
Journal ojGlaciology, Vol. 27, No. g6, Ig81 

LABORATORY STUDIES OF THE OPTICAL PROPERTIES 
OF YOUNG SEA ICE* 

By DONALD K. PEROV1CH and THOMAS C. GRENFELL 

(Department of Atmospheric Sciences, University of Washington, Seattle, Washington 98195, 
U.S.A.) 

ABSTRACT. Laboratory experiments were performed to determine the optical properties of young salt 
ice and to examine correlations between the optical properties and the state of the ice. Ice was grown at 
different temperatures (- 10, - 20, - 30, and - 37°C) from water of different salinities (0, 16, and 3 I ,",00) . 
The experiments were conducted in a cylindrical tank I m in diameter designed to approximate natural 
ice growth and to permit in situ optical measurements. Observed incident, reflected, and transmitted 
irradiances were used in conjunction with a modified Dunkle and Bevans photometric model to determine 
spectral albedos and extinction coefficients. Cold ice only 0.25 m thick had albedos which were comparable 
to the values for 2 to 3 m multi-year ice examined by previous researchers during the summer melt season; 
extinction coefficients were 1.5 to 15 times greater. As the ice temperature and hence brine volume decreased, 
both albedo and extinction coefficient increased; when the ice temperature dropped below the eutectic point, 
they increased sharply. In addition, ice grown at lower air temperatures had greater albedos and extinction 
coefficients even when ice temperatures were the same. Variations in the optical properties of the ice are 
determined by changes in the amount of brine and its distribution; thus the optical properties of salt ice 
depend not only on ice temperature but on initial growth rate. Variations in ice salinity over the range 
4%0 to 14%0 produced no detectable changes in the optical properties. 

RESUME. Etudes en laboratoire des propriitis optiques de lajeune glace salie. On a pour suivi des experiences en 
laboratoire pour determiner les proprietes optiques de la jeune glace salee et examiner les correlations entre 
les proprietes optiques et l'etat de la glace. Les glaces etaient fabriquees a des temperatures differentes 
( - 10, - 20, - 30, et - 37°C) a partir d'eau de salinites differentes (0, 16, et 3 I roo) . Les experiences ont ete 
conduites dans une enceinte cylindrique de I m de diametre dessinee pour se rapprocher des conditions 
naturelles de croissance de la glace et pour pcrmettre in situ des mesures optiques. On a utilise les rayon ne
ments incidents reflech is et transmis ainsi qu'un modele photometrique modifie de Dunkle et Bevans pour 
determiner les albedos spectraux et les coefficients d'extinction. De la glace froide sous seulement 0,25 m 
d'epaisseur, a des albedos comparables aux valeurs trouvees par d'autres chercheurs examinant pendant la 
saison de fusion estivale des glaces pluriannuelles de 2 a 3 m d'epaissuer; les coefficients d'extinction etaient 
de 1,5 a 15 fois plus grands. Lorsq ue la temperature de la glace e t par consequent la teneur en saumure 
diminuait, l'albedo et le coefficient d'extinction s'accroissait ; si la temperature tombe en-dessous du point 
eutectique ils augmentaient brusquement. De plus, les glaces formees aux plus basses temperatures de l'air 
ont des albedos et des coefficients d'extinction plus forts, meme lorsque les temperatures de la glace sont les 
memes. Les variations dans les proprietes optiques de la glace sont determinees par les changements dans 
la teneur en saumure et dans sa distribution; par consequent, les proprietes optiques de la glace salee 
dependent non seulement de la temperature de la glace mais de son mode de croissance initiale. Des variations 
dans la salinite de la glace de 4%0 a 14~~0 n'ont pas produit de changement decelables des proprietes optiques. 

ZUSAMMENFASSUNG. Laboruntersuchungen der optischen Eigenschaftenjungen, salzhaltigen Eises. Zur Bestimmung 
der optischen Eigenschaften jungen, salzhaltigen Eises und zum Studium der Zusammenhange zwischen 
den optischen Eigenschaften und dem Zustand des Eises wurden Laborversuche angestellt. Eis wurde bei 
verschiedenen Temperaturen (- 10, -20, - go, und -37°C) aus Wasser mit verschiedenem Salzgehalt 
(0, 16, und 3 I ,",00) erzeugt. Die Versuche fanden in einem zylindrischen Tank von I m Durchmesser statt, 
da zur annahernd naturlichen Erzeugung von Eis und zur optischen in sit-Messung eingerichtet war. Zur 
Bestimmung der spektralen Albedo und des Extinktions-Koeffizienten aus einem modifizierten photo
metrischen Modell nach Dunkle und Bevans wurden die Beobachtungen einfallender, reflektierter und 
durchfallender Beleuchtungswerte herangezogen. Kaltes Eis von nur 0,25 m Dicke wies Albedowerte auf, 
die mit denen fur 2 bis 3 m dickes, mehrjahriges Eis vergleichbar waren, das von fruheren Forschern wahrend 
der sommerlichen Schmelzperiode untersucht worden war; die Extinktionskoeffizienten lagen 1,5 bis 15-mal 
hoh~r. Nimmt die Eistemperatur und damit das Solevolumen ab, so wachsen Albedo und Extinktions
koeffizient; sank die Eistemperatur unter den eutektischen Punkt, so nahmen beide sprunghaft zu. Ausserdem 
hatte Eis, das bei niedrigen Lufttemperaturen entstanden war, gross ere Albedowerte und Extinktions
koeffizienten, auch wenn die Eistemperatur dieselbe war. Anderungen in den optischen Eigenschaften des 
Eises ergeben sich aus Anderungen des Solegehaltes und ihrer Verteilung; somit hangen die optischen 
Eigenschaften von salzhaltigem Eis nicht nur von der Eistemperatur sondern auch von der ursprunglichen 
\Vachsturnsrate ab. Anderungen im Salzgehalt tiber den Bereich von 4 bis 14%0 bewirkten keine erkennbaren 
Anderungen der optischen Eigenschaften. 
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INTRODUCTION 

The overall energy balance of the polar regions is greatly influenced by the reflection, 
absorption, and transmission of short-wave radiation by sea ice. Radiation absorbed in the 
ice or upper ocean retards freezing and contributes to melting thus affecting the equilibrium 
thickness of the ice. The amount and spectral distribution oflight penetrating into and under 
the ice is also important biologically in determining primary productivity. 

The ice cover of the Arctic Ocean is both vertically and horizontally complex. Vertically, 
the ice exhibits variations in crystal structure, brine volume, temperature, and bubble density. 
Horizontally, thickness can vary from open water to thick pressure ice over distances of only 
a few tens of meters; surface conditions are diverse including melt ponds, bare ice, and snow
covered ice. Unlike its constituent parts of brine and fresh ice, sea ice is dominated optically 
by scattering rather than absorption. The intricate and highly variable structure of sea ice, 
consisting of air bubbles, ice platelets, and brine pockets and channels, considerably compli
cates the processes of radiative transfer within the medium. 

Due to the importance of net short-wave radiation in hea!-budget calculations, measure
ments of albedos have long been a routine part of data collection in the Arctic. Typical 
values of wavelength-integrated albedo are 0.06-0.1 for open water (Burt, 1954),0.2-0.6 for 
melt ponds (Hanson, 1961; Langleben, 1971),0.5-0.7 for melting bare ice (Chernigovskiy, 
1963), to as much as 0.9 for freshly fallen snow (Timerev, 1970). Areally averaged albedos 
measured from high towers and aircraft (Langleben, 1968; Hanson, 196 I) have been used to 
formulate empirical relations between albedo, the degree of puddling, and the amount of open 
water. Spectral albedos have been determined by Grenfell and Maykut (1977) from 400 to 
I 000 nm for an extensive range of Arctic ice and snow conditions. Their results show that the 
albedo curves are quite sensitive to the amount ofliquid water in the surface layer. A reduction 
of albedo, much more pronounced at longer wavelengths, occurs when surface water 
accumulates. 

Measurements of radiation extinction in thick first-year and multiyear ice also have been 
reported. From changes in ice temperature profiles U ntersteiner (196 I) calculated an optical 
bulk extinction coefficient K of 1.5 m-I for multiyear sea ice. Using photoelectric cells Thomas 
(1963) measured K values of LI m-I for pack ice and 2.2 m-I for shore-fast ice. Weller and 
Schwerdtfeger (1967), studying 1.35 m thick Antarctic sea ice, determined values of bulk 
extinction coefficient of 1.2 m-I using a thermopile radiometer and 1.0 m-I from temperature 
profiles. Spectral measurements oflight penetration through first-year (Maykut and Grenfell, 
1975) and multiyear (Grenfell and Maykut, 1977) sea ice were taken with a submersible 
spectrophotometer. The wide range of ice types investigated showed that extinction 
coefficients are lowest for ice beneath an old melt pond, increasing in order for first-year blue 
ice, the interior of multiyear white ice, and the surface granular layer of multiyear white ice. 
In all cases the spectral extinction coefficient was fairly constant from 400 to 500 nm, 
exhibiting a gradual rise between 500 and 600 nm, then a dramatic increase beyond 600 nm. 

Some research has been done in attempting to correlate the optical properties with the 
physical state of sea ice. Well er (1972), studying young growing sea ice, observed an increase 
of bulk albedo with thickness. Laboratory experiments conducted by Davis and Munis (1973) 
indicated that the extinction coefficient increased as the ice salinity increased. Further 
investigations of the relationship between salinity and extinction coefficient (Lane, 1975) 
showed a decrease in transmission as salinity increased, though this dependence was very weak 
for salinities greater than 5%0. However, the influence of ice temperature, growth rate, and 
bubble density on the optical properties of sea ice is not well known. 

NIost of the research on the optical properties of sea ice has been concerned with thick ice. 
Due to the hazards involved, the optical properties of thin young sea ice have not been studied 
in the field. Recent calculations (Maykut, 1978; Grenfell, 1979) show that although thin ice 
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accounts for only a small percentage of the ice cover, it transmits large amounts of energy to 
the ocean and can strongly influence the regional heat budget. 

The most practical way to study the optical properties of young ice is through laboratory 
experiments which allow environmental control and avoid the inherent hazards of the field. 
This paper describes the results of such a laboratory program investigating the optical 
properties as a function of wavelength from 400 to I 000 nanometers (Perovich, 1979). The 
dependence of the optical properties on such physical parameters as growth rate, air tempera
ture, salinity, and brine volume was examined, and a photographic analysis was made to 
relate variations in the optical properties to changes in the ice structure. 

LABORATORY EXPERIMENTS 

Eight experiments were conducted for ice grown from NaCI solutions of different salinities 
over a range of air temperatures. Three categories were defined on the basis of water salinity: 
fresh water, salinity comparable to Arctic ocean water (3 I %0)' and water of intermediate 
salinity (16 %0)' Ice was grown at an air temperature of -ISoC for the two fresh-ice experi
ments; -10, - 20, - 30, and -37°e for the full salinity experiments; and -10 and -20°C 
for the intermediate salinity cases. The optical properties of salt ice are assumed to be the 
same as those of sea ice. 

The ice was grown in a cylindrical "Plexiglas" (polymethyl methacrylate) tank 0.61 m 
high and 0.95 m in diameter (Fig. I). A cylindrical design was chosen to avoid stress concen
trations, enabling the use of a very thin "Plexiglas" wall (3.75 mm) while maintaining 
structural integrity. Mirrored "Plexiglas" was selected to minimize optical edge effects by 
making the ice sheet appear larger in areal extent. The tank's base was I2.S mm thick 
"Plexiglas" painted black to minimize reflection. Both the bottom and the walls of the tank 
were thermally insulated to insure the growth of a flat ice sheet. 

The source of illumination was a "sun" consisting of nine, SOO W incandescent light bulbs. 
Blue-frosted "superfloods" with a color temperature of 4800 K were used since they provided 
a larger proportion of short wavelength light than conventional incandescent bulbs. To 
produce uniform illumination the lights were mounted on a glossy white circular piece of 
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Fig. I. The tank system. The walls are mirrored "Plexiglas" and the bottom is painted flat black. 
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wood, one meter in diameter, in an array consisting of a hexagon with an inner triangle. A 
sheet of opal "Plexiglas" was placed between the "sun" and the ice surface to produce diffuse 
lighting conditions similar to cloudy skies. A fan enhanced growth by providing air circulation 
and an underwater pump was used to circulate the water retarding excess growth of ice down 
the wall of the tank. 

Incident, reflected, and transmitted spectral irradiances over the wavelength region 400 
to I 000 nm were measured with the profiling spectrophotometer described by Roulet and 
others (1974). The key feature of this spectrophotometer was the use offiber optics to transmit 
light from the interior of the medium to the instrument, allowing in situ optical measurements 
to be made. The glass fiber-optics probes were mounted on a central " Plexiglas" column in a 
spiral array as shown in Figure I. Typically six probes were used; an above-surface probe for 
measurements of incident and reflected irradiances, four probes frozen into the ice at depths 
of 0.03, 0.06,0.10, and 0.19 m, and a sixth probe always below the ice at a depth of 0.33 m 
measuring transmitted irradiances. A specially designed coupling box made it possible to 
connect the spectrophotometer to the six different fiber-optics probes. The optical data were 
recorded on magnetic tape for subsequent computer processing. 

Ice thickness was measured with a thickness gauge consisting of a 0.5 m long section of 
plastic pipe, graduated in intervals of 2.5 mm, with a flat "Plexiglas" base. The tube was 
frozen vertically into the ice and measurements were made by pulling the gauge upwards 
until the base reached the bottom of the ice. A chain of thermistors was used to obtain vertical 
temperature profiles. Temperatures were usually recorded at 30 mm above the surface, at 
the surface, and at 20 mm intervals within the ice. The thermistors were potted in "Silastic" 
on a "Plexiglas" strip and painted with marine varnish to provide electrical insulation. To 
determine salinity profiles several lengths of plastic pipe, I I mm in diameter, were frozen into 
the ice. When a salinity profile was needed, a tube was removed from the ice, providing an 
ice core which was then cut into sections 20 mm long. After the sections melted, the salinity 
was measured using an ENDECO Type 102 optical salinometer. 

Each experiment consisted of two parts. The first was a growth phase where the air 
temperature of the cold room was held constant and the second was a warming phase where 
the air temperature was raised to o°C in two or three increments and the ice allowed to attain 
a linear temperature profile at each new air temperature. 

At the end of the growth phase a core was removed for photographic analysis of the ice 
structure, and vertical and horizontal slabs 20 mm in thickness were prepared. Photographs 
were taken in natural light to display prominent brine channels and vapor bubbles. The slabs 
were then thinned to between I and 3 mm and photographed in transmitted light between 
crossed polaroids to show the platelet and crystal structure. 

THEORY 

A modified Dunkle and Bevans (1956) photometric model was used to calculate extinction 
coefficients from measurements of incident, reflected, and transmitted irradiances. The theory 
assumes an isotropically scattering, optically homogeneous medium, finite in depth , infinite 
in width and breadth, with a diffuse radiation field at all depths. Unlike the commonly-used 
Bouguer-Lambert law, which assumes a semi-infinite medium, the Dunkle and Bevans model 
can represent a thin slab. The formulation used is similar to that of Grenfell and Maykut 
(1977) with the added complications of specular reflection at the upper surface and transmitted 
measurements made within, as well as beneath the ice. The Dunkle and Bevans model 
assumes two streams, an upwelling and a downwelling irradia nce, entailing the solution of the 
following simultaneous differential equations (Dunkle and Bevans, 1956): 
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and 

where F~ (z, A) is the downwelling spectral irradiance, Ft (.z, A) is the upwelling spectral 
irradiance, kA is the spectral a bsor p tion coefficient, TA is the spectra l volume refl ectance 
coefficient, and z (increasing downward) is the depth within the ice. The bounda ry conditions 
for this problem are 

z = 0: 

and 

z= H: 

(3) 

where Ro is the specular reflectivity of the upper surface, Fo(,\.) is the incident irradia nce at a 
given wavelength, and H is the thickness of the ice. 

For a homogeneous, plane para llel slab of thickness H, with the a bove boundary conditions, 
the solutions to Equations (I) and (2) are 

and 

( I - Ro) Fo( A) sinh [KA(H- z ) + y] 
F~ (z, A) = sinh [,c,\.H+y] -Ro sinh [K,\.H] (5) 

(I -Ro) Fo(,\.) sinh [KA(H-z)] 
Ft(z, A) = sinh [KAH+ y] -Ro sinh [KAH] (6) 

where KA = (2kATA + kA2)! is the extinction coefficient and y = a rsinh (KA h ). Combining 
Equations (5) and (6) relationships are written in terms of the measured values of a lbedo and 
transmittance. The albedo IX( A) is given by 

RoFo(,\.)+( I - R n) Ft(o, A) (I-Ro)2 sinh (KAH) (7) 
IX(A) = Fo(,\.) = Ro+ sinh h H+ y) - Ro sinh (K,\.H) . 

The transmittance T(z, A) is expressed as 

F~ (z, A) (I - Ra) sinh [KA (H-z) + yl 
T (z, A) = Fo(,\.) = sinh (K),H+ y)-Ro sinh (K),H) . (8) 

Equations (7) a nd (8) cannot b e explicitly solved for KA and TA . Instead they were deter
m ined by numerically invert ing the equations using a two-dimensional Newton- Raphson 
iteration scheme. Convergence was rapid , usually occurring within three iterations. 

To aid in the ana ly~is of in terrelationships between op tical properties and o ther ice 
parameters, bulk a lbedos were calcula ted from 

1 000 

f IX),Fo( A) d A 

IXBC = 4';"'000 (9) 
f Fo( A) dA 
400 , 

using relative values of Fo( A) for clear a nd cloudy skies obtained fro m Sauberer and Dirmhirn 
(1958) together with high-resolu tion values for clear skies from Cast ( 1960). 

DATA REDUCTION 

The raw optical scans consisted of 230 waveleng th steps toge th er with corresponding 
spectral irradiances. At every probc locat ion severa l scans were recorded and a veraged 
together to reduce errors due to instrumenta l noise. Since seveml fiber-optics probes were 
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used concurrently, it was necessary to determine their relative sensitivities. In each experi
ment sensitivity factors Sn were assigned for each probe by substituting data from the no-ice 
(open-water) measurements into the relationship 

(10) 

where R~(zn, >.) was the intensity reading at probe Zn (proportional to downwelling 
irradiance), Fo ( >.) the incident irradiance, and a( >.) the albedo. Subsequent readings 
from each probe were multiplied by the appropriate sensitivity factors to give spectral 
irradiances. 

Sensitivity factors were determined at a wavelength of 490 nm where absorption by the 
water column in the tank was negligible. At this wavelength Smith (1973) found an extinction 
coefficient of 0.044 4 m - I for clear saline water, which when substituted into the Bouguer
Lambert law indicated that the maximum error introduced by absorption in Equation (10) 
was less than 1.5 %. 

The two major sources of error in the optical measurements were due to instrumental 
noise and the large bandpass of the instrument in the infrared. The electronic noise level was 
independent of wavelength and equal to ±2.5 m V for the most sensitive instrument setting 
and ± I m V for lower sensitivities. Consequently, signal-to-noise ratios decreased at shorter 
wavelengths, and from 400 to 450 nm they were too low for any meaningful interpretation of 
the data. 

The large band pass of the instrument at longer wavelengths resulted in errors in the 
wavelength assigned to a given irradiance. Because the attenuation of ice increases strongly 
with wavelength, a substantial decrease occurred in the transmitted intensity across the 
bandpass. As a result the major contribution to the measured irradiance came from the short 
wavelength side of the band, and the wavelength effectively being measured was significantly 
shorter than the nominal wavelength at which the instrument was set. This effect was most 
serious for the transmitted radiation, thus extinction coefficients are not reported for wave
lengths greater than 800 nm. Deconvolution techniques were applied in an attempt to 
increase spectral resolution; however, deconvolution greatly magnified small noise variations 
and obscured the results beyond 800 nm. Since the reflected radiation did not show such a 
rapid change with wavelength, albedos were more reliable at longer wavelengths and are 
reported out to I 000 nm . 

. RESULTS 

Spectral albedos and extinction coefficients 

Spectral albedos representative of the young salt ice investigated in these experiments are 
displayed in Figure 2 together with representative curves for snow and thick sea ice. The 
albedo appears fairly constant from 450 to 600 nm and decreases from 600 to I 000 nm. 
Curve I shows the albedo of growing fresh ice for an air temperature of - 15°C, and curves 
2-5 show albedos of salt ice for air temperatures of - 10, -20, -30, and -37°C. In all cases 
the ice was approximately 0.2 m thick. The albedo of fresh ice is less than 25 % of the smallest 
value for salt ice (curve 2). Comparison of curves 2-5 indicate that at all wavelengths the 
albedo is larger for cold er, faster-growing ice. T his increase is most dramatic (curve 5) when 
the ice temperature drops below the eutectic point ( -21 °C for NaCI solutions). The presence 
of solid salts results in an increase in albedo to values comparable to snow. Plotted for com
parison are albedos for dry snow (Melior, 1965), melting lirst-year blue ice (Grenfell and 
Maykut, 1977), and melting multiyear white ice (Grenfell and Maykut, 1977). Excluding the 
case below the eutectic point, the albedos for the much thinner and cold er ice examined in 
these experiments lie between the albedos of melting first-year and multiyear ice. 
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Extinction coefficients for the same cases (Fig. 3) exhibit a marked wavelength dependence, 
increasing slowly between 450 and 600 nm, then sharply from 600 to 800 nm. Curve 5, for 
example, shows a value at 600 nm which is only 20 % larger than at 500 nm, but by 800 nm KA 

is nearly twice as large as the value at 500 nm. As for albedo, the extinction coefficient for ice 
below the eutectic point is the greatest, with values decreasing for warmer ice. The extinction 
coefficients measured in these experiments for cold thin ice are, at all wavelengths, consider
ably larger than previously reported results for thick ice. At 500 nm, for example, 0.24 m 
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Fig. 2. Spectral albedos of various types of ice: (1) fresh 
bubbly ice, H = 0.22 m; (2) melting jirst-year blue 
ice, "'BC = 0.27 (from Grenfell and Maykut, 1977); 
(3) full salinity, H = 0.2 1 m, Talr = - JOoe, 
"'BC = 0·37; (4) full salinity, H = 0.22 m, 
T air = - 20°C, "'BC = 0.42; (5) full salinity, 
H = 0.20 nz, Talr = - 30°C, "'IlC = 0.53; (6) 
melting multiyear white ice (Grenfell and M aykut, 
1977), "'BC = 0.69; (7) full salinity, H = 0.24, 
T a lr = - 37°C, "'BC = 0.86; and (8) dry snow 
(Mellor, 1965). The error bars shown for selected 
curves indicate the uncertainties due to instrumental 
noise and experimental reproducibility. 
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Fig. 3. Spectral extinction coefficients of salt ice and sea ice: 
(1) ice beneath an old melt pond (Grenfell and Maykut, 
1977); (2) interior of melting multiyear white ice 
(Grenfell and Maykut, 1977); (3) full salinity, 
H = 0.21 rn, Talr = - 10°C, exBC = 0·37; (4) 
full salinity, H = 0.22 rn, Tal r = - 20°C, 
"'RC = 0.42; (5) full salinifV, H = 0.20 rn , 
Tair = -30°C, exBC = 0.53; and (6) full salinity, 
H = 0.24 rn, Talr = - 37°C, exBC = 0.86. The 
error bars shown for selected curves indicate the 
uncertainties due to instrumental noise and experimental 
reproducibility. 

thick ice at an air temperature of -30°C has an extinction coefficient which is twice that 
measured in the surface granular layer of multiyear white ice and ten times greater than 
values for the interior of multi year white ice (Grenfell and :Maykut, 1977). The bulk extinction 
coefficient for this case, calculated from 

Boo 800 

K = .r KAFnet(z, >.) d>.j f Fnet(z, >.) d>' ( 11) 
400 400 

where Fnet( z, >,) = F~ (z, >.) - Ft (z, >'), is 7.4 m-I at 0.10 m under cloudy conditions. This is 
approximately 5! times larger than the values of 1.5 and 1.2 m- I measured by Untersteiner 
(1961) and Weller and Schwertfeger (1967) for multiyear ice and first-year ice respectively. 
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In order to provide an independent check of the above results, a method of determining 
the bulk extinction coefficient from the heat absorbed in the ice was used (Untersteiner, 1961). 
In general, the heat balance of the ice can be expressed (Carslaw and Jaeger, 1959) by 

02T oFnet(z) aT 
k OZ2 + OZ = pes Tt (12) 

where k is the thermal conductivity, oFnet(z)/oz is the radiative heating, p is the ice density, 
and 

The relative importance of the conductive and radiative terms in Equation (12) was tested 
using a finite-difference scheme. For typical experimental conditions it was found that below 
a depth of 40 mm the conduction term could be neglected when the "sun" was on. Under 
these circumstances, a temperature rise from To to T J occurring in a time interval t can be 
related analytically to the radiative heating by combining Equations (12) and (13) and 
integrating. This gives 

oFnet(z) _ A( T - T.) 
OZ t - Pia 

where A = 2.09 + I. 72S/( To Tj). Over a small depth interval !:!.. z, the depth dependence of the 
radiation field, can be accurately represented by Fnet(z + !:!.. z) = Fnet(z) exp (- K6.Z) . 
Evaluating Equation (14) at z + !:!.. z and z, dividing, and taking the logarithm gives 

(15) 

Since most of the infrared is absorbed in the upper 40-50 mm, bulk extinction coefficients 
determined from Equation ( 15) are directly comparable to values from Equation ( I I). 

This method was applied to ice grown at -30°C. The ice was illuminated for 200 min, 
wi th temperature profiles recorded a t the beginning and end of that period. The resulting heat 
absorption profile, A (Tj - To) versus z, is shown in Figure 4. Below 40 mm the curve is 
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logarithmic and the resultant extinction coefficient from Equation ( 15) is 19 m-I. Using the 
spectrum of a 4800 K black body, Equation ( I I ) gives an extinction coefficient of 18 m- I 
at a depth of 60 mm. The results of two methods agree to within 5 % confirming that K is 
considerably larger for young growing ice than for thick first-year or multiyear sea ice. 

The dependence of the optical properties on physical parameters 

Sea ice is a complex medium whose structure depends on its thickness, temperature, 
salinity, and brine volume. Initially, however, the structure is determined by the growth 
conditions and is influenced by the subsequent thermal history. While it was impractical to 
define the complete dependence of the optical properties on all the above-mentioned para
meters, it was possible using the set of cases described in the laboratory experiments section 
to achieve an understanding of the basic dependences and their relative importance. 

For increasing ice thickness the albedo increased and the transmission decreased. Figure 5 
displays isopleths of albedo as a function of wavelength and thickness for salt ice grown at an 
air temperature of -20°C. At short wavelengths the increase of albedo with thickness was 
greatest and continued throughout the entire growth phase (up to 0.25 m). At wavelengths 
greater than about 700 nm the albedo reached a maximum value part way through the 
experiment which it held as the ice continued growing. The ice thickness where the maximum 
was reached decreased for longer wavelengths. In all other experiments the same qualitative 
bchavior was observed. 

This behavior is due primarily to the addition of scattering layers as the ice grows coupled 
with an increased path length which backscattered light must traverse to emerge at the surface; 
therefore, the albedo increases rapidly a t first and then more gradually until the contribution 
from additional layers is negligible. Since absorption by the ice increases with wavelength, the 
thickness of ice contributing to the albedo decreases with increasing wavelength. 
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(3) Talr = - 30oG; and (4) Talr = - 37°C. The brokell curve represents the resuits obtained by W eller ( 1972) using 
a Kipp radiometer. 
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Bulk albedos show a similar behavior. The thickness dependence of bulk albedo for the full 
salinity experiments is shown in Figure 6. The curves exhibit a rapid initial increase followed 
by a more gradual rise as the thickness continues to grow. Comparing the curves for - 10 and 
- 20°C with the results of Grenfell (1979) for blue ice indicates that four to five times the 
thickness of blue ice would be necessary to produce the same bulk albedos. The large increase 
of curve 4 occurs when the temperature in the upper few centimeters drops below the eutectic 
point. Also included are the results of Weller (1972) using a Kipp radiometer. During the 
first 0.05 m of growth, his curve increases more rapidly than curves I to 4, but its subsequent 
increase is more gradual so that it crosses through the range defined by curves 2 to 4 and 
approaches curve I. The larger initial rise of Weller's results may have been caused by frost 
flower formation or other variations in the environment which did not occur during the 
laboratory studies. The more gradual rise for ice thicker than 0.05 m may be due to the 
contributions to Fo( A) and cx). from the I 000 to 3 000 nm wavelength region which is detected 
by the Kipp radiometer but falls outside the range of the spectrophotometer. 

The albedo was also sensitive to ice surface conditions. When the surface became crumbly 
and irregular due to brine drainage (at the start of the melt phase for example) the enhanced 
backscattering resulted in larger albedos. Conversely, formation of a brine skim filled in 
surface irregularities reducing backscattering and decreasing the albedo. Since these effects 
resulted from temperature changes, their magnitudes could not be accurately determined. 

An additional effect is due to a decrease in the temperature of the upper layers as the ice 
grows. For example, in the -37°C experiment the surface temperature dropped below the 
eutectic point at an ice thickness of about 0.2 m and the albedo increased sharply. 

The influence of temperature could be studied most conveniently during the warming 
phase of an experiment when changes in ice thickness, crystal structure, and salinity were 
small. To show the largest variation, spectral albedos and extinction coefficients from the 
-37°C experiment are displayed in Figures 7 and 8. After each set of optical measurements 
the air temperature was raised and the ice allowed to reach thermal equilibrium before the 
next set was taken. A strong temperature dependence is evident; a dramatic decrease in 
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albedo and extinction coefficient occurs as the ice temperature rises above the eutectic point 
and the salt crystals go into solution. Subsequent changes are less extreme, but both C\:A and KA 

continue to decrease with increasing temperature, due to the increase in brine volume which 
reduces backscattering in the ice. 

The dependence on brine volume VB can be expressed explicitly using VB = -0.055S/T. 
Bulk albedos versus average brine volume for the warming phases of three full-salinity experi
ments are shown in Figure 9. Results from each individual experiment show a decrease in 
albedo with increasing brine volume. In each case, however, the growth conditions, and hence 
the distribution of brine within the ice, are quite different. The family of curves in Figure 9 
indicates that not only does albedo depend on brine volume but also, for a given brine volume, 
faster grown ice has a larger albedo. 
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Fig. 9. Bulk albedo for cloudy skies versus brine volume from measurements taken during the warming phase of thrde full-saliniry 
experiments. The air temperatures during freezing were (I) - 37°G; (2) - 30oG; and (3) - IOoG. 

To isolate the effect of the growth rate on the optical properties, cases were compared 
where the growth conditions were different (air temperatures of -10, -30, -37°C), but the 
ice thickness and temperature profiles were nearly the same. During the warming phase in 
each of the three cases the air temperature was raised to - 2 QC and the ice was allowed to come 
to thermal equilibrium. The optical properties measured at this point show a distinct con-ela
tion with growth rate (Figs 10 and I I). Even when brought to the same temperature, the 
faster-grown ice exhibits albedos and extinction coefficients which are 67% and 300% larger, 
respectively, than for the slowest-grown ice. 

Changes in growth rate affect the optical properties by altering the number of brine-ice 
interfaces. As the growth rate increases, more brine is entrapped and the platelet and crystal 
sizes decrease (Weeks and Hamilton, 1962; Weeks and Assur, 1967). Weeks and Assur (1967) 
empirically related platelet spacing and growth rate by 

(16) 

where a is the platelet spacing, dH/dt is the growth rate, and p is 1.33 X 10-4 mm3/s. Predicted 
platelet spacings at a depth of 0.1 m range from 0.28 mm to 0.54 mm for the full-salinity 
experiments. Crystal sizes and platelet spacings in the tank experiments were checked 
periodically and found to follow these trends. Smaller platelets and crystals imply more 
scattering inhomogeneities per unit volume. 
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To investigate the role of sdinity, two intermediate-salinity experiments were performed. 
Environmental conditions during these experiments were identical to two of the full-salinity 
cases, except that the water salinity was 16%0' At the lower water salinity, about half as much 
brine was entrapped despite similar growth conditions. By duplicating the air temperature of 
previous experiments, ice temperature profiles and growth rates were the same to within 10%. 
No significant differences were found in the spectral albedos and extinction coefficients 
between corresponding full- and partial-salinity experiments. This is in agreement with Lane's 
(1975) results which suggested that above 4%0 ice salinity appears to have little effect on light 
transmission. As salinity decreases below 4%0 the albedo and extinction coefficients decrease 
to their limiting values for fresh ice; however, for the relatively high salinities investigated 
here, the optical properties do not depend on salinity to within the resolution of the experi
ments. 

Ifit is true that the optical properties are insensitive to ice salinity, we would also expect 
the platelet spacing to be insensitive to water salinity during the growth phase. To test this 
possibility, calculated values of platelet spacing were compared with observations at depths of 
0.10, 0.15, and 0.20 m for the -10 and -20°C intermediate-salinity cases. The calculated 
values agreed with measured values in five out of six cases, which suggests that Equation (16) 
also describes ice grown from 16%0 salinity water and that, between 16%0 and 32%°' platelet 
spacing is at most weakly dependent on the water salinity. While a much more thorough 
analysis is required to confirm this result, it is consistent with our hypothesis. 

Small-scale ice structure 

To study the behavior of the brine and crystal structure with changes in temperature, a core 
was removed during the - 30°C full-salinity experiment and a sample was prepared for 
observation under a Wild microscope fitted with a camera attachment. The sample was a 
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(a) 

(b) 

Fig. 12. Photo micrographs of a horizontal thill section. The double-headed arrow ill photograph (a ) IS [mill I11 Length. 
(a) Tlce = -27°C; (b) T lce = - JoC. 
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horizontal section, roughly 7 mm thick from o. I m deep in the ice, with a salinity of 11.2%0. 
At this depth the crystals were orderly and oriented with horizontal c-axes, and were typically 
IQ mm across. The sample was frozen onto a glass plate, further thinned using a band saw, 
and then polished. To minimize brine drainage from the sample the preparation was 
performed at a temperature of -2S°C. Finally, water was frozen around the periphery of the 
sample to seal the edges, inhibiting subsequent brine drainage. The sample was then placed 
under the microscope and warmed over a period of two days. During this time a series of 
photomicrographs was taken at 14 temperatures between -27 and -1 °C. The first and last 
photographs are presented in Figure 12. The arrows point out representative features at the 
beginning and end of the warming sequence. The thin dark lines between platelets in 
Figure 12a are due to the precipitated salts. These lines do not appear in Figure 12b taken 
above the eutectic point. 

The photomicrographs illustrate several points regarding changes in ice structure during 
warming. Below the eutectic point the ice appears very white due to the presence of solid 
salts at the platelet boundaries. Above the eutectic point the salt goes into solution, and the 
structure variations with temperature are less obvious. As the temperature is raised, the brine 
volume increases and the platelet boundaries become broader arid smoother. Small isolated 
pockets of brine enlarge and often interconnect. Similarly, small air bubbles released within 
the ice by melting can join together. These changes reduce light scattering within the ice. 

CONCLUSIONS 

The optical properties of young growing sea ice are markedly different from those of 
melting first-year and multiyear ice. Extinction coefficients are as much as 15 times greater; 
and in order for a layer of summer sea ice to have the same albedo, its thickness would have 
to be four to five times as large. 

Since the absorption coefficients of brine and pure ice are essentially independent of 
temperature, the optical properties of sea ice are governed by the effectiveness of scattering in 
the ice. Enhanced scattering results in higher albedos; it also increases the extinction 
coefficient because the optical path length is greatly increased by multiple scattering with a 
corresponding increase in the probability that the light will be absorbed in the ice. Scattering 
in turn is determined primarily by the platelet structure and the distribution of brine between 
the platelets. The amount of scattering is inversely related to the temperature. As brine 
pockets and channels open up with increasing temperature the brine-ice interfaces coalesce 
and become more rounded. If the ice temperature drops below the eutectic point, salt crystals 
are precipitated out causing a sudden increase in the scattering. Growth rate is important 
because it determines the platelet and crystal sizes and the initial distribution of brine in the 
ice. Albedo is also influenced by changes in surface conditions. Flooding of the surface due to 
melting or to concentrated brine being squeezed out gives a smooth surface and lowers the 
albedo, and melting followed by drainage leaves a crumbly surface with a higher albedo. 

From these results it can be concluded that in general the extinction coefficient will vary 
with depth and time since the optical properties respond to changes in the temperature and 
brine distribution. A wide range of variation is apparent in the data from the limits mentioned 
at the beginning of this section to values measured at the end of the melt phase which are much 
closer to those of summer ice; thus, the optical properties of sea ice should be in a continual 
state of change. In the Arctic this involves a transient phase for the first two years until the 
salinity profile stabilizes followed by a cyclic variation with seasonal environmental changes. 

A number of problems remain. While the results of the present experiments isolate the 
effects which influence the optical properties, further work is necessary to give a quantitative 
connection between IX and K and the ice structure. The weak dependence of the optical 
properties on water salinity should be examined in more detail. Finally, the effects of vapor 
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bubbles have not been studied here, but must be included in any general theory of the optical 
properties of sea ice. A study of each of these problems would require laboratory measurements 
of light scattering by small ice samples in combination with a comprehensive radiative transfer 
model. Incorporating the present results into a regional albedo model for polar sea ice would 
require including the influence of a snow layer which usually accumulates on newly formed ice 
and sharply increases the albedo. 
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