is usually unambiguous. 

Below - 8· 2 ° C., Na,S04.IOH. O is the first salt to precipitate, so that on migration of brine 

in the ice the relative local concentrations of ions in the ice will be altered. This has been 

'Shown by Addison (personal communication) in his ionic analysis of the upper 10 cm. of 

artificially grown sea ice. In this case, the specification of salinity alone is not always sufficient 

to account for all the properties of the ice. It should be noted however, that the dependence 

of the properties of sea ice on salinity is greatest above - 8· 2 ° C., in which region knowledge 

of the salinity alone is sufficient, unless the ice concerned has undergone a significant tempera­

ture excursion to colder temperatures and returned. Between - 8· 2 ° C. and - 23 ° C., even 

the complete absence of Na.S04 • IoH. O crystals in a particular region of ice will affect the 

'Specific heat of [0%0 saline ice by less than I % at - 20
0 C. and 2 % at - 10° C . For ice of 

lower salinity this error will be even less. In geophysical investigations, this is not a serious 

discrepancy. 
Theories based on the salinity of ice expressed in terms of ions present would be time 

dependent and bound to the thermal history of the ice concerned. The complexity of the 

resulting mathematical expressions would preclude their use in any practical application. 

A result of many measurements by Malmgren (1927) in the Arctic Ocean, was that the 

-salinity calculated from chlorinity differed from that found by hydrometric determinations 

by less than 5 per cent for any given ice sample. This leads to the belief that the salinity is 

usually a sufficiently good parameter in analysis of the thermal behaviour of sea ice. It is 

important to note that in the results of Assur shown in Figure I, the usual concept of salinity is 

not used. The composition is given by the fractional salt content, or ratio of the dissolved 
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salts to p ure water. For dilu te solutions, the di ffe rence between salini ty and fractional salt content m ay often be inappreciable, but it is m ost importan t when discussing solu tions having the concen trations of the brines trapped in sea ice. 
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Fig. T . Freezing /Joint of brine as afunction of the ratio of dissolved salts to fJUre water 

1.2 The specific heat of ice between the free;:;ing point and - 8 · 2° c. 
T here is no significant substi tution of the ions listed earlier in the ice lattice, so that it is reasonable to assume tha t a t the freezing point, the brine in the in terior cells has the same salt con tent as the sea water from w hich the ice was formed. 
If a is the salini ty of the sea ice as a whole, a nd s the fractiona l salt conten t of the brine, a ccording to the usage of Assur, within the ice at a temperature e, t hen the tota l m ass of pure water in uni t m ass of sea ice at that temperature is given by 

a nd the mass of pure ice by 

a 
w = - , 

s 

a m = I - U - - . 
S 

( I.2 . I) 

A change in temperature of the ice causes a cha nge in fract iona l salt conten t of the brine because of fur ther freezing, a nd the d ifference in mass of unfrozen water per uni t mass of sea ice may be exp ressed as 
- ads 

dw = 
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Figure I shows that the relation between sand 8 is linear over the range being considered, 

so that 
s = <1.8. 

This linear relationship between sand e is the sole reason for keeping the concept of fra ctional 

salt content for the brine. If the salinity of the brine is g iven by Ub, then we have 

Ub 
S =-- , 

I - Ub 

so that the function connecting Ub and e is too complex for a simple interchange of variables. 

Using equation (1.2-4) to eliminate s from ( 1. 2.3 ), we obtain 

ud8 
dw = - -- . ( 1.2.5) 

<I. 82 

Essentially the specific heat of sea ice depends on the amount of water substance changing­

state during temperature changes, and on the specifi c heats of pure ice and water. Since the 

direct contribution to t he specific heat of sea ice of 4%0 sa lini ty by the therm al capacity of its 

salts is of the order of 0 · 0008 cal.g. - , ° C. - ' , th is is considered negligiblc. The effects of hea ts 

of crystall ization (or dilu tion ) are a lso neglected, since for example, according to data quoted 

by Lange and Forker (T 952 ), the infinite di lution of 0·004 g. of sodium chloride involves 

less than 0 · 008 cal. Considering th e small change in dilution over a range of I ° c., the impor­

tance of this term vanishes completely, even though it may be of the order of ten times as 

large for an equal amount of sodium sulphate. 

The heat dQ absorbed by unit mass of sea ice during a temperature increase of de can 

th us be wri tten as: 
( 1. 2 .6) 

where c'" is the specific heat of water, Ci that of pure ice and Li its lalent heat of formation. 

The specific beat of sea ice then follows from eq uations ( 1.2.5) and ( 1. 2.6) as 

Cs = - <l.Li s~ + (I - U- ~) Ci + (~) C" 
or, substituting [or s from equation ( 1.2.4), 

U U 
Cs = - -e";; Li + li (C", - Ci) + Ci . ( 1.2·7) 

V. - <1.0 

The term uCi may be considered neglig ib le for natural sea ice. 

Table I shows th e results of calculation using the values Li = 79.69 cal.g .- I
, Ci = 

0.48 cal.g. - ' °C. - ', CW = [· 0 1 cal.g . - I °C. - ' and v. = - 0·0 182 ° C .- ', for a number of 

ice salinities. 

TABLE 1. THE SPECIFIC H EAT OF SEA I CE B ETWEEN _ 2" C. AND - 23 0 C. 

Uni ls : ca!.g.- I °c.- I 

Salillity oJ ice Temperature "C. 

%0 - 2 - 4 - 6 - 8 - 10 - 12 - 14 - 16 - 18 - 20 - 22 

0 0 .48 0.48 0.48 0.48 0.48 0 ·47 0·47 0·47 0 ·47 0·47 0.46 

I 1·61 0·77 0·60 0·55 0.52 0.5 1 0.50 0·49 0.48 0.48 0-47 

2 2·73 1·05 0-73 0·62 0-57 0·54 0.52 0.5 1 0.50 0-49 0-49 

4 4·97 1·62 0.98 0 -77 0-66 0·6 1 0·57 0 -55 0 -53 0-52 0.5 1 

6 7. 22 2· 19 1·2 1 0-9 1 0-75 0·67 0-62 0-59 0-56 0-54 0·53 

8 9-46 2·75 1- 47 1·05 0- 85 0·74 0-67 0·62 0-59 0-57 0·55 

10 I I .7 1 3.32 I- 7 I 1°'20 0-94 0·80 0.72 0-66 0-62 0-59 0-57 

1. 3 The specific heat rifice between - 8·2 and - 2]" c. 
The results summarized in Figure I ind icate that a continuous d eposition, of Na2 S04 • 

IOHzO only, takes place between - 8.2° C. and 23 ° C. In this range it is convenient to consider 
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s grams of dissolved salt and p grams of precipitate (not including its water of crystallization ) 
to be associated with each gram of water. Assuming a linear rate of deposition of Na2S04 . 

loH2 0 , the q uantity of precipitate at any temperature can be calculated by extrapolating the 
initial section of the phase graph as shown. This extrapolated graph then indicates the salinity 
of the brine as it would have been had no crystallization taken place, so that the difference 
between the actual and projected values is eq ua l to the corresponding relative mass ofprecipi­
tate. In one gram of sea ice there are thus w grams of water, ws grams of dissolved salt, and 
wj) grams of precipitated salt with which f3wp grams of water a re combined in crystals. For 
Na2S0~ .1 oH20 , f3 = I' 27. Thus in general, the mass of unfrozen pure water is given by 

and the mass of pure ice by 

a 
w = s+p' 

a 
m = I - a - - ( I + f3p ). 

s+p 

The change in mass of unfrozen water substance per unit mass of sea ice for a change in 
salinity ds and associated precipitate dp is g iven by 

dw = - a ds + dp ( ) 
(s+P)z · 1·3·3 

Again, Figure I shows that 

s+ I) = ae; 
Hence 

dw ( 1·3·5) 

as before. 
The heat dQabsorbed by unit mass of sea ice during a temperature increase of de is now 

dQ = Li dW+ ( [- a- ~ ( I + f3P )) Ci de + (~-) c" de + ( ap ( I + (3)) erl de, ( 1. 3.6) 
s+p s+ I) s+p 

where er, is the specifi c heat of the precipitated hydrate. The last term of equation ( [ .3.6) 
acco unts for the direct contribution of the specific heat of sodium sulph ate decahydrate 
c rvsta ls. Using equations ( [ .3.4), ( 1. 3.5) and ( 1.3.6) the specific heat of sea ice becomes 

a a aa ' ( ) Cs = - - e-;Li + -e- (C", - Ci) + Ci - -- f3Ci - ( I +(3 )Ch . 
a a a 

':/.' 

Since -- < I, and f3Ci and ( I + (3)Ch a re of the same order of magnitude, the last term may be 
a 

neglected, so that we have again (cr. equation (1.2.7)) 
a a 

Cs = - - enLi + - e (C,, - Ci ) + Ci. 
a - a 

Calculations with this formu la, with Ci varying monotonically from o' 48 to o' 46 cal.g. - I 

' C. _ 1, and other constants as before in section 1.2 complete Table I. The information con­
ta ined in this table is presented in Figure 2 in graph ical fo rm . 

1.4 Latent heat of ice formation 

The presence of sa lts in water depresses the freezing point by an amount which can be 
determined from the temperature- composition graph ; at this temperature a definite amount 
of pure ice will form, enclosing brine having the sa linity of the sea-water . The amount of 
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pure ice present in unit mass of sea ice at the temperature of freezing is : ( I - o - o/s). For ice 
frozen from water of salt content s, the latent heat of formation is thus 

Ls = (I -a-nLi. 
Table 11 shows the latent h eat calculated as a fu nction of ice salinity . 

1000 

Temperature in · C . 
-2 - 4 -6 - 8 -10 -12 

Fig. 2 . Specific heat oJ sea ice as aJullction oJ temperature. Curves areJor the saiillities indicated 

When the temperature of sea ice is increased, brine cells within the ice become more di lute 
by melting ice. This process continues until all the ice has melted . The resulting brine at 
this stage has a salinity equal to that of the original ice, so that for ice of salinity 4%0' the final 
melting point is about - 0' 2 ° C . The heat required in this process must be considered as 
specific heat, as it is associated with a continuous change in temperature . One is thus forced 
to conclude that a latent heat, which according to the usual concept implies a release or 
absorption of heat at constant temperature, does not exist during the melting of sea icc. 

T he apparent " latent heat anomaly" of sea ice is explained by the fact that on initia l 
freezing, the ice is in contact with sea-water, from which, however, the ice on the surface of 
a cover, or ice removed for observation , is usually isolated. A true latent heat could be observed 
were ice to be melted while in contact with sea-water of constant concentration. This for 
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example occurs during fina l stages of the break-up of an ice cover, when sm all fl oes are awash 
in the sea. 

Since the bulk of the ice within a cover is usua ll y not in contact with sea-water, it is of 
interest to consider the specific heat of established ice between its fin a l freezing point a nd the 
fina l melting point. The temperature records ofYa kovlev ( 1958) for Arctic ice a t a bout lat. 
85° N. show that during J uly and Aug ust the upper ice surface is between 0 ° C. and - I ° C ., 
with a ll of the ice at a temperature above initia l freezing point. It is thus clear that knowledge 
of the specific heat of sea ice is necessary for temperatures in this region. 

The specific heat of ice at temperatures higher th a n _ '2 0 C., calculated from equation 
( 1.'2 .7), is a lso tabulated in Table II. Figure '2 shows the specific heat of ice as a function of 
sali ni ty over the entire temperature ra nge considered in sections 1. 3 a nd 1.4. 

Salinity oJ ice 

0 ' 
00 

° 
2 

4 
6 
8 

TABLE I I. LATENT H EAT OF SEA I CE 

Latent heat oJ 
ice .format.ion. 

cal.g .- l 

79'69 
77 '6 
75' I 

70 ' 4 
65'8 
6 , '3 

Final 
melting IJoint 

°C, 

° - 0 '05(' 
- 0- 11 

- 0 ' 22 
- 0'33 
- 0'44 

Nlaximum 
slJecijic heat 

cal.g ,- I ° C,- r 

OCJ 

'440 
720 
360 
240 
180 

Using equation ( 1, '2 ,7) it is possib le to calculate the heat Qm required to melt unit mass 
of ice with a certain initia l temperature eo; 

em 
Qm = J ( - rI.~2 L i + ~e (C" - C i ) + Ci ) de, 

eo 
where em = alrl. is the fin a l melting poin t. Completing the integration of (1,4.'2 ) we have 

( a) a (c", - ci) a QIl1 = (Li - Cieo) 1 - (j +- Ina ' 
o:.Uo Cl.. exvo 

and inserting the values Li = 79' 67 cal.g, - I, Ci = 0 ' 48 ca l.g. - 10c. - ], e » - · 8, '2 0 Co, Cw = I' 0 

cal.g , - 1°C, - I and rI. = - I' 8 X 10- ' °C, _ I, enables the compilation of Table Ill , 

TABLE III. H EAT R EQU IRED FOR THE COMPLETE MELTI NG OF I SO LATED SEA I CE 

Salinity oJ ice Initial temjJerature 
0 1 - 0'5 " C, - /' 0 ° C. - 2 '0° C, , QO 

ca l. cal. cal. 

° 79'92 8o' ' 5 80'63 
7 ' ' 11 75' 79 78 ' 50 

2 62 ' 43 7' '39 76 '43 
4 44 ' 85 62 '70 7' '94 
6 26 ' 77 53'64 67' 52 
8 9,63 45 ' 08 63 '25 

In concluding this theoretical discussion , the recent work of Anderson (1960) on this 
subj ect should be discussed, Anderson's d efinition of the specific heat as the heat involved in a 
one degree temperature cha nge is different from the conventional definition of th is property, 
in that the former is given by the gradient of the chord j oining two points and the latter 
by that of the ta ngent at a given point on the temperature curve. The finite difference 
definition leads to th e peaks in the specific heat curve a t the melting point being less pro­
nounced, Anderson shows large discontinuities in the specific heat of sea ice at the tempera­
tures of the commen cem ent of precipitation of some of the salts, but notably not sodium 

9 
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sulphate. The tabulated results appear to attribute th is effect to heats of crystallization 
or solution . Because precipitation on cooling proceeds gradua lly, and because we have noted 
earlier that 0'004 g . of sodium chloride absorbs less than 0'008 cal. on infinite dilution, these 
discontinuities are unlikely. A second set of breaks near to the precipitation point for 
magnesium ch loride would actually be expected to be of opposite sign because of the positive 
heat of solution. The present author was not able to observe corresponding discontinuities 
in the rate of melting of sea ice in experiments in which samples of ice were a llowed to melt 
in open vacuum flasks at constant room temperature, the flask temperature being measured 
at two minute time intervals in the neighbourhood of the sodium chloride (- 23 ° C. ) a nd the 
sodium sulphate decahydrate ( - 8· 2° C. ) points. An examination of a number of natural sea-ice 
temperature profiles also failed to show a preference of the ice to remain at these temperatures. 
It is thus doubtful whether any significant discontinuities exist in the specific heat of sea ice 
except at the freezing and final melting points. 

1.5 The measurement of the specific heat of sea ice 

The insufficiency of published data on the specific heal of saline ice has made it desirable 
to develop a method of checking the validity of the theoretically calculated values. There is a 
particular need for measurements which extend into the temperature interval between the 
freezing and final melting points for an extensive range of salinities. 

Because the specific heat of sea ice is a continuous non-linear function of the temperature 
it would be extremely tedious and of questionable accuracy to measure the specific heat 
directly over the small temperature intervals necessary. Near to the melting point especially, 
the intervals would have to be so minute that normal laboratory thermometers capable of 
resolving to within 0'02 ° C. are inadequate. Both Malmgren ( 1927) and Nazintsev ( [959) 
preferred to work over intervals of some 2° C., and thus obtain mean values for the specific 
heat over that temperature range. An a lternative procedure has been chosen in the present 
instance. The total heat involved per unit mass of sea ice over arbitrary temperature intervals 
of up to several degrees centigrade was compared with the corresponding theoretical definite 
integral over the same range. 

E lectrical heating of samples in a vacuum flask calorimeter was chosen as the most con­
venient simple laboratory method for the determination of specific heats. In order to ensure a 
uniform temperature distribution, it is necessary to immerse ice samples in a liquid which is 
immiscible with water and which does not dissolve the inorganic salts found in sea ice. The 
liquid must have no components changing phase over a temperature range extending from 
about - 40° C. to + 30° C. Normal heptane is a suitable liquid, being a pure hydrocarbon 
freezing at -90 .6° C. and boiling at 98. 4 ° C. 

The mixture in the vacuum flask was heated electrically through a central heating coil, 
the energy being uniformly distributed by a stirring rod surrounding the coil. A source 
of power at constant voltage was arranged by having a 12 V. accumulator on continual charge 
from a primary power source. A second heating coi l duplicating that in the calorimeter was 
connected across the battery when the calorimeter's heating coil was not in operation. As the 
charging current from the primary source was adjusted to match the discharge through one 
of the heating coils, there was no perceptible change in the accumulator's condition during 
the calorimetry. This greatly simplified the accurate assessment of the energy absorbed by the 
mixture in the calorimeter. 

Initially it was necessary to determine the thermal water equivalent of the calorimeter 
and the specific heat of normal heptane. This was accomplished using distilled water and 
pure ice respectively as standards. The specific heat of a sample of sea ice was then determined 
by using a mixture of approximately 300 g. of small pieces of ice and 300 g . normal heptane. 
After temperature equilibrium, this mixture was heated at the rate of about 50 W. for times 
of the order of ten minutes, the resulting change in temperature being observed . 

https://doi.org/10.3189/S0022143000028379 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000028379


THE THERMAL PROPER TIES OF SEA ICE 797 
The electrical method of calorimetry necessitates only one temperature difference being 

measured. An alternative method involving the method of mixtures required two temperature 
differences to be observed, and because the thermometry is crucial, this latter method proved 
less satisfactory. 

The samples of laboratory-grown sea ice used in the calorimetry were crushed into small 
pieces which were then thoroughly mixed in a large cold container. Part of the crushed ice 
was removed and its melt brought to 15° C. for a salinity determination by calibrated hydro­
meter, the remainder being used in a number of trials in the calorimeter. 

Table IV summarizes the resu lts of the experimental determinations. When the ranges 
calculated for each resu lt are taken into account, there is an overlap between experimental 
and theoretical values in each case. The error in the experimental determinations is due 
mainly to lack of accuracy in the measurement of the temperature interval, and to tthe 
uncertainties in the specific heat for normal heptane and the quantity of electrical power 
supplied . The accuracy of the theoretical values depends mainly on the validity of the 
phase diagram referred to earlier. 

TABLE IV. EXPERIM ENTAL AND THEORETICAL V A LUES FOR THE HEAT CONTENT OF SEA I C E 

Change in heat content 
Salinity T emf)crature range EXfJerimental Maximum 

value fJO ssible enor 
%0 ° C. ° C. cal.g.- r cal.g.- J 

- I ·24 - 0.48 5"80 1·1 
- 4·44 - 0 · 74 7 .84 0·55 

I' 2 - 6·34 - 0·62 10·0 o· 77 
- 10 . 38 - 2·54 5"24 0-3 2 
- 24 -22 - 2- 86 11 -6 0-6 

- 3- 24 - 1'00 9-05 0- 85 
- 6-02 - 1·16 10' I 0- 7 

2-5 - 7- 22 - 0- 84 14 -2 0·9 
- 9-30 - 0.5 2 26-2 1-6 

- 25"34 - 3- 02 15-5 o-g 

- 0-86 - 0.58 12' I 4-9 
- 2-86 - 0-88 14·7 1·5 

4-4 - 8-36 - 1- 24 l5"g 1-0 
- 24- 68 - 3.78 15- 0 0-8 
- 26-20 - 3- 64 12' I 0-6 

- 5"30 - 0- 64 55"8 4. 0 
- 10-36 - 0- 74 56· I 3·4 

g-6 - 11 .40 - 1-36 34-9 2-0 
- 23· 72 - 4. 00 20·7 1·1 
- 24· 56 - 2-88 22-6 1-2 

2. THE DENSITY AND THERMAL CONDUCTIVITY OF SEA I CE 

2. I Introduction 

Theoretical 
value 

cal.g.- r 

6·35 
7·75 

10·60 
5. 36 

12-0 

8-75 
10' I 

14- 7 
24. 2 
14- 1 

10-2 
16-4 
16-8 
14-4 
11-4 

60-6 
58 -2 
32 -7 
Ig-o 
24- 2 

Uncertain!), 

cal.g.- r 

o· 12 
o· 16 
0·21 
o· I I 

0- 24 

0- 18 
0·2 
0-3 
0·5 
0-3 

0·2 
0·3 
0·3 
0·3 
0 -2 

1 ·3 
1 ·2 
0 · 7 
0·4 
0·5 

The components of sea ice, namely pure ice, brine, air, and, below - 8.2 ° C., solid salt 
crystals, have widely differing thermal conductivities. The thermal conductivity is thus 
strongly dependent on composition, which may be specified by the density, salinity and 
tem pera ture. 

In neglecting the presence of air bubbles in sea ice, Anderson (1958) has prevented his 
theory from demonstrating the two interesting and important asymptotic tendencies of the 
thermal conductivity. As wi ll be shown, this quantity is mainly determined by the salinity 
at high temperatures and by the density at low temperatures. This is because the salinity 
determines the amount of brine, whose relative volume becomes more important near to the 
melting point. At the lower temperature range when the ice is largely solid, the most important 
factor in the density is the air bubble content. 
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As in the discussion of specific heat, it is simplest to consider ice in the temperature range 
between the freezing point and - 8· 2° C., below which the precipitation of Na2S04 . IOH2 0 
commences and complicates the analysis. As the relative amount of liquid present in the ice 
becomes large towards the final melting point, the discussion of conductivity becomes 
meaningless as the increased mobility of the brine permits convective heat transfer. 

2.2 The composition and air bubble content rif sea ice above - 8· 2° C. 
If the salinity of the ice is a and the fractional salt content of the enclosed brine is s, then 

the mass of unfrozen brine in unit mass of sea ice is given by 

and the mass of pure ice by 

the mass of air being negligible. 

a 
b = -+ a, 

s 

m 

(2.2. I) 

By volume, however, unit mass of sea ice contains a volume (a + a/s)/p", (1 + s) of brine, 
and (I - a - afs) /pi of ice; pw and pi being the densities of pure water and ice respectively. 
Thus unit volume of sea ice contains a volume of brine given by 

I + S aps 
Vb = p,a = - -- (2.2.3) 

Spw( I + S) sp", 
and of pure ice given by 

Vi = e~ (I - a-~) 
Pi s 

where ps is the density of sea ice. The simplifying assumption has been made that solutions' 
volumes are independent of their concentration. 

I t is now seen that the volume of air contained in unit volume of sea ice is 

v = I -ps(..!!.... +~_a-a/s) . 
spw pi 

In the range being considered, pw = 0 ' 999 g.cm. - 3 , Pi = 0'917 g.cm. -3, and s = rx.e, where 
e is the temperature and I/CI. = - 55° C . (which value can be found from Figure I). Inserting 
these values, 

(
I - a 4'98a) 

v = I - ps --+--- . 
0'917 e (2.2.6) 

Using this equation it is possible to calculate the fractional volume of air bubbles in sea ice as 
a function of temperature, salinity and density, as is shown graphically in Figure 3. 

2.3 The density of sea ice 

From equation (2.2.5) it is seen that 
(I - V)pwpiS 

ps = .--------.-- . 
Pia+ pws- pwas- pwa 

Neglecting the term containing as and replacing s by rx.e, we have 

(I - V)p",pirx.e 
ps = e . 

Cl. pw- a(pw - pi) 

Because the second term in the denominator above is small the following approximation often 
suffices: 
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ps = (I - v) (I + ea (PW- Pi ))Pi 
Cl. pw 

( 
4'56a) = ( I - V) 1 - -

0
- 0'9 17 g.cm .- 3• 

The second of the above expressions shows that density increases with salinity provided 
that the air bubble content remains consta nt. Whilst the density is significantly temperature 
dependent near to the freezing point, this dependence diminishes considerably with lower 
temperatures. The change in density of a sample of normal sea ice between - 100 C. a nd 
- 20

0 C . is only ~of the order of o· I per cent. 

10 

I» 

.J:l 

.J:l 
::J 
ID 

1»4 
8' 
~ 
~ 
I» 
U ... 
K. 

2 

, , ........ 

... . 
8 

.~,: ....... .... . . .. .. .. . .......... '. '" 4 

, " ...... . . . ... .. : :: . . : : ~ 0 ·850 

.... . \, .... . .... ... .... . ..... .. ..... . . .. . . . .. .... .... . ... 9. 

, , 

\ ------- - -- ------ ~ 

.. \: -__ _____ __ _ ~ ~= = = = ~ = = = = = = = = = = = = = = = ~ 0'875 

---- ~------------------------------Qo 7· 

~ ~ ~ 

2 

-2 

", :~ ; - ~ ~ 

4 
-4 -6 

tJ) c: .. 
-! 0 

-40'900 
2. 
...2 

8 
0 ·925 

-8 C. 

Fig. 3 . Air bubble content as aJunction oJ temperatureJor sea ice oJ different sal-inities and densities 

Because faster growing sea ice tends to capture more air bubbles as well as more concen­
trated brine, it follows tha t an increase in salinity is accompanied by an increase in air bubble 
content . Since the effect of these two variables is for the former to increase and the latter to 
decrease the density, this quantity disp lays a constancy rema rkable for a sea ice property. 

Observa tions made on annual sea ice found in Hudson Bay near Churchill, Manitoba, 
i ll ustra te this fact. The graphs in Figure 4 show that apart from the upper 10 to 15 cm . of ice, 
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extreme right to the same scale. The horizontal bars indicate the range of the experimental values 
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the time variation in density due to brine dra inage is a lmost as large as the differences found 
throughout the ice at any time. 

The strip photograph in Figure 4 shows the crystal structure profile of the ice on 22 

February. Rapidly grown ice is indicated by small crys ta l sizes a nd a relatively large re tention 
of brine resulting in a higher salinity; this is seen from 0- 15 cm. a nd 58- 65 cm. on the 
composite figure. The latter band of small crystalline ice shows a definite effect on the density 
explicable only in terms of a greater a ir bubble content. L a rger crystals resulting from ice 
growing m ore slowly are accompan ied by a lower sa lini ty as seen at about 40 cm . 

Density was measured by weighing ice samples in bo th air and norma l heptane . The 
density of the latter at any temperature was established b y using an a luminium solid cylinder 
of known dimensions as a standard object for weighing. The salinities were found by hydro­
meter. Five samples were used for each ten centimetre section of ice, enabling the density to be 
established to within ± o · I per cent and the salinity to ± IQ per cent. 

From equation ( 2. 3.2 ) , it can be seen that at - 10 0 C., a 0·05 per cent change in th e 
density of sea ice is to be expected when the salinity falls from 5%0 to 4%0 by compressive 
drainage a lone. 

2.4 Models fo r the calculation of the thermal conductivity of sea ice 

Established sea ice has been shown b y L a ngleben (1960) amongst others to consist of pure 
ice enclosing vertical cylinders of approxima tely elliptical cross-section of brine, whose lengths, 
especially at higher temperatures a re long compared with their average di a m eters. Anderson 
has preferred to calculate the thermal conductivity on the basis of assuming spherical brine 
pockets. This assumption may have greater validity at lower temperatures. At these tempera­
tures however, the sm all am ount of brine plays a less significant role in determining the 
conductivity of the ice th a n a t higher temperatures. It th us seems more reasonable to choose 
the shape of brine inclusions predomina ting at those hig her temperatures where the brine 
is more important. 

Since the flow of heat occurs along the direction of the cylindrica l axes, a short vertical 
length of sea ice may be considered as a system of parallel connected conductors. I t is 
immater ia l for the purpose of calculation whether the conductors are specia ll y g rouped or not; 
the determining factor for the total conduction being the rela tive cross-sectiona l areas of 
pure ice and brine presented to the heat flu x. It is, of course, assumed that no convective 
movemen t of brine takes place in the narrow cylinders. It is in teresting to note that the thermal 
conductivity for horizonta l heat flow, fo r which the brine a nd pure ice a ppear series connected , 
is much less than for vertical heat flow. I t might thus be expected that non uniform heating 
or cooling of a sea ice surface, due to an irregular snow cover, tends to remain a local pheno­
menon . 

Two methods of procedure are now available. One is to consider sea ice as consisting of 
uniformly bubbly pure ice enclosing vertical cylinders of brine . The other is to suppose that 
the brine pockets are more uniforml y distributed within the ice than are the a ir bubbles. 
The m aj ority of the a ir bubbles form during the ini tia l freezing, and are found throughout 
the ice. Being more or less spherical in shape, the air bubbles are certa in ly more uniformly 
distributed within the bulk of the ice than the brine pockets. The method of calcula tion of the 
thermal conductivity will thus be to obtain a n expression for the thermal conductivity of 
bubbly pure ice, and then to consider sea ice as a parallel connection of this m aterial and 
brine. 

2.5 The effect of air bubbles on the conductivity of ice 

Maxwell (1892 ) obtained a n expression for the resistivity r ofa compound m edium, con­
sisting ofa medium ofresistivity r, containing uniformly distributed small spheres of resistivity 
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1'2 ' If there are n small spheres of radius az contained in a sphere of surrounding material of 
rad ius a" and v = na} /ar

3 , then 

Since the air bubbles within a body of ice are approxima tely spherical, (2.5. I) may be 
used to obtain an expression for the thermal conductivity of bubbly ice. If ka, k i, are the con­
ductivities of air and ice respectively, and v : I is the ratio of their volumes, then the con­
ductivity of the compound medium is given by 

kbi = 2ki + ka- 2V(ki - ka) k i (2.5. 2) 
2ki + ka + V(ki - ka ) 

T he value of v under given conditions has been determined in section 2.2. Using the value 
5 X 10 - 3 cal.cm. - 'sec . - , °C. - I for ki , it remains for us to assign a value for the conductivity 
of air. 

In the range of interest, i. e . 0 to - 20
0 C., the conductivity of a ir can be taken as 6 X 10 - 5 

cal. cm. - 'sec. - , °C . - ' , at atmospheric pressure. Increases in this value due to hydrostatic 
and contractive pressures a re usually not sufficient to affect the conductivity of the compound 
medium by even o' 5 per cent. 

Figure 5 shows the therma l conductivity and density of freshwater ice as functions of 
bubble content. 

TABLE V. THE THERMAL CON D UCTIVITY OF B U BBLY I CE 

Fractional air 
bubble content 

per cent 

o 
2 

4 
7' 5 

10 

15 

2.6 A model for sea ice including air bubbles 

Thermal conductivity at 
temperatures between 

0
0 C. to _ 10 0 C. and depth to 4 m. 

ca!. cm.- r sec.- l 0 C.- I 

5'00 X 10- 3 
4·85 X 10 -3 

4' 70 X 10 -3 
4'46 X 10- 3 
4'29 X 10 - 3 

3' 96 x 10 - 3 

The nature of brine cells in sea ice has a lready been discussed in section 2.4, so that we 
shall now proceed to consider sea ice as a compound bubbly pure ice medium enclosing a 
number of vertical brine cylinders, whose total cross-sectional area per unit area of sea ice 
can be specified. 

From Figure 6, it may be seen that if Abi a nd Ab are the cross-sectional a reas of bubbly 
pure ice a nd brine whose normals are parallel to the heat flow respectively, and ]bi, ]b, ] s, 
represent the heat fluxes through the bubbly pure ice, brine and compound sea ice, then the 
following relations hold for a section of sea ice whose ends, at a vertical distance x a part, have 
temperatures 8 r and 80 : 

]bi = kb i(8, - Bo)/x, 
]b = kb(8 , - Ba)/x, 

where kb is the conductivity of brine, 

] s = Abi]bi + Ab]b, 
but 

] s = ks(81 - 8o)/x, 
where ks is the conductivity of sea ice, so 

ks = kbAbi + kbAb. (2.6. r) 
The relative cross-sectiona l a rea of brine and bubbly pure ice are proportional to their­

relative volumes, which can b e inferred from equation (2.2.3), so 
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Ab/Abi = GPS/ (I _ GPS.) , 
Spw sp" 

and since A".+Abi I , we have for the conduc tivity of sea ice, 

ks = kbi (r - GPs)+kbGPS, 
sp,,· spw 

where kbi is g iven by equation (2.5.2). 
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Replacing s b y !1.8 as in section 2.2, we have 
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Although there are no systematic experimental da ta avai lab le on the conductivity of 
brine, a number of isolated determinations for solutions of severa l inorganic salts show that 
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the thermal conductivity is strongly dependent on the concentration, and to a lesser extent 
on the temperature. Assuming that the relation between sa lt content and conductivity is 
linear for a fractional salt content less than 150%0 at constant temperature, then on the basis 
of a limited number of isolated conductivity determinations for NaCI and Na 2S04 solu tions 
given by Lange and Forker (1952), the conductivity of brine at 0° C. may be approximated by 

kb = 1·25 ( I - S) x lO - 3 cal. cm. - ' sec. - 1 ° C. - t. (2.6.4) 

All Brin. 
C.ll s Grouped 

--SEA ICE --

Fig. 6. A model for sea ice 

Assuming a temperature dependence similar to that for pure water suggested by the data of 
Lange and Forker, an additional factor genera li zes equation (2.6 .4) to 

kb = ( 1. 25 + 0.0308 + 0.000 1482) X 10-3 cal. cm.-' sec.- I 
0 C. - I. (2 .6.5) 

It is now possib le to calculate the thermal conductivity of sea ice as a function of tempera­
ture, salinity and density, using equations (2.6.2 ) a nd (2.6.5) in conjunction with (2.6.3) . 

The results of calculations based on a value of ki at 0 0 C. of 5 X 10- 3 cal. cm. - Isec. - I 0 C . - I 
given by Dorsey ( 1940) for pure ice, are shown graphically in Figure 7. 

Fortunately, it can be noted that at lower temperatures, where eq uation (2.6.5) becomes 
less accurate, the actual value of kb is of less importance since the relative volume of water 
presen t becomes negligible. 

2.7 The thermal conductivity of sea ice below - 8.2° C. 
As has been hinted in section 2.1, the commencement of the precipitation of solid hyd rates 

below - 8.2 0 C. results in a rigorous theory becoming extremely involved. The lack of know­
ledge of the therma l conductivities of the inorganic hydrates found in sea ice and those of 
concentrated brines m a kes it unjustifiable to proceed theoretically from fundamental 
principles. 

Inspection of the curves for the conductivities in Figure 7 suggests an a lternative procedure . 
Since the salinity of sea ice is rarely greater than 10%0' it is unlikely that serious discontinui ties 
will occur in the conductivity-temperature function at temperatures where salts begin to 
precipitate. Already at _ 8° C. a ll the curves shown in Figure 7 exhibit asymptotic behaviour. 
At lower temperatures, the conductivity of low salini ty ice will tend to the value for fresh­
water ice. Using equation (2.5.2) for a uniform distribution ofa large number of small centres 
of solid salt in a main body of pure ice, a nd assuming a low value, 10 - 3 cal. cm. - 'sec. - I 0 C. - I, 
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for the conductivity of the solid salts, it is seen that a salinity of S%o lowers the conductivity 
by less than I per cent relative to non-saline ice. Almost all salts in the ice are precipitated by 
- 40 0 C., it would thus be reasonable to suppose that at this point, the thermal conductivity 
of a sample of sea ice could be given by the corresponding value for freshwater ice of the same 
density. 
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Fig. 7. Thermal conductivity oj sea ice as a junction of temperature. Cwm s drawn jar various salinities and densities ; salinity 
indicated by line thickness ; density indicated by line pattern 

2.S jUeasurement of the thermal conductivity of sea ice 

The thermal conductivity of Hudson Bay annual sea ice was m easured in two ways . The 
first involved comparison of the temperature gradients in a layer of the sea ice cover and in a 
reference block of non-sa line ice embedded in it. The reference ice was formed by freezing 
fresh water in a I' 5 X I . 5 X o ' 3 m. 3 pit prepared in the sea -ice surface. After freezing, a small 
core was extracted to check for the absence of salt and to measure its density. The thermal 
conductivity of the standard medium was then found by using equations (2.2.6) and (2.5 .2 ) . 
Over two months, the ice between the 10 and 30 cm. levels from the surface was observed 
to have a thermal conductivity of (4 ' 7 ± o· 7) X IO ~ 3 cal. cm. ~ l sec. ~ , 0 C. ~ '. The theoretical 
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value for this type of ice whose mean temperature, salinity and density are - 70 C" 6%0 and 
0 ' 91 g , cm, - 3 respectively is 4' 7 X 10 - 3 cal. cm , - , sec, - , 0 C , - ', 

The second determination gave the mean thermal conductivity for the entire thickness of 
the ice cover over three months by observing the growth at the ice- water interface over an 
appropriate time interval. These values were used in a modified form of Stefan's ( 1391 ) 
simple ice-growth equation which a llowed for the change in heat content of the ice as well as 
for the time delay in the transfer of thermal energy from the ice- water interface to the surface, 
For the cover as a whole, whose mean temperature was - 5' 50 C" density 0' 9 I 5 g ,cm, - 3 and 
salinity 5%0 ' the thermal conductivity of (4 ' 9 ± O'5) X 10 - 3 cal. cm, - ' sec, - ' 0 C, - ' 
calculated from the observations covered the value of 4' 7 X 10 - 3 cal. cm, - , sec, - , 0 C, - ' 
predicted theoretically, 

I t is important to note that both the theoretical and experimental de terminations of the 
thermal conductivity of sea ice are significantly greater than those given in many other works, 
e,g, Pounder and Little ( 1959)' This is because these have used the simple ice growth formula 
of Stefan (189 I) without corrections, For example, for a cover I '5 m, thick, the time difference 
between surface cooling and consequent ice growth is of the order of 2 weeks, Thus when the 
surface temperature is integrated over three months commencing with the initial formation of 
the cover, an error of approximately 15 per cent is introduced if the integration is not termi­
nated at a calculable time before the final ice thickness observation, 

3, I Conclusion on thermal dijfusivity of sea ice 

The thermal diffusivity is often the most directly observed thermal property as it is directly 
associated with the rate of temperature changes in a medium, Consequently it is interesting 
to examine the temperature dependence of this quantity, It has been seen that the specific 
heat cs, density ps and thermal conductivity ks, of sea ice are a ll monotonic functions of the 
temperature, For increasing temperature, Cs increases; this will be denoted by Cs t ; P s increases, 
i,e, p s t and ks decreases, ks t, Hence the diffusivity, K s, which is given by 

I ks t 
K S 'f 3 = - t t ' 

p s Cs 

is more temperature dependent than any of i ts constituent parameters, As a consequence, 
the precise analysis of temperature data is a complex undertaking for sea ice, 

TABLE VI. SPECIFI C H E A T CS THERMAL CONDUCTIVITY ks AND THERMAL DIFFUSIVITY Ks OF S EA ICE 

FOR VARIOUS SALlNITIES, TEMPERAT U RES AND DENSITIES 

Salinity 
%0 

o 

2 

4 

8 

Units for Cs : cal.g,- I 0 C,- I, units for ks: cal. cm,- I 0 C,- I sec ,- r, units for Ks: cm,2 sec,- I 

Temperature Cs Density of ice g,cm,- 3 
cC, 0,850 0 ,875 0'900 0 ' 925 

- I 

- 2 

- 4 
- 8 

- I 

- 2 
- 4 
- 8 

- I 

- 2 
- 4 
- 8 

- I 

- 2 
- 4 
- 8 

0'48 
0'48 
0'48 
0 -48 

10'00 
2-32 
0,89 
0'53 

22'5 
4'98 
1 '62 
0 ' 77 

42 -00 
9 ' 46 
2'75 
1'05 

ks X 103 Ks X 103 ks X 103 Ks X 103 ks X 103 Ks X 103 ks X 103 Ks X 103 
4'4811 ' 2 4 ,6611'1 4,8611'25 
4-4811 -2 4 ,6611 -1 4 -8611'25 
4' 48 I I ' 2 4' 66 I I ' I 4' 86 I I - 25 
4'48 11 '2 4,66 11 -2 4,86 11 '25 

4' 11 0'48 4'27 0 ' 49 4'42 0'49 4' 59 0' 50 
4 -29 1,85 4'46 1,87 4,63 1,89 
4'37 4-9 1 4'55 4'96 4'74 5'02 
4 ' 41 8 ' 36 4 ,60 8'47 4'79 8-59 

3'75 0 ' 196 3,89 0 ' 197 4'01 0' 198 4' 15 0' 199 
4'10 0'97 4'26 0-98 4'42 0 -99 4' 58 1 '00 
4- 27 3 -09 4'44 3' 13 4,62 3' 17 4,81 3- 21 
4'36 6,65 4'54 6'74 4'72 6-81 

3 '05 0' 085 3 ' I7 0- 084 3'24 0- 084 3'3 1 0 ' 083 
3 '74 0'466 3,86 0'467 3'99 0 '469 4' 12 0 ' 472 
4'07 I' 74 4'23 I' 76 4 -39 1'78 4'55 I' 79 
4'24 4 ' 75 4 ' 41 4,80 4'59 4 ,86 4'77 4'9 1 
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THE THERMAL PROPERTIES OF SEA I CE 

The thermal properties are summarized by Table VI. It is interesting to observe that in 
contrast to its dependence on salini ty and temperature, the thermal diffusivity of ice is not 
greatly affected by density changes . In fact for fresh-water ice with the range of densities 
encountered in nature the thermal diffusivity can be regarded as independent of density. 
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