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Specific Heat and Heat of Fusion of Sea Ice*

Nobuo Ono
AN OBFOE M
The Institute of Low Temperature Science
Hokkaido University, Sapporo, Japan

Abstract

The specific heat and heat of fusion of sea ice in the temperature range between the freezing
point and —8°C, computed from fairly accurate equations, were illustrated in figures and in tables.

These quantities are defined on the basis of thermal and phase equilibrium conditions between
the brine and the surrounding pure ice. From this point of view, simple preliminary experiments
were undertaken to determine whether the equilibrium is nearly always maintained or not. It was
found from the experiments that a fairly large temperature difference between the brine and the
surrounding pure ice appears quickly with a rapid change of ice temperature and then disappears
gradually.

1. Introduction

The sea ice around Hokkaido has a relatively high temperature, that is to say it is
of the so-called warm sea ice type, and is influenced by the diurnal change of air tempera-
ture. For examplé, young sea ice at Mombetsu harbour in February is 25~30c¢m in
thickness, and the air temperature changes from about —15°C in the early morning to
nearly zero degrees in the afternoon, so that the temperature profile in the ice sheet
changes over a wide range within a day.

Tt is usually considered that the brine in the sea ice has an equilibrium concentra-
tion in relation to its temperature. When the sea ice temperature rises from ¢ to ¢,
the brine in the sea ice is diluted to equilibrium concentration corresponding to ¢ by
the melting of some of the pure ice at the ice-brine interface.: Therefore, in the case
of warm sea ice, the brine volume and its concentration also change over wide ranges
within a day. .

The specific heat and heat of fusion of sea ice are generally defined according to
the above equilibrium considerations, that is to say the heat required to raise the tem-
perature of sea ice from # to ¢ is composed‘of the total sum of heat required to raise
the temperature of pure ice and that of brine and to melt some of the pure ice.

In this paper, the specific heat and heat of fusion of sea ice were computed with
reasonable accuracy in a temperature range between the freezing point and —8°C, and
were illustrated in figures and in tables.

These quantities may be applied only in the thermal and phase equilibrium condi-
tions. In the case of a sudden rise of the sea ice temperature, at first a thin melted
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water layer will appear at the ice-brine interface. The melted water has a lower con-
centration and a higher equilibrium temperature than those of the brine, and the brine
pocket 1s too small to make convection in it. The melted layer is considered to be
concentrated by the diffusion of salt only. Therefore, it is assumed that the melting
of ice at the ice-brine interface will occur gradually and it takes a fairly long time to
reach the equilibrium state between the brine and the surrounding pure ice. Accordingly,
in this case, a non-equilibrium state may be expected in the sea ice.

As far as we know, observations on the thermal behaviour of brine in the non-
equilibrium state with the surrounding ice have not been made as yet. Preliminary
experiments were undertaken to determine whether the equilibrium between the brine
and the surrounding ice is nearly always maintained or not.

II. Specific Heat and Heat of Fusion of Sea Ice in 0>6> —8°C
II.1. Specific heat of sea ice in 0>60>—8°C

The specific heat of sea ice of salinity S at temperature ¢ may be written as

Cos = Mig Cio=+"Mvs Coo-+ Ao d:{;bo > (1)

where miy and My are the masses of pure ice and of brine in one gram of sea ice at
¢! respectively, ¢y and cn are respectively the specific heat of pure ice and of brine at
¢, and 4;, the latent heat of pure ice at #, is given by

Av=Ay+(cwo—cCin) 8, (2)
here 4, is the latent heat of pure ice at 0°C, and ¢y, is the specific heat of pure water
at 0.

The salinity of brine at ¢ is written as

S

Myg

Sba =

>

so that, eq. (1) can be transformed as
(1S S _; S dSw
Cos = Cw<l Sba>+cb0 Sbﬂ 10 Szw d0 s
or
Cos = Ci0+f(0)'5 . 6)
The values of specific heat of sea ice were computed and were illustrated in tables
by Malmgren (1927), Schwerdtfeger (1963), Nazintsev (1964) and Pounder (1965). The
proportional factor f(#) can be determined as the difference between cus for S=1%0 (or
(n+41)%0) and that of 0% (n%o) at a constant temperature, and was found from their tables
as inversely proportional to the square of temperature. Thus,

Cos = Cio+g(6) —'05'; . 7 (4)

The values of ¢(f) obtained from their tables are summarized in Table 1. It is found
from the table that ¢(f) does not depend on the temperature, and mean values are nearly
the same as 4.1 to 45. Then we have
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Table 1. Values of ¢(6) in 0>6>—8C

Temp. Malmgren Schwerdtfeger  Nazintsev Pounder
oC 1927 1963 1964 1965
-1 4193 3.96
—2 4,132 4,52 410 432
-3 4,059 4.19
—4 3.984 4.64 422 4,32
-5 3.900 4.20
—6 4,176 4,32 4.07 4.32
-7 4.263 4.02
-8 4096 448 4,03 : 4.48
Mean 4.100 449 410 4.36
S
Cos = Cia'l'K —0? . (5)

Untersteiner (1961) first pointed out this fact and established a practical formula using
Malmgren’s value:

Cos — 05+41 —0‘% .

In fact, eq. (5) can be derived from eq. (1) as follows (Ono 1966):

Consider that mu grams of brine in eq. (1) are composed of 7w grams of pure
water and ms grams of salt. It was shown by Lyman and Fleming (1940) and Assur
(1958) that, in the temperature range between zero and —8°C, where Na,SO,-10H,0
_starts to precipitate, the freezing point of brine decreases linearly with the increasing
mass ratio 2;=7mg/iys (not the salinity of brine Spe=ms/(ms+7ws)):

=—az (0>0>-8C). ©)
Then,

Myy = — & "{;s . M =Me—a ";S , (7a)

Mg =1l—me+a n;s , (7b)
and

d—zinﬁl’i =a —7—%;— . ‘ (7¢)

The specific heat of pure ice, of pure water, and of brine in equilibrium with the
ice can be closely approximated by the linear function of #:

cig = cio+B0, (8 a)
Cwo = Cwo+70 s (Sb)
be=cw0+60 . (8C)

The notation cip and cwo are used to present the specific heat of pure ice and of pure
water at 0°C respectively, and the constants 8, ¥ and ¢ were given by Nazintsev (1964)
and Pounder (1965).
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Table 2. Specific heat of sea ice - (cal/g-°C)

— =

Temp. ‘Sahmty S (@) ‘
_oC 1 2 3 4 5 6 7 8 9 10 11
0.1 0.51 4317
0.2 0.51 108.3 216.1 323.9
0.3 050 48.41 96.3 144.2 192.1 240.0
0.4 0.50 2745 5440 81.3 108.3 1352 1622 189.1
0.5 0.50 17.756 34.99 5224 69.49 86.7 104.0 121.2 1385 155.7
0.6 0.50 12.48 2446 36.43 48.41 60.39 72.36 84.34 96.3 108.3 120.3 132.3
0.7 0.50 930 18.10 26.90 3570 44.50 53.30 62.10 70.90 79.70 88.50 97.29
0.8 0.50  7.24 13.98 20.72 2746 34.20 40.93 47.67 5441 61.15 67.89 74.62
0.9 0.50  5.83" 11.15 16.48 21.80 27.12 32.45 37.77 43.10 48.42 53.74 59.07
1.0 0.50 - 4.81 9.12 1344 17.75 22.06 26.37 30.68 34.99 39.30 43.61 47.92
11 0.50 4.06 7.62 11.18 14.75 1831 21.87 2542 2899 3255 36.11 39.67
1.2 0.50 349 - 6.48 948 1247 1546 1845 21.44 24.43 27.42 3041 33.40
1.3 0.50 305 561 816 1071 1326 1581 18.36 20.92 2347 26.02 28.57
14 0.50 270 490 7.10 929 1149 1369 15.89 18.09 20.29 2248 2468
15 0.50 242 433 624 816 10.07 11.98 13.90 1581 17.72 19.64 21.55.
1.6 050 219 387 55 7.24 893 10.61 12.30 13.98 1567 17.35 19.04
1.7 050 1.99 348 498 647 7.9 945 1094 1243 1392 1541 16.90
1.8 050 18 317 450 58 716 849 982 11.15 12.49 1382 15.15
1.9 0.50 1.70 2.89 408 528 6.47 7.66 8.86 10.05 11.24 1244 13.63
2.0 050 158 266 373 481 589 6.97 804 912 1020 11.27 12.35
2.1 050 148 246 344 441 539 637 735 833 930 1028 11.26
2.2 050 1.39 228 318 407 496 58 674 7.64 853 942 1031
2.3 050 1.32 213 294 376 457 539 620 7.02 7.83 864 946
2.4 050 125 200 275 350 425 500 575 650 7.25 800 875
2.5 050 119 188 257 3.26 395 464 533 601 670 7.39 808
2.6 050 114 178 241 3.05 369 433 49 560 624 6.8 751
2.7 0.50 1.09 168 227 28 345 404 463 522 581 640 6.99
2.8 050 105 160 215 271 326 38l 436 491 546 6.01 656
2.9 050 101 153. 204 255 3.06 358 409 460 511 563 6.14
3.0 050 098 146 193 241 289 337 38 432 480 528 576
3.2 050 092 134 176 218 260 3.02 344 38 428 471 5.13
34 0.50 087 1.24 162 199 236 273 311 348 385 422 459
3.6 050 083 116 150 1.83 216 249 282 316 349 382 415
3.8 050 .0.80 109 139 169 199 229 259 288 318 348 3.78
4.0 050 077 1.04 130 157 1.84 211 238 265 292 319 346
4.2 050 074 098 123 147 172 19 220 245 269 294 3.18
4.4 050 072 094 116 139 161 183 205 228 250 272 294
4.6 050 070 090 111 131 151 172 192 212 233 253 273
4.8 050 068 087 106 1.24 143 162 1.80 199 217 236 255
5.0 050 067 084 101 118 136 153 170 1.87 204 222 239
5.2 050 0.65 081 097 113 129 145 161 1.77 193 209 224
5.4 050 0.64 080 094 1.08 123 138 153 1.67 182 197 212
5.6 0.50 0.63 077 091 1.04 118 132 145 159 173 186 2.00
58 050 0.62 075 088 101 113 126 139 152 164 177 1.90
6.0 049 061 073 08 097 109 121 1.33 145 157 169 181
6.2 0.49 061 072 083 094 105 116 127 1.39 15 161 172
6.4 0.49 060 0.70 081 091 102 112 123 133 143 154 1.64
6.6 049 059 069 079 0.8 099 1.08 118 128 1.38 148 158
6.8 049. 059 068 077 0.8 096 1.05 114 123 1.33 142 151
7.0 049 058 067 075 0.84 093 102 110 1.19 128 1.37 1.45
7.2 049 057 066 074 082 091 099 107 115 1.24 132 140
7.4 049 057 065 073 0.8L 0.88 09 104 1.12 120 128 1.35
7.6 049 057 064 071 079 08 094 101 108 116 1.23 131
7.8 049 056 063 070 077 084 091 098 1.05 112 119 1.2
8.0 049 056 062 069 076 083 089 09 1.03 1.09 116 123
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Table 3. Heat of fusion of sea ice (cal/g)

Salinity S (%)

Temp. -

—oC 0 1 2 3 4 5 6 7 8 9 10 11 12
0.1 79.7 36.6

0.2 79.8 58.2 36.6 15.0

0.3 79.8 654 51.0 366 222 718

0.4 799 691 583 474 366 258 150 4.2

0.5 799 713 626 54.0 453 367 28.0 193 107 2.0

0.6 80.0 - 728 655 58.3 51.1 439 367 294 222 150 7.8 06

0.7 80.0 738 67.6 61.4 553 491 429 367 305 243 18.1 119 57
0.8 80.1 747 69.2 638 584 53.0 475 42.1 367 31.3 258 204 150
0.9 80.1 75.3 70.5 65.7 60.8 560 5L.2 464 415 367 319 27.1 222
1.0 80.2 759 715 67.2 628 585 542 49.8 455 411 368 325 281
1.1 80.2 763 723 684 645 60.5 56.6 52.6 487 447 408 368 329
1.2 80.3 76.7 73.1 694 658 622 586 50.0 51.3 477 441 405 36.9
1.3 80.3 77.0 73.7 70.3 670 63.6 603 569 536 50.2 469 435 40.2
1.4 804 77.3 742 711 680 649 617 586 555 524 493 462 43.1
1.5 804 775 746 717 688 659 63.0° 0.1 57.2 543 514 485 45.6
1.6 8.5 778 750 723 69.6 669 641 61.4 587 56.0 532 505 47.8
1.7 80.5 78.0 754 728 703 67.7 651 62.6 60.0 57.4 549 523 497
1.8 80.6 782 757 733 709 684 660 636 61.2 587 56.3 539 51.4
1.9 80.6 783 760 737 714 69.1 66.8 645 62.2 599 576 553 53.0
2.0 80.7 785 763 741 719 697 675 654 632 610 588 56.6 54.4
2.1 80.7 78.7 766 745 724 703 682 66.1 640 620 599 57.8 557
2.2 80.8 788 768 748 728 70.8 68.8 66.8 648 628 608 588 56.8
2.3 80.8 789 77.0 75.1 732 713 694 675 65.5 636 617 59.8 57.9
24 80.9 79.1 772 754 736 718 699 681 66.3 644 626 608 59.0
2.5 80.9 79.2 774 757 739 722 704 687 669 651 634 616 59.9
2.6 81.0 793 77.6 75.9 742 725 70.8 69.2 675 658 641 624 607
2.7 81.0 794 778 76.2 745 729 713 697 68.0 664 648 631 615
2.8 8l1 795 779 764 748 732 717 701 685 67.0 654 638 622
2.9 811 796 781 76.6 751 735 720 705 69.0 67.5 659 644 629
3.0 81.2 797 783 76.8 753 739 724 709 69.4 680 665 -650 63.6
3.2 813 799 785 77.1 758 744 730 716 70.2 688 675 66.1 64.7
34 814 801 788 775 762 749 736 723 710 697 684 671 658
3.6 815 803 79.0 778 766 753 741 728 716 704 69.1 679 66.7
3.8 81.6 804 793 78.1 769 757 746 734 722 710 699 687 67.5
4.0 817 806 795 783 77.2 76.1 750 739 728 716 705 69.4 68.3
4.2 81.8 807 796 786 775 764 754 743 732 722 711 70.0 69.0
4.4 819 809 798 788 778 76.8 758 747 737 7279 7.7 70.6 69.6
4.6 820 810 8.0 79.0 781 77.1 76.1 751 741 73.2 722 712 702
4.8 821 81.1 802 793 783 774 764 755 745 736 727 T1.7 70.8
5.0 82.2 81.3 804 795 786 77.7 767 75.8 749 740 731 722 713
5.2 823 814 805 79.7 788 779 770 76.2 753 744 T35 727 718
5.4 824 815 807 798 790 78.2 773 765 756 748 739 731 722
5.6 82,5 817 80.8 800 792 784 775 767 759 751 743 734 72.6
5.8 82.6 818 810 80.2 794 78.6 77.8 77.0 762 75.4 746 73.9 73.1
6.0 827 819 81.1 804 796 788 780 773 765 757 750 742 73.4
6.2 828 820 813 805 798 790 783 77.5 768 76.0 753 745 738
6.4 82.9 821 814 807 800 792 785 77.8 77.0 763 756 T49 74.1
6.6 83.0 823 815 808 801 794 787 780 773 766 758 751 744
6.8 83.1 824 817 81.0 803 796 789 782 775 768 761 755 T4.8
7.0 83.2 825 818 81.2 805 798 79.1 784 778 77.1 764 757 751
7.2 83.3 826 820 81.3 806 800 79.3 786 780 77.3 767 760 753
74 83.4 827 821 814 808 80.2 795 789 782 776 769 76.3 756
7.6 835 828 822 816 809 803 79.7 79.0 784 77.8 771 765 759
7.8 83.6 829 823 817 811 805 79.9 792 786 780 774 768 76.1
8.0 83.7 831 825 818 812 8.6 80.0 794 788 782 776 770 764
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Tt is derived from eq. (1) using egs. (2), (7a, b, c) and (8a, b, c) as
Cos = Cio+BO+ Agcx %s—+(cwo-cio+ar~aa) ms+(B6~B) Oms . ©)

Using the following values : ¢1y=0.505 cal/g°C, ¢wy=1.005 cal/g°C, 4,=79.68cal/g, a=54.11
of Assur, $=0.0018, v=—0.002, 6§=0.022 and m;=0.001 S (the definition of the salinity
of sea ice), eq. (9) becomes ‘

S

cos = 0.505+0.0018 ¢ +4.3115 i —0.00085+-0.000026S . (10)

The values of cs computed from eq. (10) were illustrated in Fig. 1 and Table 2.
In eq. (10), the fourth and the fifth terms in the right-side are negligibly small in
comparison with the third term. Then we obtain

cpy=0.505-+0.00186+4.3115 '57 R (11)

which is the same with eq. (5).

As is known in eq. (9), the constant K in eq. (5) is equal to A&, so that a slight
scattering in the values of K in Table 1 may be caused by the use of different data on
the equilibrium concentration of brine within ice at the temperature 6. If we use 52.41
of Lyman and Fleming’s value for «, we obtain K=4.176.

I1.2. Heat of fusion of sea ice in 0>¢>—8°C

Integration of eq. (10) from # to ¢’ yields the amount of heat ¢ required to raise
the temperature of one gram of sea ice from # to 6':

% (6 —6)+0.0008S (6" — )+ (0.0009 +0.00001S) (2 —672) .

(12)
In this equation, the third and the fourth terms are practically negligible in com-

parison with the first and the second terms in the temperature range of 0>6> —8°C.
Then we have

g = 0.505(¢'—0)+4.3115

qg= (0.505+4.3115 %) @ —0), (13)

which is nearly the same with the equation found in Untersteiner’s paper.

As sea ice has no fixed temperature on its phase transition, the word “heat of fusion
of sea ice of salinity S at temperature 6” is used to indicate the amount of heat required
just to melt one gram of sea ice of S at 6.

By putting m;=0 in eq. (7b), the temperature of complete melting ¢., is obtained as

O = — =%~ yppy = — 0054118, C(14)

because m&1.

The heat of fusion of sea ice Qys, that is, the integration of eq. (10) from ¢ to 6.,
is therefore obtained by substituting #., for ¢ in eq. (12). Then, neglecting the higher-
order terms of S, we have
Qys = 79.68 —0.5050 —0.02735+4.3115 % +0.00085'¢—0.000962 . (15)

The values of Qus calculated from eq. (15) are illustrated in Fig. 2 and Table 3.
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With sufficient accuracy for practical purposes, neglecting the fifth and the sixth
terms in the right-side of eq. (15), we obtain

Qus = 79.68—0.50560 —0.02735+4.3115 % ) (16)

III. Observation of Brine in Non-Equilibrium with Surrounding Ice

1I1.1. Ezxperimental procedure

Experiments were carried out in a low temperature laboratory at about —15°C.

To simplify the experiments, artificial brine pockets were made in the pure ice.
Cylindrical ice specimens of about 7.5cm in diameter and 7 cm in height were prepared
from polycrystalline commercial pure ice. Four holes of 2 mm in diameter and 3 cm in
depth were drilled into the specimen as shown in Fig. 3A. Copper-constantan thermo-
couples were inserted into each hole, then, pure water was put into the C and P holes.
In order to make the artificial brine pockets in the ice specimen, concentrated sea water
was poured into the B hole to about half of its depth. After the brine has frozen at a
low temperature, pure water of about 0°C was put into the B hole and was then frozen,
so that the brine was enclosed within the pure ice. The reference hole A was made
occasionally as for brine or as for pure ice.

Both the upper and lower surfaces of the ice cylinder were insulated thermally, and
then, the ice cylinder was put into a copper vessel, which was set in a thermo-bath as
shown in Fig. 3B.

Figure 3C shows the block diagram of the temperature recording system. Driving
a rotary switch connected with four thermocouples, the temperature of a thermocouple
is recorded for 10 seconds at 30 seconds interval.

A B

THERMOCOUPLES

Bl

& ICE
"ISTIRROR[. " . = - .~
OIlL BATH

HEATER

|1|
i
1

".* THERMAL INSULATOR .

C
THERMOCOUPLES :
i |
DIFFERENCIAL USE ROTARY C PRE- ]
|.n°f 0°C 4 SWITCH — RMPLlFIER ] RECORDER
in ORDINARY USE =

Fig. 3. Specimen and apparatus of experiment
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III.2. Results of experiments

After the temperature of four thermocouples reached to nearly the same temperature
and was considered to be in a stationary state, the oil bath was warmed by a short time
heating, such as 30 to 60 seconds.

Figure 4 shows a typical record of temperature-time curves. This figure seems to
be complicated due to the fact that it includes four temperature curves in a one-pen
record. The temperature of brine rises with some time-lag to that of the center C,
which is the farthest point from the heat source of the oil bath.

The results of measurements at various temperatures are summarized in Fig. 5. It
is found from the figure that the time-lag increases with the raising of initial tempera-
ture, and in the case of near melting temperature, the temperature difference between
the brine and the surrounding pure ice are observed over a fairly long time, such as
two hours or more.

Figure 6 shows the record of the temperature differnce between the ice C and the
brine B, or between the brine B and the ice A. Such difference appears slightly after
the heating, and reaches a maximum such as 1°C or more within several minutes, and
then decreases gradually with the lapse of time.

Based on the above preliminary experiments, although the artificial brine pockets
were much larger than the natural brine cells in the sea ice, it may be concluded that

&9
£
3
2
4 +°C
w -
o AT e temperature differerice beltweerll ice |Cand| brinT B ~71.0
3 TS |
TN e e e los
T
[
0 s 0 ~—
| / A HIEEDI
LU LI It
—1H 40.5
Ll
— 2 \l . . . 410
’. templeratuxl‘e difference between brine B and ice A e
I | | 1 | -
3 temperature difference between-C and P
—3F 1 1
temperature at P
_4:0 L 10 min I——

Fig. 6. A typical record of the temperature difference
between ice and brine



610 N. ONo

the brine in the sea ice is not in an equilibrium state with the surrounding pure ice
when the temperature of sea ice changes rapidly. This non-equilibrium state between
the brine and the surrounding ice may be maintained over a fairly long time especially
near the melting temperature.

Therefore, the values of specific heat of sea ice must be applied carefully for the
thermal studies on the non-stationary process, such as the thermal diffusion in the warm
sea ice.

Moreover, in the case of measurements of the specific heat of sea ice, it is necessary
to have all of the ice and the brine reach the same temperature exactly. In other words,
as it takes a fairly long time to reach the thermal equilibrium between the ice and the

brine, the calorimeter for measuring specific heat of sea ice must be insulated completely.
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