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Introduction 

EFFECT OF SALINITY ON THE OPTigAL 
EXTINCTION OF SEA ICE AT 6328A 

by 

Hurley Davis and Richard H. Munis 

Although sea ice covers roughly 12% of the surface of the oceans, it is commonly considered 
somewhat of a scientific oddity. 4 Qnly recently has attention been focused on its behavior as a 
materiaL Among_ the reasons for this is the difficulty involved in transporting sea ice from its area 
of origin to a place more suitable for scientific study without causing changes in its properties. 
Also; until recently sea ice did not appear to affect man's activities significantly. Within the last 
10 years, however, sea ice has proven to be a major obstacle to development in the Arctic and is 
now considered to have an important effect on world climate. 

The penetration of shortwave radiation:~ into sea ice is very important in specifying its heat 
balance. It is therefore necessary to understand the penetration of radiation of different wave
lengths through sea ice under varying condition§. This paper is a study of the transmission of 
monochromatic light with a wavelength of 6328 A through sea ice samples of varying salinities 
using a HeNe laser as a light source. 

Sea lee as a material 

"The salinity of natural sea water is usually 32 to 34 parts per thousand by weight (g/kg, 
designated by the symbol %0 ). _Of this concentration, about 68% is NaCl. Next in abundance is 
MgCl2 , representing less than 5% of the total salinity. Considering these chemicals in sea water 
solution, however, the salts are almost completely ionized, which suggests that the composition of 
sea water may best be described in terms of ionic concentrations: Cl- = 18.98%0 , Na:t- = 10.56%a. 
804 = 2.65%a. etc. s As sea water freezes, these .concentrations change (see Table I). 

During freezing, these ions and the salts formed from them migrate through the solution, leaving 
some of the ions trapped within the ice as solid salts, liquid inclusions, or so-calledbrine pockets. 
The amount of ions trapped depends heavily on the temperature and salinity of the ice. From 
Table I we find that if sea water of salinity 34.325%0 is cooled to a temperature of -20°C, the sea 
ice formed is 84.54% pure ice, 14~63% liquid brine and only 0.83% solid salts. 

Since the temperature and salinity combine to specify the volume of liquid brine and since 
solid salts are such a small percentage of the ice, the two parameters temperature and salinity may, 
to a good approximation, .be reduced to one, brine volume. In determining the brine volumes from 
ice temperatures and salinities, we will use Table II. Here, we are assuming that the ice is 
''standard sea ice'' - sea ice of such a composition that its ·meltwater; would have the same relative 
concentration of ions (to each other) as normal sea water. 

Once brine is trapped in .sea ice it is not fixed, but gradually migrates downward and out of the 
ice. The brine drainage causes systematic changes in the salinity profiles in first year ice. The 



Table I. Ph~e relations for standard sea i~ (l957). Amount (g/kg) of ions, H20 in b~ine, salts, anc;l .. ~ 
ice under equilibfiUm ~t different temperatures. Salinity S = 34 .. 325°/oo• (From Assur. 1
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Table D ... Relativ-e voluine of brine v-(%o) in standard :s·ea~lce of 1o/oo 
·.salinity, ~depend big 'upon ·temperature (C), 1957. · 

· The relative volume -or brine Cor sea-ice i·s .obtained by multiplyi,ng the values 
in the .table by the observed salinity .or .the ice in %0 • The excess sal-ts. in 
seaice .(Cor example an enrichment in Na2S04-) should be subtracted from the 
salinity, but not-enough e-xper-imental data are available yet to estimate t'h~m. 
(From Assur; 1 the table i-s dated because refinements and improvements are 

ID be expected in the future.~ 

'• 

Vo'lume of brine 
/)(C) ·0 0.1 0.2 ·0.3 .OA 0.5 0.6 0.7 0.8 -(),9 

- Q 500.9 250.5 167.1 125..4 100.3 83.66 71.74 62.08 55.85 

- 1 50.28 45.77 4L87 38.60 35.77 33.29 31.17 29.06 27 .. 23 25 .. 56 
- 2 24.0 22.8 21.8 20.9 20.1 19.3 18.5 '17.9 17:3 16.7 
- 3 16.2 15.7 15:2 14.8. 14.4 14.0 13.6 13:3 ' l3.D ~ · 12.7 
- 4 12.4 12.1 11.8 011.6 11.4 11.2 11.0· '10.8 :10.6 10.4 
- 5 10.2 10.0 ·9.81 9.64 9.48 9.32 9.16 9.01 8.87 8 .. 73 
- 6 :8.60 8.48 8.36 8.25 8.14 8;03 7.92 7.82 7.72 '-7.62 
- 7 7.52 7.43 '7.34 7.25 7.16 :7 .'07 6.99 B.9L 6$3 6.7,5 
- 8 6.61' K60 6.53 6.46 o.39 6 .. 32 6.26 6.20 6.14. '6.08 
- 9' 6.02 c5.97 5.92 5.87 5.82 5.77 5.72 5.£7 '5.62 '5.57 
-10 5.53 5.49 .·5.45 5.41 c5.37 5.33 5.29 5.:26 5.22 5.18 
-11 5;15. .5.12 :5.08 5.05 5.-01 4.'98 4.9·5 4.'92 4.88 4.85 
-12 4.82 4.79 4.76 4.74 4.71 4.68 4.66 4.·63 -4.61 4;58 
-13 4.56 4.54 4.51 4.49 4.46 ·4.44 4.42 4.40 4.37. 4.35 
~14 . 4.3'3 4.31 4.29 4.27 4.25 4.23 4.21 4.19 4.17·· 4.15 
-15 4.13 . 4. il 4:09 4.08 4.Dti 4.04 4:02 4.00 3.99. '3.97 
·-16 3.95 3.93 3.92 '3.90 3.89 3.87 3.85 3.84 3.82 3.81 
-17 3.79 3.78 3.76 3.75 3.73 '3.72 -3.71 :3.69 3;68: 3.o6 
-18 3.6'5 3.64 3~£2 3.61 3.59 3/58 3.5'7 3 . .55 3.54 . 3.52 
-19 3.51 -3 .. 50 '3.48 3.47 3.,4.5 3.44 3.43 3.42 3.40, 3.39 
~20 .3.38 3.37 3 .. .36 3.34 .3.33 3.32 3.31 .3.30 3.28 3.27 
-21 3:26 . 3.25 3.24 3.22 3.:21 3.20 '3A9 ~.18 ~3.16 3:15 
__:.,22 3;14 :3:1'3 . 3.12 '3.11' 3.10 3.09 '3.08' 3.-07 3.0ff· 3.05 
-23 2.97 .2.89 2:81 . 2.72 2.64 2.56 2.50 2.43 2::37 2:30 
-24 ·2.24 2.19 2.14 2.08 ·2.03' 1.98 1.94 1.89 1.85 1:80 
-25 1.76 1..72 1.69· L65 1.62 1.58 1.55 L52 -1.49_ 1.46 
-26 1A4 1.41 1.38 .1.36 1.33 :t.31 1~29 L27 L25 -1.23. 
-27 .1.21 1.19 1.18 1.16 1.15 1.13. 1.12 l.ll 1.09 1.08 
-28 l;D7 1.06 1.05 1.04 1.03 1.02 1.01 '1.·00 0.990 0.980 
-29 0.97'0 0.960. -0.950 0.940 .... '0.930 0.920 0.--912 0.904 0.897 0.889 
-:=30 '0.881 ·0.'87.5 0.869 0.864 0.858 0.8'52' 0.£46 0.840 0.835 ,. 0.829 
---3-1 0.823 0.818 .0;813 0.808 0.803 fl.798 0.793 0.788 0.783 ··o.778 
....::32 ·o:n3 0.769 0:764 0.760 0.75o 0.752 0.747 ·0.'743 ·0:739 0.734 
-33 0.730 0.,726 :0.723 0.720 ·O.T16 0.712 0.709 o.70o 0.702 0.698 

exa-ct details or' how this drain·age occurs are st-ill unclear. However, Untersteiner5 has .proposed 
four possible mechanisms: 

1. Brine :pocket diffusion: changing ice temperature producing a brine drainage in the ·direction 
of the temperature _gradient. 

2. Gravity drainage: ·brine drainage 'by grav-itational force. 
3. 'Flushing: "brine drainage occurring through inter.connected tubes and cavities when· the 

· hydrostatic ·head :overcomes capillary retention. 
'4. Brine ·expulsion: ·e·xpulsion of brine .caused by ._changes in volume· as the ice cools. 

The last two mechanisms are considered the mo~t important in the nattu'al desalination of sea ice. 
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In this paper it is not important to understand the. mechanisrps ()f brine drainage. It is, however, 
important to understand that there is a .net drainage continuously taking place' changing the 
properties of the ice withtime. Once this isunderstood and the drainage rate. determined, our 
knowledge of changes in the temperature and salinity profiles with time may possibly be used, by 
way of the brine volume profile, to compute changes in the optical 'properties of sheets of sea ice 
with time. 

From optical principles, one would expect the salt concentration and migration to affect 
optical transmission through the ice since the brine is a multiple scattering medium. It was the 
purpose of this experiment to study these effects and possibly arrive at some correlation between 
the extinction coefficient and the salinity. The extinction coefficient a may be calculated from the 
formula, 

(1) 

where transmission T through the ice is the ratio. of the intensity of. light penetrating the ice to that 
incident upon the ice~ and 1 is the thickness of the ice sample. The sea ice :salinity is .obtained 
directly fro~ the melted test samples. 

The extinction coefficient a in eq 1 represents the total radiation loss through the sample with
out specifying what" happens to the radiation. Since the brine is a multiple-scattering medium, eq 1 
is not a rigorous calculation of the' extinction coefficienL We are not taking. into account the effects 
of Fresnel reflection and refraction at the two air/ice interfaces. The principle purpose of this paper 
is to determine the relationship between the extinction coefficient and the salinity of the ice. For 
this purpose, a more rigorous calculation of the extinction coefficient is unnecessary, 

Experimental· proc~dures 

Initially 18 gallons of a 35%o NaCl solution was placed in a 55-gallon insulated drum which 
was put in a coldroom at -36°C. The drum wa~ insulated around the sides and bottom to direct the 
temperature .gradient downward·, as in the natural free zing. of the sea. One w~ek later, 12 jn. of ice 
had formed in the drum. · 

For w~king conveniene~. the temperature ot\he room was then raised, gradually changing the 
temperature of the ice from -32°C to -21 °C. A 4 x 4 x 27/e-in. sample was cut to make a preliminary 
investigation of the magnitude and variation of the extinction coeffiCient over· a small cross-sec
tional area. The transmission: varied over the fate of the sample by two orders of magnitude, yield
ing_ as much as a 25% spread_ In extinction .co~fficient over a horizontal distance of only 3 em. 

. 

12 
.. cube X · · . x Since extinction measurements proved to be de-

pendent upon the position on the face of the ice as 

I ll _.-rE] 
s~ 

D 

D 

D 

D 

0 

0 

0 
Y--~------------

z 

Figure 1. , Orientation of the 'idr·IJloc'k and: 
the positions from which the samples were 
taken. The .z 'direction is directed from top 

to bottom of_ the ice bloc~. (Top refers ,to. 
upper surface of ice during the freezing . 

process.) 

well as upon the vertical position in· the ice sheet, it 
was decided to do a more detailed study. Natural sea 
water with a salinity of about 31%0 was frozen over a 
large area ·of about 24 x 24 ft to shimiate the natural 
freezing of the sea. It was fi'bzeri to a depth of atound 
12 in., leaying.(,lllother f~w inches of unfrozen sea 
water at the bottom. A 1-ft3 \)lock was.then cut out, 

. using a reeipropating saw, to study nine J x 1-in. 
position~ inthe. x-y plane (Fig._ 1). Tl1ese nine col
umns w,ere sliced .into approximately l,-cm-thick sam

.. , ple.s. yielding, nin~ sets of. lx ~- x 'h-in. samples. 
Each sample was cut to appropriate size, sanded .with 

···a belt sander; arid polished with emery cloth before 
the measurements were made. The temperature of 
the samples was kept at around -20qC. 
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After their surfaces had been polished, the samples were placed in a chamber in the optical 
path between a HeNe laser and a silicon photodiode in such a way that the laser beam was directed 
along the z-axis (Fig. 1) of the sample. The measurements were made by directing the 2-mm diam
eter laser beam· through the ·center of the sample to the silicon photodiode placed about 15 in. be
hind the ice. The presence of cracks and bubbles in the ice was noted. 

The photodiode was connected to a lock-in amplifier, which was connected to a recorder from 
which the voltage was read. Before the'ice•measurements were made, the·•Noltage,.corresponding to 
the. intensity of the light" with no sample in the beam path was obtained. The ratio of the reading 
obtained with ·a sample in the beam path· to this reading is the transmission T. The thickness of 
each ice sample was measured with calipers with 1-mm graduations. The extinction coefficient a 

of each· sample was calculated using the formula. 

lnT 
a=--R,-. (2) 

After. completion of the transmission measurements, the ice samples were melted in individual 
containers and-the salinities measured with a conductivity bridge. 

Results and analysis 

Plots of :extilic.tion·coeffieient vs:depth~were:;made.for:~eaeh~·oGthe nine :posit-ioh~·'of eaeh.::cr,9~_s,,: ·.· .. ;>·. <, ~/" ...... 
section of the ice. These plots appeared to show parabolas opening upward. All but two indicated 
a minimum extinction coefficient around the center of the ice block. This indicates that the 
extinction coefficient generally decreased with increasing depth from the top to the center and in:. 
creased with depth from the center to the bottom of the ice block. Inasmuch as most thin ice 
salinity profiles show a minimum at some depth near the middle of the profile, this observation in 
itself suggests that there may prove to be a simple relationship between extinction coefficient and 
brine volume· .or salinity. 

Each of the 9 parabolas obtained in these graphs had a different curvature; Therefore, to better 
define the results, the extinction coefficients were averaged over each x-y cross section and the 
averages plotted. against depth. Considering the fact that the main migration of salt in the ice is 
along the z-axis, as it is in naturally frozen sea ice, this would appear to be a justifiable procedure. 
Again the minimum extinction coefficient was around the center of the block (see Fig. 2). 

TE 
u 

_.. 5 
c::· 
• "(j 

~- 4 
• 0 
0 

I 
· I I I I 

: I 

Averages 

I I I I I l I 0 

Face Number 

(o) $ 3 points 
(•) >·3 pointe 

0 

0 0 0 

Figute 2. Average extinction coefficient vs fRee number (depth), ;umbered 
consecutively from top to bottom of the ice block. 'The averages are over 
each horizontal cross section (face). ·The open circles are less reliable 
than the other points. The extinction coefficients are plotted with 10% 

error bars. 
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Figure 3. Salinity averaged over each horizontal eros~ section (face) o(. 
the ice block vs the number of the face (numbered from top to bottom of· 
the ice block). The ve.rtical bars represent 10% error b:1rs on S4linity. : ' .. L.~ 

The open points are not as re1iable as the other fi'oints. 
~: .' .8!: 0.0 L~.-~: d ~i: ~-~-~~~ .2.~ f; .;> 

z 
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Figure 4. Schematic salinity profiles for sea ice 
with a thickn.ess of 100 ~m orless. (From Weeks 

·_and Assur .. ~) 
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Figure 5. Average extinction coefficient vs aver
age salinity. These averages are taken over each 
horizontal cross section (face). Open points. are-

less reliable.than others. 

Similar plots were made of salinity vs depth. The data were widely scattered, making it diffi
cult to define the shape of the curve. However, using the least square regression method of curve 
fitting, the best-fit* curve in each case was a parabola opening upward. The salinities were then 
averaged ove~ each face and these averages plotted against depth (Fig. 3). This salinity profile 
is in partial agreement with natural salinity profiles found by Weeks and Assur6 (Fig. 4). These 
results also seem to support Untersteiner's5 statement that flushing and expulsion are the pre
dominant mechanisms in the natural desalination of sea ice. Otherwise, salinity would have in
creased with depth from the top to the bottom ·of the ice because both ... gravity and the temperat-ure 
gradient were directed from top to bottom. 

Above, we have been taking averages over faces representing a cross-sectional area of 
approximately 1 fe. It should be. noted that there were some wide variations in values over individual 
l-in. 2 samples. For instance, there was a variation of up to about 98% in salinity and 73% in extinc~ 

. tion coefficient (see Table III). 

The main purpose of this experiment was to determine some type of relationship between 
extinction coefficient and salinity if such a relationship exists: Salinity vs extinction coefficient 
graphs were plotted for each of the nine face positions. The curves were not well-defined. By 
calculating the correlation coefficients, it was found that all five c:urves considered (Table IV) 
were best fitted by a parabola. 

Because these curves were so undefined, it was decided to draw another graph. This time the 

average salinities across each face were plotted against the average extinction coefficients across 
each face. This yielded a much better defined curve (Fig. 5). 

*Best-fit refers to closeness of Cit to the equations of Table IV. 
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Table III. Distribution of salinity and extinction coefficient o.ver 
1 x 1-in. cross sections (faces) of sea ice with thickness of lcm. 

Std. Max. Dist. bet. Max.· 
Mean Std. dev. % High Low high/low . dist. No~ of 

Face (em) dev. (%) dill. (CmJ (cmJ (em) poss. (em) positions· 

Salinity 

1 6.71 1.84 27.42 97.75 8.9 4.0 11.2 14.2 7 
2 6.50 0.99 15.23 38.67 7.5 4.6 7.1 14.2 8 
3 6.46 1.35 20.90 47.06 8.5 4.5 5.0 14.2 8 -..:. 

4 6.33 1.25 19.75 48.78 8.2 4.2 10.0 14.2 9 
5 6.20 1.01 16.29 42.50 8.0 4.6 5.0 14.2 8 
6 5.67 1.-13 19.93 . 40.28 7.2 4.3 5.0 11.2 6 
7 6.32 0.89 14.08 35.62 7.3 4.7 5.0 11.2 6 
8 5.95 0.82 13.78 36.00 7.5 4.8 7.1 11.2 6 
9 5.68 0.57 10.04 25.00 6.4 4.8 11.2 11.2 6 

10 5.65 0.24 4.25 11.48 6.1 5.4. 10.0 11.2 6 
11 5.19 0.26 5.01 13.00 5.5 4.8 5.0 11.2 5 
12 5.50 0.60 10.91 27.87 6.1 4.4 5.0 11.2 5 
13 5.65 0.84 14.87 28.17 7.1 5.1. 7.1 10.0 4 
14 5.07 0.31 6.11 12.73 5.5 4.8 5.0 10.0 3 
15 4.80 0.28. 5.83 12.00 5.0 4.4 5.0 10.0 3 
16 4.95 0.25 5.05 9.62 5.2 4.7 5.0 5.0 2 
17 4.43 0.39 8.80 18.75 4.8 3.9 5.0 10.0 3 
18 5.27 0.63 11.95 8.47 5.9 4.4 10.0 10.0 3 

Avg 5.69 0.76 12.79· 30.76 6.7 4.6 6.9 11.4 5.4 

Extinction coefficient 

1 5.27 1.59 30.17 67.17 7.92 2.62 11.2 14.2 8 
2 4.45 1.37 30.79 55.61 5.98 2.27 7.1 14.2 8 
3 4.80 ~.95 40.63 73.46 8.10 2.15 14.2 • 14.2 . 9 
4 4.18 1.84 44.02 60.97 7.44 2.09 10.0 14.2· 9 
5 4.26 1.82 42.72 66.88 7.69 2.62 10.0 14.2 9 
6 3.38 0.81 23.96 47.96 4.91 2.56 11.2 11.2 6 
7 2.98 0.84 28.19 64.69 4.07 1.44 7.1 11.2 6 
8 3.32 0.41 12;35 30.491 4.11 2.85 7.1 11.2 6 
9 3.16 1.05 33.23 57.92 5.33 2.23 7.1 11.2 6 

10 3.27 0.58 17.74 44.05 4.20 2.36 11.2 ' 11.2 6 
11 3.68 0.96 26.09 52.73 5.52 2.63 11.2 11.2 6 
12 3.73 0.77 20.64 48.701 5.03 2.95 11.2 11.2 6 
13 3.36 0.96 28.57 55.58, 5.02 2.23 11.2 11.2 5 
14 3.85 0.62 16.10 50.67i 4.53 3.03 10.0 10.0 3 
15 2.74 0.34 12.41 21.881 3.22 2.48 10.0 10.0 3 
16 2.76 1.27 46.01 72.09 1 4.32 1.20 10.0 10.0 3 
17 2.63 0.71 27.00 48.59i 3.55 1.83 5.0 10.0 3 
18 4.04 1.02 25.25 47.86i 5.14 2.69 5.0 10.0 3 

Avg 3.66 1.05 28;10 53.74) 5.34 2.35 9.4 11.7 5.8 

Table IV. Equations of the five curves considered 
in least square regression curve fitting. 

1. Y =mx + B 

2. Y =Ax8 

3. Y =A lnx + B 

4. Y =A+ Bx + cx
2 

5. Y = ABx or Aecx, where c = lnB 

A, B, c and m are dirterent constants 
for each equation. 
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Figure 6. Exponential relationship: between the 
optical extinction coefficient an

0
d the salinity of 

sea ice at 6328 A. 

By using the least square regression method of curve fitting, we find that this average extinction
salinity relationship may be more accurately defined by an exponential relationship, which is much 
more conceivable physically than the previously found· parabolic relationship. The equation of this 
exponential is 

y == 2.41 + 0.001 exp (l~19x), (3) 

where y is the extinction coefficient and x is the salinity. In this range of salinities, however, 
other equations describe the relationship as well as the exponential. Two such equations are: 

y = -17.3~ + 12.59x- 2.69x2 + 0.197x3 (4) 

and y == 16.05 - 5. 71x + 0.61x2 . (5) 

Equations 4 and 5 may be ruled out because of their evaluation at..zero salinity (x = 0). The curve 
represented by eq 3 is shown in Figure 6. 

Figures· 7a and 7b show the relative flt of these three equations over two different ranges. 
Note that the three curves are within 2% of each other at all points within the salinity range of 
this experiment. 
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Conclusion 

Th~ results of this expedme~t have indicated a cl~ar relationship between salinity and extinc
tion coefficient. This salinity-extinct-ion relationshipc was found to be exponential. described by 
the equation: 

y =': 2.4:1 + 0.001 exp (L19x). (3) 

Tll-is equation gives an excellent'..account of the results of this experiment and gives conceivable 
predictions of the salinity-extinction relationship beyond the range of this experiment. 

This relationship should, be studied for- a larger range in salinity~ part-icularly for smaller 
values of salinity. The prediction of eq 3 that the optical extinction coefficient at zero salinity 
is 2.41 em ·l should also be verified. 

. \. 

There should be a study of the effects on the salinity-extinction relations-hip of such parameters 
as the rate of freezing, wavelength, and the temperature of the ice at the- time of transmission .'.·. 
measurements. 'rt may also be of interest to- illuminate the ice samples with- the laser beam at small 
angular displacements from. the normal to the ice surface. 
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APPENDIX A~ ERROR ANALYSIS 

There was a degree of random error involved in this experiment. Errors were caused by such 
things as changes in the surface of the ice. Sublimation and melting were factors that couldn't 
be calculated out. Since the ice temperature was above the eutectic point, the ice and brine were 
never in equilibrium. The ice samples collected a small amount of dust particles and soil from 
the air and equipment (such as the sanding belt). 

Perhaps one of the most important random errors was that due to air bubbles in the ice. The 
air bubble content varied from sample to sample, presumably yielding varying degrees of discrepancy · 
in the extinction coefficient. Though this discrepancy is assumed to be small because of the 
relatively small volumes of air, it is not known to what extent the air bubbles affected the extinction 
coefficient. 

There was also some systematic error that propagated through to the extinction coefficient. 
(The errors in reading transmission and salinity are assumed to be negligible.) There was error 
involved in the measurement of ice thickness. The calipers used to make these measurements read 
to an accuracy of about ± 0.5 mm. Using the approximation 

where 

ln T 
a=---

Q, 

we find that L\ a, the error in extinction coefficient a due to the error in measuring ice thickness, is 

To get the fractional error in a, L\ a is divided by a: 

or 

~i 
ln T-

~a R, 2 

a ln T 
i 

where i is the ice thickness and .i\i is the error in reading this thickness from the calipers. 
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Since L\9. is Jairly constant, the largest error appears at the smallest value of 9,(9, == 0.6 em). 
Calculating the fractional error in a at this value of .R,, we find the maximum fractional error in a 
to be: 

. ·lA al- '.1- L\9, 'I max--.--
a 9, 

8.3%. 

Therefore the error in ice thickness may cause as much as a ± 8.3% error in the extinction 
coefficient. 
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