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Thermophysical Properties of Ice, Snow, and Sea I c e  1 
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The paper reviews and discusses data and information on the thermophysical 
properties of ice, snow, and sea ice. These properties include thermal 
conductivity, specific heat, density, thermal diffusivity, latent heat of fusion, 
thermal expansion, and absorption coefficient. The available data are shown 
graphically for convenience in Conjunction with the recommended correlation 
equations. 
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1. I N T R O D U C T I O N  

Engineering in cold regions has recently received increased interest, due 
mainly to petroleum exploration and related activities which include the 
design and construction of roads, airfields, pipelines, and numerous types 
of structures. Arctic or cold environments provide a variety of unique 
freezing or melting phenomena in water, air, earth, and biological fields. 
The thermal interaction of these engineering systems with the environment 
results in unexpected failures of the system. These failures are usually based 
on utilizing the technology developed in mild-temperature climates without 
considering the special conditions and problems of the cold climates. 

For cold-regions technology, the thermophysical properties of ice, 
snow, and sea ice are needed. For instance, a knowledge of the thermal 
expansion coefficient of sea ice is markedly needed to solve a variety of ice- 
engineering problems: in estimating thermal ice pressure on offshore Arctic 
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structures and in studying thermal cracking and weakening of sea-ice 
sheets. 

The principal objective of this work is to review and discuss available 
data and information on thermophysical properties of ice, snow, and sea 
ice. In Section 2, studies of thermal conductivity, specific heat, density, 
thermal diffusivity, latent heat of fusion, thermal expansion, and absorption 
coefficient of ice are reported. In the values of thermal conductivity of ice, 
some scatter is observed. At the temperatures of practical interest in cold 
climates, the cubic expansion coefficient is well expressed as a linear 
function of temperature. In Section 3, the thermal conductivity, specific 
heat of snow, and thermal diffusivity of snow over a large range of tem- 
perature are reviewed. A much greater scatter is observed in the values of 
thermal conductivity of snow. Reproducible data for snow are much more 
difficult to obtain because of the effects of water-vapor diffusion on the 
temperature field and the mass redistribution within a snow layer. A study 
of thermophysical properties of sea ice is given in Section 4. It is 
demonstrated that the thermophysical properties are functions of both 
salinity and temperature. 

2. THERMOPHYSICAL PROPERTIES OF ICE 

2.1. Thermal Conductivity of Ice 

Measurements of the thermal conductivity of ice made prior to 1958 
have been reviewed by Powell [1]. Landauer and Plumb [2] pointed out 
that there were no considerable differences among the thermal conduc- 
tivities of laboratory-grown single crystals, glacial single crystals, and com- 
mercial polycrystalline ice, although the thermal conductivity value parallel 
to the c-axis of the single crystals may be about 5% greater than that 
normal to the c-axis. 

Figure 1 shows that thermal conductivity data for polycrystalline ice 
obtained by Jakob and Erk [3], Landauer and Plumb [2], Powell [1], 
Ratcliffe [4], Dillard and Timmerhaus [-5], Ashworth [6], and Sakazume 
and Seki [-7]. Variations among the reported data appear to be due to the 
different techniques and conditions such as sample preparation, sample 
purity, measurement method, and reproducibility of experimental data. The 
measured values at 273.15K (0~ and atmospheric pressure are 
2 .20W-m 1.K 1 by Schofield and Hall [8] and Ratcliffe [4], 
2 . 0 9 W . m - l . K  1 by Van Dusen [9], 2 . 2 3 W . m - ~ . K  -1 by Jacob and 
Erk [3] , .anbd 2 . 2 6 W - m - l - K  ~ by Dillard and Timmerhaus [.5]. For 
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practical purposes, it was suggested by Sakazume and Seki [7] that one 
can use 

2i=1.16(1.91-8.66x10 30+2.97x10 s02 ) (W.m 1-K-1;0,~ (1) 

to calculate "~i at temperatures ranging from 100 to 273 K. 
The thermal conductivity of ice at temperatures below 100 K was 

determined by Klinger [-10], whose data are shown in Fig. 2 along with 
those obtained by Ratcliffe [4], Dean and Timmerhaus [11], and 
Ashworth [6]. Klinger's data indicate clearly that the thermal conductivity 
of ice increases with decreasing temperature, passes through a maximum at 
about 7 K, and then decreases as the temperature decreases furthermore. 

2.2. Specific Heat of Ice 

Reviews and summaries of the many measurements of the specific heat 
of ice made in the early twentieth century have been reported by Dickinson 
and Osborne [12] and Dorsey [13]. Giauque and Stout [14] measured 
the specific heat of hexagonal ice between 15 and 273 K. Heat capacity 
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measurements for hexagonal ice at very low temperatures ranging from 2 
and 27 K were carried out by Flubacher et al. [15]. Sugisaki et al. [-16] 
determined the specific heats of amorphous, cubic, and hexagonal ice 
between 20 and 250 K. Sakazume and Seki [7], using the Krisher method, 
made extensive measurements of the volumetric specific heat of ice (pCg) i 
at temperatures from 110 to 273 K. 

Figure 3 shows the experimental Cp~ data for hexagonal and cubic ice. 
The data can be represented by 

Cv,=0.185+0.689x10 2 T  (kJ .kg-~.K-1) ,  273K~>T>~90K (2) 

Cw = 0.895 + 10 2T (kJ .kg-1 �9 K-l) ,  90K~> T~>40K (3) 

Flubacher et al. [- 15 ] determined the specific heat of ice at extremely low 
temperatures (near 0 K) and found that the relationship between Cpi and 
T was not linear between 0 and 15 K. 

2 . 3 .  D e n s i t y  o f  I c e  

The density of pure ice has been determined by a number of 
investigators. Based on a review of numerous measurements. Dorsey [-13] 
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pointed out that the bulk density of ice at 0~ is varied from 916 
to 918 kg-m-3. Ginnings and Corruccini [17] reported a value of 
916.71 4-0.05 kg. m-3 at 0~ which is in good agreement with the value of 
916.4 kg .m -3 at 0~ given by Lonsdale [18]. Dandtl and Gregora [19] 
found that the density of ice decreases as it ages and that it may fluctuate 
by as much as 0.3 % depending upon the conditions of growth. 

Figure 4 shows Pi data which were deduced by Lonsdale [18] from 
the average of several diffraction measurements made prior to 1958, 
deduced by Eisenberg and Kauzmann [20] from X-ray diffraction 
measurements made by LaPlaca and Post [21], and deduced by Hobbs 
[22] from X-ray diffraction measurements made by Brill and Tippe [ 2 3 ] .  
The dashed line is due to Pounder [24]. Hobbs [22] concluded that at 
lower temperatures the data of LaPlaca and Post [21] and Brill and Tippe 
[23] were more reliable. The data for Pi can be represented by 

p i = 9 1 7 ( 1 - 1 . 1 7 x 1 0 - 4 0 )  (kg-m 3), 0 o c > ~ 0 > _ 1 4 0 o c  (4) 

p i = 9 3 0 ( 1 - 1 . 5 4 x t 0 - 5 0 )  (kg.m 3), _140oC~>0~>_260oc (5) 

2,5 ~ I ~ I 

2.0 

7 

'T" 
1.5 

1.0 

O0 [] 300 

x Dickinson and Osborne[12] 
| Ashworth [6] 

o �9 Sugisaki et aL[16] ( � 9  hexa., o cubic.) 
,~. Giauque and Stout [14] 
[] Ftubacher et eL [15] 

Sakazume and Seki [7] 
(p=912 kg.m -3) 

c~ 

�9 ~ A~ Fq( 2 ) 

/ 

/ o  

f 

/ / ~ ~  Eq.(3) 

2 

100 200 

T K 

0.5 

Fig. 3. Specific heat of ice. 



358 Fukusako 

2.4. Thermal Diffusivity of Ice 

Cameron and Bull [25 ] obtained a value for the thermal diffusivity of 
Antarctic ice using the cyclic heating method and they obtained an average 
value of (15.4 + 0.9)10-7 m 2 "s 1 at about 253 K. James [26] determined 
the thermal diffusivity of artificial single crystals of ice parallel to the c-axis. 
The ai values for the temperature of 100 to 273 K were measured by 
Sakazume and Seki [7]  with the aid of Krisher's method. 

2.5. Latent Heat of  Fusion of Ice 

The latent heat of fusion of ice Lfi is defined as the change in enthalpy 
as a unit mass of ice is converted isothermally and reversibly into water. 
Measurements of the latent heat of fusion of ice determined prior to 1925 
were reviewed by Smith [-27] and those up to 1940 by Dorsey [13]. The 
values reported for the latent heat of fusion of ice at 273.15 K (0~ and 
atmospheric pressure are 333.9 kJ .kg 1 by Dickinson and Osborne [12], 
333.6 kJ -kg  1 by Smith [-27], and 333.5 kJ .kg i by Rossini et al. [28], 
respectively. Focrand and Gay (Hobbs [22])  based on determinations by 
Dickinson and Osborne [-12] indicated that the latent heat of fusion of ice 
may decrease monotonically with a decrease in temperature. 

2.6. Thermal Expansion 

There are two kinds of thermal expansion coefficients. The coefficient 
of linear expansion ~1 is a measure of the fractional change in length per 
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unit change in temperature. On the other hand, the coefficient of cubic 
expansions ~v is defined as the fractional change in volume per degree 
change in temperature. 

The coefficients of thermal expansion of bulk ice at atmospheric 
pressure were determined by Jakob and Erk [29] for polycrystals, by 
Hamblin (Powell [1])  for single crystals both parallel to the c-axis and 
perpendicular to the c-axis, by Butkovich [30] for single crystals, and by 
Dantl [31] for single crystals. All experiments indicate that the coefficient 
of linear expansion decreases with a decrease in temperature. For the value 
cqi at 0~ Butkovich [30] gave 52.92x 10 6 ( T - l )  for single crystals 
parallel to the c-axis, 52.33 x 10 6 ( T - l )  for single crystals normal to the 
c-axis, and 52.33x 10 -6  ( T  - s )  for polycrystalline normal to the c-axis, 
respectively. Hamblin (Powell [1 ]) indicated that the coefficients of linear 
expansion of ice parallel to the c-axis were about 1.8 and 10% greater 
than those perpendicular to the c-axis at 273 and 73 K, respectively. 
Furthermore, Jakob and Erk [29] and Dantl [31] reported that ice has a 
negative coefficient of linear expansion below about 73 K. 

The values for the coefficients of cubical expansion ~vi at atmospheric 
pressure are presented in Fig. 5, showing the data deduced by Leadbetter 
[32] from linear expansion coefficients given by Powell [1] and Dantl 
[31], deduced by Eisenberg and Kauzmann [20] from measurements of 
the unit-cell parameters made by LaPlaca and Post [21], and deduced by 
Hobbs [22] from measurements of the unit-cell parameters made by Brill 
and Tippe [233 (two c~v~ data at mean temperatures of 183 and 163 K were 
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deleted). From Fig. 5 it is evident that C~vi increases generally with an 
increase in temperature, although there are some discrepancies among the 
three set of data. Yen [33] gave an expression for C~vi as 

c% = (0.67T-24.86) x 10 -6 (K -~) (6) 

which appears to be adequate to calculate c% for engineering applications. 

2.7. Absorption Coefficient of Ice 

Irvine and Pollack [34] reviewed and evaluated the data reported up 
to 1968 for wavelengths longer than 0.95 #m. Absorption coefficients for 
clear ice in the spectral region 0.3 to 3/~m were reviewed by Goodrich 
[353. Seki et al. [36] determined experimentally the kv values for 
wavelengths between 0.3 and 2.5 #m using an ice layer 1 to 100 mm in 
thickness. The results are shown in Figs. 6 and 7. The figures show that the 
absorption coefficient of ice is a strong function of the wavelength. For 
visible wavelengths of 0.4 to 0.7 #m ice behaves approximately as a trans- 
parent medium. In the infrared region (0.7-30 #m), a number of absorp- 
tion lines are present, resulting in quite large values of k~, so that ice is 
essentially opaque. On the other hand, the absorption coefficient decreases 
to a great extent as the wavelength increases further over 100 ffm (in the 
range of microwave and radiowave). 

104 ' I 

10 3 -- 

10 z - 

101 -- 

~E 

' I 

4 o,e"~ ~ �9 
. o ~ ~ 

d 

,I 

o m 

I 0 0 _ / o ;@e  

.;~,~:'.~. ' �9 I rv ine and Pollack [34] 
10 -l~z . "o" -c- Seki et at [36] 

10-2L ~ Saubere Goodr,ch 35 tq o d," - - -  ( " [ ]) 
,b // 3J ~ o' 

1 6 4 / ,  I , I , 
0.5 10 1.5 20 2.5 

J 

3.0 

v ,p .m 

Fig. 6. Absorption coefficient of ice for short wavelength. 



Properties of Ice, Snow, and Sea Ice 361 

T 
E 
v 

104 

102 

101 

0 

0 

I I ~ I I 

~6 

I 
,~ %~ o 

o d 
% /  

I I I I 

,% 

O 

O 

'co 

-O-  Irvine and Potlack [34] 

, I I ~ I I , ~ , I 

100100 2 4 6 8t01 2 4 6 8t02 

V ,  ~m 

Fig. 7. Absorption coefficient of ice for long 
wavelengths. 

3. THERMOPHYSICAL PROPERTIES OF SNOW 

3.1. Thermal Conductivity of Snow 

A number of determinations of the thermal conductivity of snow 2s 
have been performed, usually with only a density measurement specifying 
the snow feature. The temperature ranges under which the data were 
obtained were usually not presented. The investigators gave an empirical 
relationship between thermal conductivity and density to indicate over 
limited density ranges. This information is summarized in Fig. 8 and 
Table I. The great scatter of the data in the figure appears to be due to the 
snow conditions such as aging and grain size, to the effect of mass 
diffusion, and to the measurement method for determining 2 s. Sawada et 
al. [42] determined the local thermal conductivity of naturally deposited 
snow layers. In the determination of the thermal conductivity, a 
temperature gradient is imposed, which subsequently results in a vapor 
gradient and then causes vapor-mass diffusion. Thus, the thermal 
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conductivity of snow includes essentially the mass diffusion. This indicates 
that the transient measurement method may be more accurate than the 
steady-state technique. 

Most reported data have been obtained under the disturbed condition, 
namely, under the condition that snow was not only forced into a variety 
of boxes but also considerably aged. An in situ measurement of thermal 

Table I. Relationships Between Thermal Conductivity ( W - m  - t .  K -1) 
and Density (kg .m -3) of Snow 

Density 
No. Ref. Expression range 

1 Abels [13] 2~ = 2.85 x 10-6p 2 
2 Jansson [13] 2~=2.09 x 10 2+7.96 x 10-4ps+2.51 x 10 12p4 80-500 
3 van Dusen [13] 2s = 2.09 x 10-2+4.19 x 10-4ps+2.18 x 10 9,o~ 
4 Devaux [ 3 7 ]  2~ = 2.93 x 10 -2 + 2.93 x 10-6p~ 100-600 
5 Kondrat'eva [38] 2~ - 3.65 x 10-6p~ > 350 
6 Bracht [38]  2 s = 2 . 0 5 x  10 6ps2 190-350 
7 Yoshida and Iwai [39] log 2~ = - 1 . 4 7 + 2 . 0  x 10-3ps 72~400 
8 Sulakvelidze [38] 2s = 5.ll  • 10-4ps <350 
9 Yen [40] 2s = 3.22 x 10-6p 2 

10 Izumi and Fujioka [41] log 2~ = -1 .17+2 .16  x 10-3p~ 8(~500 
11 Sakazume and Seki [7]  log 2~ = -1 .25  +2.12 x 10 3ps 150-700 
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conductivity of the new and undisturbed snow layer was carried out by 
Fukusako [43], who adopted the usual transient hot-wire method. A 
platinum wire 30 #m in diameter and 170 mm in length was horizontally 
stretched at the location of 25 mm from the bottom of an upper opened 
box whose capacity was 300 ( length)x200 (width)x 100 (depth) mm 3. 
Measurements were performed only when the snow in the box became 
greater than about 50 mm in depth during a 24-h period. The observed 
data for a disturbed show layer are shown in Fig. 11 by the shaded field. 
There seems to be still some scatter in the data, even for fresh snow. 

The effect of temperature on 2~ has been examined by Pitman and 
Zuckerman [44] and Sakazume and Seki [7],  whose data (their best-fitted 
lines) are graphically shown in Fig. 9. An inspection of the figure reveals 
that all the experimental data of Sakazume and Seki [7]  decrease 
monotonically with increasing temperature at any prescribed density, while 
those of Pitman and Zuckerman [44] increase as the temperature 
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increases. The effect of temperature on 2s found by Sakazume and Seki [-7] 
appears to be more reliable considering that the transient Krisher's method 
was adopted by Sakazume and Seki. 

3.2. Theoretical Model for Thermal Conductivity of Snow 

A number of models have been derived to represent theoretically the 
thermal conductivity of snow. Woodside [-45] adopted a model that 
considers the snow to be composed of a cubic lattice of uniform ice 
spherical particles in air, under the assumption that the air spaces are small 
enough so that heat transfer by convection may be neglected and that the 
isotherms are planes perpendicular to the direction of heat flow. Using 
Maxwelt's work on the electrical conductivity of inhomogeneous media, 
Schwerdtfeger [-46] derived theoretical expressions for the thermal conduc- 
tivities of dense snow and light snow. For light snow, he utilized the spatial 
arrangement of the air space parallelipipeds within the ice medium to apply 
Maxwell's work on stratified conductors. Woodside's model was modified 
by Pitman and Zuckerman [-44] so that it allows for thermal condition 
through continuous ice paths of thin cylindrical columns connecting all the 
spherical ice grains. Sakazume and Seki [7-1 correlated their experimental 
data by utilizing Russell's model [,47], which was derived from the proper- 
ties of its component gas and solid for a distribution of uniform pores of 
cubical shape arranged within a simple lattice. 

Recently, adding the mass-diffusion effect to Pitman and Zuckerman's 
model, Maeno and Kuroda [48] determined the thermal conductivity of 
snow. Figure 10 shows the calculated results in which both Dv = 
2,1 x 10 5 m 2 . s-2 corresponding to the diffusion coefficient of water vapor 
through normal air and D r =  6.5 x I0 -s  m ~ .s -1 for no mass flow (deter- 
mined by Yen [49-51]) are adopted. Furthermore, the value of r/R is 
considered to be in general between 0.01 (fresh snow) and 0.2 (old and 
aged snow). In Fig. 10, the sphere of experimental data is denoted by the 
shaded field. It appears that all the experimental data are within the 
calculated bounds, indicating that the model by Maeno and Kuroda [-48], 
which introduced an additional mass diffusion effect to Pitman and 
Zuckerman's model, reasonably describes the characteristics of the 
experimental data. 

3.3. Specific Heat of Snow 

Sakazume and Seki [7] determined the volumetric specific heat (pCp)  s 
of snow for temperatures ranging from 113 to 273 K and densities between 
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116 to 650 kg .m -3 using Krisher's method. Their experimental data for 
Cp., reveal that the specific heat of snow is essentially identical to that of ice. 

3.4. Thermal Diffusivity of Snow 

The experimental data for the thermal diffusivity of snow were 
obtained by Devaux [37] (deduced by Maeno and Knroda [-48]) and 
Sakazume and Seki [-7]. They noted that the thermal conductivity of snow 
was a function of temperature as well as density and increased with density. 

4. THERMOPHYSICAL PROPERTIES OF SEA ICE 

4.1. Characteristics of Sea Ice 

Sea ice is a complex substance which is transformed to a complete 
solid mixture of pure ice and solid salts only at quite low temperatures. In 
general, when sea ice if maintained under its freezing point, pure ice crys- 
tals form, separating from the brine. As the freezing advances, pockets of 
brine are cut off, and the resulting ice is composed of pure ice, brine, solid 
salt crystals, and air bubbles. The equilibrium salt concentration of the 
brine which is trapped within the ice depends upon its temperature. Then 
when some temperature variations take place, the brine is concentrated or 
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diluted to a new equilibrium concentration by the formation of additional 
pure ice crystals or by the melting of pure ice. Thus, precise measurements 
of the thermophysical properties of sea ice always encounter considerable 
difficulties, because they are strongly dependent on temperature, salinity, 
and age; in fact it appears more reliable to use theoretical values based on 
a variety of models which have been developed for higher temperatures 
encountered in nature. 

4.2. Thermal Conductivity of Sea Ice 

The thermal conductivity is strongly dependent on the composition of 
sea ice, which can be specified by the density, salinity, and temperature. 
Thermal conductivity models for a sea ice were studied by Anderson [52], 
Langleben [53], Schwerdtfeger [54], and Horjen [55]. Neglecting the 
presence of air bubbles in sea water, Anderson [52] first considered the 
effect of the geometry of the brine inclusion on the bulk conductivity of 
the sea ice assuming the presence of brine in three different spatial 
configurations. Langleben [53] has shown that sea ice consisted of pure ice 
enclosing vertical cylinders of brine whose cross sections are elliptical and 
whose lengths are long compared with their average diameters at higher 
temperatures. By considering that sea ice essentially incorporates uniformly 
and randomly distributed spherical air bubbles, Schwerdtfeger [54] 
expanded Anderson's treatment. For an accreted ice layer, Horjen [55] 
adopted a model consisting of horizontal and vertical brine channels which 
have rectangular cross sections. 

Compared with a number of theoretical models for the thermal 
conductivity of sea ice, very few measurements have been made. Sakazume 
and Seki [56] investigated the thermal conductivity of sea ice at lower 
temperature using Krisher's method, which appears to have a higher 
accuracy because the maximum temperature difference in a testing salt ice 
was less than 2~ Figure 11 shows the experimental results for the thermal 
conductivity of sea ice as a function of temperature, along with those of 
Schwerdtfeger [54] and One [57]. It may be seen that the thermal 
conductivity at lower temperatures may be about 10% less than that of 
pure ice and decreases considerably with increasing temperature above 
-23~ The 2~ for temperatures from -100 to -25~ can be reported as 
[56] 

2~i = 1.16(1.94- 9.07 • 10 20+3.37>(10-502) (W.m-1 .K- l ;  0, ?C) 

(7) 

The effect of fractional salt content S on the thermal conductivity is 
demonstrated in Fig. 12, where data obtained by Schwerdtfeger [54], 
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Sakazume and Seki [56], Uratov [58], and Ono [57] are shown. The 
figure indicates that the fractional salt content within sea ice may cause a 
decrease of the thermal conductivity compared with that of pure ice, 
However, it appears that at lower temperatures, the effect of the fractional 
salt content on thermal conductivity may become smaller since the sea ice 
is then composed of pure ice and solid salts. 

4.3. Specific Heat of Sea Ice 

The specific heat of sea ice is the total of both the heat required to 
raise the sea ice being composed of pure ice, brine, solid salt crystals, and 
air bubbles a unit of temperature and the heat associated with phase 
change. At temperatures not far from the freezing point sea ice has a large 
specific heat. 

The phase diagram of seawater was given by Assur [59] based on the 
work of Nelson and Thompson [60]. The diagram indicates that above a 
temperature of -8.2~ all salt trapped within the body of sea ice is 
essentially in solution. Between -8.2 and -22.9~ the continuous 
precipitation of Na2 SO4 1OH20 (sodium sulfate decahydrate) takes place. 
At -22.9~ another hydrate, NaC1 2H20, starts to precipitate. 

When 0 > -8.2~ the specific heat depends essentially upon both the 
relative extent of the phase change and the specific heat of pure ice and salt 
solution. Since the effects of heats of crystallization (or dilution) can be 
neglected based on data reported by Lange and Forker [61], Pounder 
[24] and Schwerdtfeger [54] gave the expression 

(7 O" 
cp ,- -2 L + (Cpw (8) 

where ~ is the coefficient of the relationship between the fractional salt 
content of the brine S (in grams of salt per gram of water), a is the salinity 
of sea ice (in grams of salt per gram of sea ice), and Cpw and Cp~ are the 
specific heat of water and pure ice, respectively. From a somewhat different 
approach, One [62] proposed the following equation: 

Cp~, = 4.187 0.505 + 0.00180 + 4311.5 ~ - 0.Sa + 0.20~0 

(kJ. kg-1; 0, ~ (9) 

Between -8.2 and -22.9~ a continuous deposition of Na2SO4 
1OH20 occurs. Assuming that the rate of precipitation of Na2SO4 
1OH20 is linear, so that the quantity of deposition at any temperature can 
be estimated by extraporating from the initial section of the phase diagram 
of seawater, Schwerdtfeger [54] introduced another expression. 
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Sakazume and Seki [56] measured the cubic heat capacity (pCp)  i of 
sea ice using Krisher's method. In Fig. 13, their data are plotted along with 
those obtained by Malmgren [63] and Schwerdtfeger [54]. It is indicated 
in the figure that at lower temperatures the heat capacity of sea ice is 4 to 
6% higher than that of the pure ice. This may due to the solid salts 
involved within sea ice. At temperatures higher than - 2 3 ~  the heat 
capacity increases sharply with temperature, as expected from Eq. (8). 

4.4. Thermal Diffusivity of Sea Ice 

The thermal diffusivity at high temperatures was calculated by Ono 
[64]. The experimental data for lower temperatures obtained by Sakazume 
and Seki [56] appear to be about 15 % smaller than those for pure ice. As 
the temperature rises, 2si decreases, while both Psi and Csi increase. Thus, 
the thermal diffusivity asi shows a decrease that is more temperature depen- 
dent than any of its constituent parameters, particularly at temperatures 
near the freezing point. 

4.5. Density of Sea Ice 

Schwerdtfeger [54] and Cox and Weeks [65] considered theoretically 
the density of sea ice in detail. According to Cox and Weeks [65], the sea 
ice density is given by 

Psi = (1 - va)/[1/pl- SzFz(T)/Ft(T)] ( k g .  m - 3 )  (10) 
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Fig.  13, Volumetric heat capacity of sea ice. 
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where va is the relative volume of air, Pi the density of the ice, Si the 
salinity of the ice, and FI(T) and F2(T) are, respectively, expressed as 

FI(T) = pbSb(1 + 6) (11) 

F2(T ) = [(1 + Y)Pb/Pi- ~Pb/P~s- 1] (12) 

where Pb is the brine density, Sb the salinity of the brine, ~ the ratio of the 
mass of salt in the brine to mass of salt in the solid salts, 7 the ratio of the 
mass of solid salts to the mass of the brine, and Pss the average solid salt 
density. Equation (10) indicates that the sea ice density at a prescribed 
salinity tends to increase slightly with an increase in temperature provided 
that the air content is constant. 

4.6. Latent Heat of  Fusion of Seawater 

The latent heat of fusion Lsi of sea ice is the amount of heat required 
to melt a unit mass of sea ice of salinity a and temperature 0, because sea 
ice has no fixed temperature for phase change. Yen [33] initroduced the 
latent heat of fusion Lsi by integrating the specific heat equation given by 
Ono [64] as follows: 

= - - 4 O" _ 0.00902) L~ 4.187(79.68 0.5050 27.3a+ 311.5~+0.8a0 
/ 

[kJ-kg-~;  O, ~ (13) 

4.7. Thermal Expansion of Sea Ice 

The coefficient of thermal expansion of sea ice was extensively 
investigated by Cox [66], who concluded that the coefficient of sea ice was 
equal to that of pure ice. 

5. CONCLUDING REMARKS 

A comprehensive review concerning the thermophysical properties of 
ice, snow, and sea ice has been presented. The available data for thermal 
conductivity, specific heat, latent heat of fusion, thermal expansion, and 
thermal diffusivity were shown graphically for easier practical use. 
Reproducible data for snow were found to be much more difficult to 
obtain, because snow starts to undergo a metamorphism as soon as it falls 
on the ground. All the thermal properties of sea ice were demonstrated to 
be functions of both salinity and temperature. It is noted that the specific 
heat of sea ice is in general much greater than that of normal ice, especially 
when the temperature approaches the fusion temperature of the normal ice. 
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