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Light reflection from sea ice during the onset of melt
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Abstract.

A knowledge of the reflection of light from a sea ice cover is important for

the interpretation of remote sensing imagery at visible and near-infrared wavelengths,
for climatological studies involving the energy balance of the polar regions, and for
understanding radiative transfer in sea ice. Spectral measurements of albedo,
bidirectional reflectance distribution function, and polarized reflectance were made for
Arctic sea ice conditions found during the onset of melt. The wavelength region studied
was from the visible to the near infrared (400-1000 nm). Results are presented for the
five following surface types: (1) dry snow, (2) dry snow with a glazed surface, (3) bare
ice, (4) blue ice, and (5) melt pond. Results indicate that spectral albedos decrease at
all wavelengths as the melt season progresses and the surface conditions evolve from
(1) through (5) and that the decrease is most pronounced at longer wavelengths.
Reflectance data suggest that at most angles, reflectance has the same spectral shape as
albedo; at 30° zenith, reflectance is for the most part azimuthally isotropic; and at 60°
zenith there is a significant specular component at 0° azimuth, especially for the bare
ice cases. Light reflected at 60° zenith angle was strongly polarized. In general, light
reflected from snow-free ice was more strongly polarized, with the degree of

polarization increasing with wavelength.

Introduction

An understanding of the reflection of visible and near-
infrared light from a sea ice cover is important for climato-
logical studies involving the energy balance of the polar
regions, for the interpretation of remote sensing imagery,
and for understanding radiative transfer processes in sea ice.
In particular, shortwave radiation plays a critical role in the
summer decay of sea ice, and the fraction of the incident
irradiance that is reflected by the ice, the albedo, has a major
impact on the heat and mass balance of the ice cover
[Maykut and Untersteiner, 1971; Untersteiner, 1986]. More
recent efforts [Ebert and Curry, 1993] have established the
importance of the spectral and angular details of the incident
and reflected radiation field to thermodynamic sea ice mod-
els. With increased interest in climatological studies there is
a need for spatial and temporal information on large-scale ice
pack albedos. Satellite data from visible and near-infrared
sensors, such as advanced very high resolution radiometer
(AVHRR) and thematic mapper, provide a potential source
of this information [Steffen et al., 1993].

Because of this impact, spectral and wavelength-
integrated albedos have been measured for a wide range of
ice types and conditions [Langleben, 1969, 1971; Perovich et
al., 1986]. Ice albedos have been found to be sensitive to
surface conditions [Grenfell and Maykut, 1977; Grenfell and
Perovich, 1984], to the number of air bubbles in the ice
[Grenfell, 1983], and to the amount and distribution of brine
in the interior of the ice [Perovich and Grenfell, 1981].
Previous work has demonstrated that there can be large
seasonal changes in albedo during the onset of summer melt
[Grenfell and Perovich, 1984] and during fall freeze-up
[Perovich, 1991].
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There are limitations, however, in applying this large
albedo database to the interpretation and application of
remotely sensed data. Remote sensing instruments typically
have narrow fields of view and thus do not measure the
reflected irradiance but rather, the reflected radiance at a
particular angle [Taylor and Stowe, 1984]. For satellite
sensors at visible and near-infrared wavelengths, surface
observations can only be made under clear skies. In this case
the reflected radiance field may not be isotropic, increasing
the difficulty of converting satellite-observed reflected radi-
ance to the climatological parameter of interest; surface
albedo. This also limits the suitability of surface-based
albedo measurements in interpreting satellite data to distin-
guish different ice types.

What is needed is information on the bidirectional reflec-
tance distribution function (BRDF), which is the angular
distribution of reflected radiance as a function of solar
incidence angle. There have been several studies of BRDFs
for snow [Dirmhirn and Eaton, 1975; Kuhn, 1985; Steffen,
1987; Dozier et al., 1988] which are germane to snow-
covered sea ice. Field observations of BRDF over lake ice
have also been reported [Leshkevich et al., 1990; Bolsenga,
1983]. Because of the significant structural differences be-
tween ice grown from freshwater and ice grown from sea-
water, lake ice optical measurements are only relevant to
desalinated and retextured sea ice types, such as refrozen
melt ponds. However, BRDF data for sea ice are limited.
Schlosser [1988] found that thin sea ice exhibited a strong
degree of azimuthal anisotropy that decreased as the ice
grew thicker. Perovich [1991] reported BRDF data for a
refrozen melt pond and for 0.2-m-thick young ice and found
that at azimuths of 0° and 90° from solar incidence, reflec-
tances were relatively constant for zenith angles from 0° to
50°, then increased sharply for larger angles.

Even with albedo and BRDF measurements, discrimina-
tion between certain ice types is difficult. While in many
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Figure 1.

cases the reflectance differences are so large, ice types are
easy to differentiate, there are others, such as melting snow
and white ice, for which that is not the case. Polarization
information about the reflected light provides additional
information that may be useful in ice type discrimination.

The greatest variety in ice conditions, and consequently,
in albedo and reflected radiance, occurs during the onset of
summer melt. This paper discusses an optical experiment
investigating light reflection from first-year sea ice as it
evolved from cold, dry conditions to warm, melting ice.
Spectral values of albedo, bidirectional reflectance, and
linear polarization are presented for the five following sur-
face types: (1) dry snow, (2) dry snow with a glazed surface,
(3) bare ice, (4) blue ice, and (5) melt pond. Each set of
measurements was made under clear skies for a single solar
incidence angle. Though these are only five specific cases
found in a small area, they are, in a general sense, represen-
tative of much of the Arctic during the initial stages of
summer melt.

Field Experiment

The field program was conducted at Resolute Bay (75°N,
95°W) in the Canadian Archipelago from May 15 to June 9,
1991, during the onset of summer melt. The observation site
was in shore-fast, first-year ice. Before the onset of melt the
ice was fairly uniform both in thickness and structure.
However, because of wind transport, snow depths varied
considerably, ranging from 0 to 0.2 m. As the melt season
progressed, this uniform ice cover became more diverse.

Experimental setup for reflectance measurements. The insulated boxes on the sled contained
the spectroradiometer controller and the datalogging notebook computer. The detector was mounted on
the metal arch, which could be rotated to any zenith or azimuth angle. Measurements were being made of
bare ice. The convention for the zenith 8 and azimuth ¢ angles is superposed on the photograph.

During the course of the experiment, five distinct surface
types were found to be present within an area of less than
half a square kilometer; (1) ice covered by dry snow, (2) ice
covered by dry snow with a glazed suface, (3) bare ice, (4)
blue ice, and (5) a melt pond. For each of these five ice types,
spectral measurements were made of the albedo, the angular
distribution of the reflected light, and the linear polarization
of the reflected light.

The optical measurements were made using a Spectron
Engineering SE590 data-logging spectroradiometer. The de-
tector uses a diffraction grating to disperse the spectrum,
which is then imaged onto a 256-element silicon photodiode
array. The wavelength range of the instrument is 370 to 1100
nm, and it has a full-width, half-power spectral resolution of
8 nm. Low light levels at the extreme ends of the spectrum
limited the usable wavelength region to 400 to 1000 nm. The
instrument samples the entire spectrum simultaneously, with
integration times ranging from 1/60 to 8 s, depending on
ambient light levels and the level of precision desired.
Output from the instrument was downloaded directly into a
notebook computer. Because of the cold conditions and the
need for portability, the computer and the instrument control
electronics were housed in a sled-mounted, thermally insu-
lated box. The box and sled arrangement, along with the
device for measuring reflected radiance, is shown in Figure
1.

To measure albedos, a hemispherical diffuser was placed
on the instrument. The angular response of the diffuser was
within 8% of cosine for zenith angles from 0° to 80°. The
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detector was mounted on a 1.5-m rod to minimize shadowing
of the surface. By pointing the detector upward and down-
ward, we measured spectral incident F;(A) and reflected
F,()) irradiances, from which spectral albedos a(A) =
F,.(A)/F;(A) were computed. A complete set of spectral
albedo measurements took less than 30 s to obtain.

A 1°field of view lens was mounted on the detector for the
bidirectional reflectance measurements. The detector was
mounted on the semicircular arc shown in Figure 1. This arc
was rotated around the base ring to measure reflected
radiance at different azimuths and was tilted for different
zenith angles. Measurements were made at zenith angles 6 of
0°, 30°, and 60° and azimuth angles ¢ from —180° to 180° at
30° intervals. Zenith angles were measured from vertical
with 0° looking straight down at the surface (nadir) and 90°
tangent to the surface (Figure 1). An azimuth of 0° is pointing
toward the sun, while —180° and 180° are away from the sun.
Reference values of reflected radiance from a Spectralon
white (reflectance = 0.98-0.99) Lambertian reflectance stan-
dard were recorded at the beginning and end of each
measurement set to monitor changes in the incident irradi-
ance. The change in incident radiance during the 15 min it
took to make a set of measurements was typically less than
afew percent. A complete determination of the BRDF would
entail measuring the zenith and azimuth dependence of
reflected radiance for a complete set of solar zenith angles
and azimuths. However, this was not practical under field
conditions. Measurements were made at only one solar
zenith angle between 50° and 60° for each ice type. Since the
surfaces studied were flat and free of azimuthally oriented
features, the BRDF does not vary with solar azimuth. In this
case the BRDF reduces to

R(OO’ 0’ ¢’ /\) = dIr(07 ¢, )‘)//"‘OdFO(OOs ¢’ A) (1)

where 6, is the solar zenith angle, 8 and ¢ are the detector
zenith and azimuth angles, uy = cos (8y), 1,(0, ¢, A) is
reflected spectral radiance, Fy(8y, ¢, A) is the incident
spectral irradiance, and the units are steradians ~! [Warren,
1982]. The BRDF measurements were made on clear, sunny
days with the direct beam solar component free of any
obscuring clouds. Formally, the BRDF is a derivative quan-
tity, similar in a sense to a probability density function,
which being defined in terms of infinitesimal solid angles can
not be measured directly. This paper follows the common
practical convention of extending the definition of BRDF to
encompass Al, and AF,, as well as dI, and dF. In these
measurements, AF, included the diffuse sky component as
well as the direct solar beam. The bidirectional reflectance
factor, R{(8y, ¢, A) = wR(8y, ¢, A), was computed by
normalizing the observed reflected radiance from the surface
by the reflected radiance from the Spectralon standard.
From the BRDF and the albedo measurements the anistropic
reflectance function f

f8o, &, A) = 7R(6, ¢, M)/ ag(6oA)

was also computed. This factor provides a direct comparison
of reflectance with hemispherically integrated albedo.

The linear polarization of the reflected radiance was also
measured. Polarization measurements were made at 0° azi-
muth for zenith angles of 0°, 30°, and 60° and also at 180°
azimuth, 30° zenith. A polarizing element was placed on the
1° field of view lens, and the axis of rotation of the polarizer
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was rotated from —90° to 90° in 30° steps. Because of
alignment difficulties, polarization angles were accurate only
to within 10°. A calibration correction was applied to the
polarization results to offset the polarization caused by the
instrument.

An important supplement to the optical measurements
was a characterization of the physical properties of the snow
and sea ice. For the snow this characterization consisted of
the depth, vertical profiles of temperature and density, and a
description of the grain size and type. Surface conditions
were photographed and qualitatively described. The interior
of the ice was characterized by analyzing 100-mm-diameter
cores taken from the ice. Vertical profiles of temperature,
salinity, and brine volume were obtained from the cores.
Horizontal and vertical thin sections were prepared from the
ice cores to determine crystal types and sizes and to ascer-
tain the size distribution of air and brine inclusions.

Results
Physical Properties

The five cases examined in this paper represent ice types
commonly present during the initial stages of summer melt.
Before melt begins there is only one ice type present from an
optical perspective; snow-covered ice. At this stage the
underlying ice was relatively uniform, with a thickness of
approximately 1.6 m and salinity ranging from 6 to 8%.. Since
the ice was still cold, brine volumes were relatively low, 5%
or less. The ice crystallography was horizontally homoge-
neous, with the top few centimeters of the ice cover being
granular and the remainder columnar with the ¢ axis in the
horizontal plane. Once melt began, the ice conditions
quickly became more variable. Differences in snow depth
caused variation in the progression of the melt. Though the
ice cover was fairly flat initially, some small-scale topogra-
phy began to develop as melting progressed. Brine drainage
tended to be greater in high areas, resulting in bubbly ice,
while some of the low regions became sites of melt ponds.
Selected physical properties and optical results are summa-
rized in Table 1 for the five cases.

The snow-covered ice case consisted of 0.23 m of snow
with three distinct stratigraphic layers. There was a 0.03-m-
deep surface layer of fluffy new snow composed of 0.5-mm-
to 1-mm-diameter plates with a density of 180 kg/m>. Under
that was a 0.17-m, hard-packed wind slab with 0.5-mm
rounded grains and a density of 400 kg/m>. The bottom layer
was 0.03 m of depth hoar with 2-mm scrolls and a density of
300 kg/m>. The snow cover was optically thick, so the
contribution of the underlying ice to the reflected light was
negligible. For the glazed snow case the stratigraphy of the
bottom two layers was similar, with a depth hoar layer
covered by a wind slab. The difference from the snow case
was in the surface layer. Instead of new snow there was a
hard, glazed surface a few millimeters thick. The glazed
snow cover was also optically thick with a total depth of 0.24
m.

In the bare ice case the top 0.05 m of the ice was quite
bubbly and looked milky white. There was also a distinct
bubble band from 0.09 to 0.11 m deep with scattered bubbles
to 0.29 m. The remainder of the ice was relatively bubble-
free. The bubbly surface layer resulted from the brine
pockets draining, which left air voids behind. The blue ice
was quite similar to the bare ice, except for the surface layer.
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Table 1. Summary of Selected Ice Physical
Properties and Optical Results

Surface Type

Glazed Bare
Snow Snow Ice

Blue
Ice

Melt
Pond

Physical Properties
Solar elevation angle 56 58 60 58 52

Ice thickness, m 1.60 1.50 1.58 1.58 1.55
Snow depth, m 0.23 0.24 0.00 0.00 0.00
Optical Results, 450 nm
Albedo 097 084 0.78 0.69 0.43
RH0) 096 098 0.71 0.64 0.40
R£(30, 0) 1.03  1.18 0.77 0.77 0.44
R£(30, 90) 094 095 074 0.66 0.36
R£(30, 180) 093 09 074 0.63 0.37
R£(60, 0) 1.32  1.48 1.68 1.14 0.61
R£(60, 90) 093 095 078 0.70 0.38
R(60, 180) 0.80 0.44 0.44 0.57 0.36
S0) 099 1.18 091 093 0.93
f@30, 0) 1.06 141 099 1.12 1.04
f(30, 90) 097 1.14 095 096 0.84
f(30, 180) 096 1.14 095 091 0.86
(60, 0) 136 1.77 216 1.66 1.42
(60, 90) 096 1.14 1.01 1.02 0.89
(60, 180) 0.82 053 0.56 0.83 0.83
DP(0) -0.007 —0.014 —0.008 —0.012 ---

DP(30, 0) —0.003 —0.007 0.002 —0.023
DP(60, 0) 0.045 0.235 0.321 0.251
DP(30, 180) 0.016 0.029 0.024 0.011

Optical Results, 950 nm

Albedo 0.87 0.70 047 033 0.10
R£(0) 0.84 0.72 030 0.26 0.03
R£(30, 0) 092 1.04 041 0.44 0.06
R((30, 90) 0.83 0.84 0.38 0.33 0.03
R£(30, 180) 0.82 0.72 035 0.25 0.03
R£(60, 0) 1.37 166 1.48 0.78 0.14
R£(60, 90) 0.82 0.83 041 033 0.02
R(60, 180) 0.74 0.18 0.13 0.21 0.02
A0) 097 1.03 063 0.79 0.29
f(30, 0) 1.07 148 0.8 1.36 0.64
f(30, 90) 096 120 0.80 1.01 0.31
f(30, 180) 095 1.03 075 0.76 0.29
f(60, 0) 1.58 238 3.12 239 147
(60, 90) 095 1.19 0.87 1.01 0.20
(60, 180) 0.86 0.26 0.27 0.64 0.20
DP(0) 0.007 0.007 —0.010 0.054 ---
DP(30, 0) —0.018 —0.067 —0.058 —0.104
DP(60, 0) 0.051 0.226 0.415 0.538

DP(30, 180) 0.018 0.031 —0.010 —0.063

Numbers in parentheses following albedos, reflectance
factors Ry, anisotropic reflectance factors f, and degree of
polarization DP are selected elevation and azimuth angles
(0, @), respectively.

The top of the blue ice had significantly fewer bubbles,
giving the ice more of a bluish appearance. Ice temperatures,
salinities, and brine volumes in the remainder of the bare ice
and blue ice were quite similar. The melt pond was shallow,
with only 0.03 m of water over 1.55 m of ice. The melt pond
had warmed considerably and was nearly isothermal, with
temperatures near —1.5°C. Because of the moderate temper-
atures, brine volumes were large, of the order of 20%.
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Desalinization was evident in the melt pond case, with ice
salinities of a few parts per thousand. However, unlike the
bare ice case, brine drainage did not result in a bubbly ice
layer due to the presence of the surface water.

Spectral Albedos

Spectral albedos for the five cases are displayed in Figure
2a. The highest albedos are for the snow-covered ice, where
visible values are as high as 0.95. Replacing the top few
centimeters of new snow with a thin surface glaze results in
a reduction of 0.1 to 0.2 in albedo across the spectrum. For
both snow cases, albedos were uniform across the visible
portion of the spectrum, giving the snow a white appearance.
Comparing the bare ice with the blue ice illustrates the
impact of a relatively thin (0.04 m) bubbly surface layer.
Albedos for the bare ice with the bubbly layer are 0.1 to 0.3
larger than those for the blue ice, with the largest increase
between 700 and 800 nm. There is a sharp decrease in albedo
associated with ponding of the ice surface. Spectral varia-
tions in albedo are more pronounced for the melt pond, with
values decreasing from 0.4 at 500 nm to 0.15 at 750 nm,
giving the ponds a blue appearance. The observed albedos
are consistent with those reported in previous studies [Gren-
fell and Maykut, 1977; Perovich et al., 1986].

The spectral reflectance factor at nadir, R(,, 0°, 0°, A),
is plotted for the five cases in Figure 2b. Comparing these
results with those in Figure 2a is instructive since it shows
how reflectances from a directly downward looking sensor
compare to albedo values. The general spectral shape of the
curves in Figures 2a and 2b is similar for individual ice types.
For the glazed snow case, nadir reflectance factors are
significantly (0.1-0.15) larger than albedos at visible wave-
lengths. In fact, at visible wavelengths the glazed snow
reflectances are slightly larger than the snow values. Aniso-
tropic reflectance factors f are plotted in Figure 2c to
highlight differences between hemispherical albedo and re-
flectance. For the snow case, values of f are near 1 and are
constant with wavelength, while f decreases with increasing
wavelength for the other four cases. This decrease is most
pronounced for the melt pond case, where f drops from 0.95
at 400 nm to 0.25 at 1000 nm. Albedos, reflectance factors,
and anisotropic reflectance factors are compared at 450 and
950 nm in Table 1. At 450 nm, values are within 10%, except
for the glazed snow, where reflectances are 15% larger. Bare
ice, blue ice, and ponded ice all show nadir reflectance
factors substantially smaller than albedos at 950 nm, with the
percent decrease being greatest for the ponded ice.

Bidirectional Reflectance Distribution Functions

Spectral values of the bidirectional reflectance factor are
plotted in Figure 3 for the bare ice case, with albedos plotted
for comparison. The measurements were made under clear
skies with a solar zenith angle of 60°. For all azimuth and zenith
angles the reflectance decreases with increasing wavelength
from 450 to 950 nm. Examining the data in more spectral detail
revealed that the maximum reflectance was near 470 nm,
where the absorption coefficient of pure ice has a minimum
[Grenfell and Perovich, 1981]. At 30° zenith the azimuthal
dependence of reflectance was weak, and values were compa-
rable to albedos (Table 1). There was a pronounced azimuthal
dependence for a detector zenith angle of 60°, with a sharp
spike in reflectance at 0° azimuth to more than double the
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(a) Spectral albedos, (b) reflectance factors at nadir, and (c) anisotropic reflectance factors at

nadir for snow-covered ice, glazed snow over ice, bare ice, blue ice, and ponded ice.

albedo. This spike was not surprising since 6 = 60°, ¢ = 0° was
the angle of reflection of the direct solar beam.

Bidirectional reflectance factors at 450 nm for the five ice
types are presented in Figure 4a. At 30° zenith the azimuthal
dependence is weak for snow, bare ice, blue ice, and the
melt pond, with the glazed snow showing significantly en-
hanced reflectance at an azimuth of 0°. These results are
consistent with earlier studies done on refrozen melt ponds
and young ice [Perovich, 1991]. All the ice types exhibit
azimuthal dependence in reflectance factor at 60° zenith,

with sharp increases at 0° azimuth. Again, this sharp in-
crease is understandable, owing to the large specular contri-
bution at the angle of reflection of the direct solar beam. The
azimuthal dependence is weakest for the snow and strongest
for the bare ice and the glazed snow surfaces, where the
reflectance factor in the forward direction (azimuth = 0°) is
more than double that in the backward direction (azimuth =
—180°, 180°). The glazed snow and bare ice increases were
so great that their reflectance factors at 0° azimuth were
larger than values for snow.
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Figure 3. Spectral values of the bidirectional reflectance function for bare ice. The solar incidence angle
was 60°. Albedos A and nadir reflectance factors R are plotted on the left-hand side of the dotted line for

comparison.
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Figui'e 4. Bidirectional reflectance function for snow-covered ice, glazed snow over ice, bare ice, blue
ice, and ponded ice at (a) 450 nm and (b) 950 nm. Albedos A and nadir reflectance factors R are plotted
on the left-hand side of the dotted line for comparison.

Bidirectional reflectance factors at 950 nm are presented in
Figure 4b to illustrate the wavelength dependence of reflec-
tance. The character of its azimuth dependence is similar to
that at 450 nm, though the magnitude of the reflectance
factor is reduced, and the azimuthal dependence is stronger.
For example, glazed snow and bare ice exhibit more than a
threefold increase in reflectance factor from the backward to
the forward directions at 60° zenith angle. The stronger
azimuthal dependence is not surprising. Absorption in the
ice is greater at longer wavelengths [Grenfell and Perovich,

1981], emphasizing the contribution of specular reflection,
which is a function of the zenith and azimuth angles.
Initially, it was assumed that the surface was flat and free
of azimuthally oriented features. If indeed this was the case,
then there should be azimuthal symmetry in reflectance
factor between —180° and 0° and 180° and 0°. Within exper-
imental uncertainties this is true for all cases except the
glazed snow, where significant asymmetry was evident.
Also, the glazed snow was the only case where the aniso-
tropic reflectance factor at nadir was greater than 1. While
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are normalized to values from —90° polarization (horizontal polarization) and 0° zenith angle.

no detailed surface roughness characterization was per-
formed, photographs show regular bumps a few centimeters
high and 10-20 cm across. These roughness elements were
responsible for the azimuthal asymmetry in reflectance and
the values of f (0°) greater than 1.

There are several difficulties inherent in using satellite-
sensed, narrowband reflectance to derive surface albedo.
Even after adjusting for atmospheric absorption and discrim-
inating between ice and clouds, there is still the problem of
converting a directional reflectance into a hemispherically
integrated albedo. The measurements indicate that, with the
possible exception of snow, typical ice types are not Lam-
bertian reflectors, particularly at large elevation angles. Thus
satellite data must be adjusted with respect to the BRDF of
the surface, the solar angle, and the detector angle to
accurately estimate the albedo. The anisotropic reflectance
factors summarized in Table 1 show the necessity of making
these adjustments. For a narrow swath sensor, such as
thematic mapper, detector angles are near nadir, and adjust-
ments at short wavelengths are minor. However, in the
near-infrared there was significant deviation from isotropic
reflection, even at nadir, for the snow-free cases with f =
0.63 for bare ice, f = 0.79 for blue ice, and f = 0.29 for the
melt pond. Correcting for anisotropic surface reflectance is
even more important for wide swath sensors (e.g., AVHRR)
that acquire data using large detector zenith angles. For
example, for the bare ice and a detector zenith angle of 60°
the anisotropic reflectance factor changes from 0.56 at 180°
azimuth to 2.16 at 0° azimuth. At longer wavelengths the
change is even greater, with values of f at 950 nm of 0.27 at
180° azimuth and 3.12 at 0° azimuth.

Linear Polarization

The degree of linear polarization of the light reflected from
the five ice types was also investigated. Results at 450 nm for

0° azimuth and zenith angles of 0°, 30°, 60°, and —30° are
plotted in Figure S. The data were normalized to the value
for horizontally polarized light (—90°) at 0° zenith angle for
comparison purposes and are plotted from —90° polarization
(horizontal) through 0° (vertical) to 90° (horizontal). The melt
pond results were severaly compromised by wind-driven
ripples on the surface of the pond. Because of this large
uncertainty, specific polarization data from the melt pond
case are not reported. The pond data do indicate, at least in
a qualitative sense, that there was significant polarization of
the reflected light, in all likelihood more than for the other
ice types.

The most striking feature of Figure 5 is the strong polar-
ization at 60° zenith angle. This is a result of a large specular
reflection component plus strong polarization near Brews-
ter’s angle. With solar incidence angles between 52° and 60°
a detector orientation of 0° azimuth and 60° zenith angle was
close to the angle of reflection, where there is a large
specular component in the reflected light. Also, near Brew-
ster’s angle the specularly reflected light is strongly horizon-
tally polarized. For ice with an index of refraction n; of 1.31
and air with n = 1.0, Brewster’s angle = tan~! (n i/n) = 53°
[Jenkins and White, 1976], which is close to the angle of
solar incidence for the observations. Because of the weak
wavelength dependence of the index of refraction for ice,
Brewster’s angle is essentially constart from 400 to 1000 nm.
Thus the high polarization at 60° zenith was a direct result of
specular reflection at incidence angles near Brewster’s an-
gle. The polarization was smallest for the snow, where with
its rough, irregular surface, the specular component was
small and the reflected light was dominated by volume
scattering. At other zenith angles away from Brewster’s
angle, where the specular component was smaller, there was
much less linear polarization of the reflected light. At 0°
zenith the reflected light was essentially unpolarized in all
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Figure 6. Degree of polarization as a function of wavelength for snow, glazed snow, bare ice, and blue
ice at an azimuth of 0° and zenith angles of 0° and 60°.

cases. At 30° and —30° zenith there was a small amount of
polarization present for the glazed snow.
The degree of polarization DP for the reflected light is

DP = (R, - R,)(R,+R,)

where R, and R, are the horizontal and vertical polarized
reflectances [Jenkins and White, 1976]. Results for snow,
glazed snow, bare ice, and blue ice at zenith angles of 0° and
60° are plotted in Figure 6. At 0° zenith angle the polarization
ratio is near zero and shows little wavelength dependence,
though the bare ice and blue ice do show a small increase
near 1000 nm. At 60° the polarization ratio is greater than
zero for all cases at all wavelengths. There is minimal
wavelength dependence for the snow and glazed snow cases,
while the bare ice exhibits an increase in DP at longer
wavelengths, and the blue ice shows an almost linear in-
crease in DP with wavelength. For the snow-free cases the
overall tendency was increased polarization at longer wave-
lengths. This is consistent with our understanding of radia-
tive transfer in sea ice. The reflected light consists of a
surface component and a volume component. The volume
contribution is largely unpolarized, while the surface typi-
cally is somewhat polarized. Surface reflection is essentially
independent of wavelength, while the volume component is
reduced at longer wavelengths due to increased absorption
in the ice [Grenfell and Perovich, 1981]. The end result is an
increase in the degree of polarization with increasing wave-
length.

The blue ice case is a good example of this. The ice was
vertically homogeneous, with no significant surface scatter-
ing layer. Thus the volume contribution to scattering was
largely dependent on the light penetration depth, which
decreases with increasing wavelength due to increased ab-
sorption. The polarized surface reflection component was

independent of wavelength but was sensitive to angle, in-
creasing sharply near 6 = 60°, ¢ = 0°. Therefore the reflected
light consisted of a polarized surface component whose
magnitude was essentially constant with wavelength and an
unpolarized volume component that decreased with wave-
length. For most angles, volume scattering dominated, and
there was little polarization of the reflected light. However,
at angles where the surface component was large and was
near Brewster’s angle there was considerable polarization of
the reflected light, and the degree of polarization increased
with wavelength.

Discussion

As the melt season progresses and the surface conditions
evolve from dry snow through ponded ice, spectral albedos
decrease at all wavelengths. The decrease is most pro-
nounced at longer wavelengths, where the surface layer
conditions have a larger impact on the albedo. The BRDF
measurements demonstrated that at 0° zenith angle the
reflectance factor has the same spectral shape as the albedo.
The magnitude of the reflectance factor was roughly compa-
rable to the albedo for dry snow, was 0.10 to 0.15 larger for
glazed snow, and was 0.05 to 0.10 smaller for bare ice, blue
ice, and ponded ice. At 30° zenith angle the reflectance factor
showed little azimuthal dependence, aside from the glazed
snow case, where there was an increase at 0°azimuth. When
the detector was placed at 60° zenith angle, approximately
the solar incidence angle, a pronounced azimuthal depen-
dence was evident for all five ice types, with maximum
reflectances at 0° azimuth. The relative increase in reflec-
tance factor at 0° azimuth was greater at longer wavelengths.
These results confirm that light reflection from sea ice is
quite sensitive to surface conditions. The differences in light
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reflection among these five cases are a direct result of
differences in the surface conditions and in the physical
properties of the top 0.1 to 0.2 m of the ice.

Future observational work should focus on investigating
different ice types and extending the polarization measure-
ments. The five ice types presented here represent only a
start in characterizing light reflection from sea ice. Addi-
tional ice types that need to be examined include young ice,
pancake ice, mature melt ponds, refrozen ponds, melting
snow, and drained, highly scattering white ice. In addition,
surfaces with macroscopic topography, such as sastrugi, ice
rubble, and hummocky ice, need to be studied. Further
observations made at large solar zenith angles, where the
anisotropy of reflectance is expected to be greater, would be
valuable. More detailed polarization measurements would
be a useful adjunct to future programs. Through measure-
ment of the elliptical and circular polarization, the full
polarization state (i.e., the Stokes vector) could be deter-
mined.

These observations of light reflection from sea ice can be
used to assist in developing and evaluating multistream
radiative transfer models [Grenfell, 1991]. Because of the
practical difficulties associated with measuring reflectance at
all solar incidence and detector angles for all ice types,
models are needed to extend the available data to generate
complete BRDFs. Results from such models would be of
significant value in determining large-scale surface albedos
from satellite data. Such models, particularly when com-
bined with spectral data and polarization information, could
also provide significant insight into the details of radiative
transfer in sea ice.

It is important to consider these results in the context of
radiative transfer. Light reflection from snow and ice con-
sists of a specular component and a volume component. The
specular component is sensitive to the angle of incidence and
reflection, while the volume component depends on the
scattering and absorption coefficients of the medium. For sea
ice at visible and near-infrared wavelengths the scattering
properties can be considered independent of wavelength
[Bohren and Huffman, 1983], while absorption increases
with increasing wavelength. Thus, in some cases, results at
different wavelengths can potentially be combined to obtain
information regarding scattering, and therefore ice condi-
tions, at different depths in the upper portion of the ice.
Polarization data show promise as a means of differentiating
between surface and volume scattering contributions. De-
tailed spectral reflectance and polarization data such as
those reported here could therefore be of potential value in
developing inverse models of sea ice radiative transfer. In
these models, observed spectral BRDFs and polarizations
would be used to generate estimates of the vertical distribu-
tion of such physical properties as the air bubbles and brine
pockets.
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