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Abstract.

The optical properties of sea icc exhibit considerable spatial, temporal, and

spectral variability. During a ficld experiment at Barrow, Alaska, we examined the
horizontal variability of spectral albedo and transmittance as well as the vertical variability
of in-icc radiance. Temporal changes were monitored under cold conditions in April and
during the onset of melt in June. Physical properties, including ice structure and
concentrations of particulate and dissolved material, were measured to provide a context
for understanding the observed temporal, horizontal, vertical, and spectral variability in
optical properties. For snow-covered first-ycar ice in April, wavelength-integrated
{300-3000 nm) albedos were high (0.8) and spatially uniform, but there was considerable
variability in transmittance. Transmittance at 440 nm ranged by more than a factor of 2
ovet horizontal distances of only 25 m, owing primarily to differences in snow depth,
although spectral variations in transmittance indicate that absorbing organic materials in
the ice column contribute significantly to the horizontal variability. Peak values of
transmittance in April were 19 near 500 nm, decreasing at both longer and shorter
wavelengths. At the onset of melt in June, the ice surface rapidly evolved into a variegated
mixture of melting snow, bare ice, and melt ponds. Albedos were much lower and
exhibited considerable spatial variability, ranging from 0.2 to 0.5 over distances of a few
meters concomitant with the variation in surface characteristics. Transmission increased
over the spring transition as surface characteristics evolved to decrease albedo and as in-
ice structure was altered by heating to reduce attenuation within the ice. The exception to
this trend occurred over a period of a few days when an algal bloom developed on the
underside of the ice and transmission was significantly reduced. Variability in the in-ice
spectral radiance values was observed between nearby sites in both first-year and multiyear
icc. While the radiance measurements are strongly dependent on the incident solar
radiance, under similar solar conditions there was an observed shift in the peak of the
maximum in the spectral radiance from 460 nm in clean ice to between 500 and 550 nm in
ice that contained particulates in the surface layer. More impressive spectral shifts were
found in an old melt pond that had accumulated particles at its base. Not only was there a
strong shift in the spectral nature of the radiance as a function of horizontal distance, but
there also existed large changes vertically within the ice. The vertical variability in the
radiance attcnuation coefficient was spatially coherent with variations in both the physical
structurc of the ice, especially grain size, and the concentrations of particulate and
dissolved materials entrapped in the ice. Not surprisingly, the short-lived algal layer on the
underside of the ice resulted in changes in the radiance attenuation coefficient from

approximately 1 m

1. Introduction

The optical properties of sca ice exhibit considerable sea-
sonal. spalial and spectral variability. Temporal changes in
optical propertics have been observed during the summer melt
season [Grenfell and Mavkut, 1977, Grenfell and Perovich, 1984;
Perovich. 1994] and fall freeze-up [Perovich, 1991]. As the in-
cident solar radiation increases and air temperatures risc dur-
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"in the interior ice to approximately 40 m~

" within that layer.

ing the melt season, the ice cover evolves from a highly reflec-
tive snow-covered medium to a darker combination of bare icc,
melt ponds, and leads. During the melt scason there is a great
degree of horizontal variability in icc surface conditions, with
snow-covered ice, bare ice, ponded ice, dirty ice, and open
water present. This variability in surface conditions results in a
wide range of albedos, from 0.1 for leads, to 0.2-0.4 for ponds,
to 0.5-0.7 for bare ice and 0.6-0.8 for snow-covered ice
[Chernigovskiv, 1963; Langeleben, 1971; Grenfell and Maykut,
1977]. Studies of sca ice physical properties have long estab-
lished that there is vertical variability in icc salinity, density,
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brine volume, air volume, and crystal structure [Weeks and
Ackley, 1982]. Changes in the ice structure cause the irradiance
attenuation coefficient to vary from approximately 3.5 m ! at
the upper surface composed of granular ice to 0.8 in the inte-
rior of the ice [Grenfell and Maykut, 1977]. Laboratory studies
and field work have established that the albcdo and transmit-
tance for sea ice vary with wavelength. These variations are due
in part to the strong spectral dependence of absorption coef-
ficients for water, ice, and brine [Grenfell and Perovich, 1981,
Smith and Baker, 1981; Perovich and Govoni, 1991]. Spectral
signatures, particularly for transmitted light, are also influ-
enced by the presence of biogenic material in the ice [Maykut
and Grenfell, 1975; Palmisano et al., 1987; SooHoo et al., 1987,
Arrigo et al., 1991; Legendre and Gosselin, 1991}.

This variability in optical properties complicates efforts to
understand, and to model, radiative transfer in sea ice. Such
efforts are important because of the impact that the sea icc
optical properties have on problems regarding the heat and
mass balance of the ice cover, and the underlying ocean water
and biological activity in and beneath the ice. Since thc sum-
mer melt cycle of Arctic sea ice is driven by solar radiation,
understanding how the incident radiation is distributed among
reflection, absorption, and transmission is important. Of par-
ticular concern is assessing the impact of the ice-albedo feed-
back, where small changes in climatic forcing may be amplified
by the positive feedback between ice conditions and albedo.
Biological activity in and under the ice is determined largcly by
the amount of visible light available. In contrast, ultraviolet
light can be harmful and may cause decreases in both algal
biomass and primary productivity [Smith, 1989; Smith et al.,
1992; Cullen and Neale, 1994].

The goal of this experiment was to investigate the variability
of sea ice optical properties by combining optical observations
with a detailed description of the physical state and structure of
the ice cover. While there is considerable variation in the
optical and physical properties vertically in the ice, we were
also interested in putting the characteristics of this variability
in the context of the spatial variability that occurs over hun-
dreds of meters and the temporal variability that occurs over
the springtime transition from cold, freezing ice to the onset of
melt and the formation of melt ponds. To achieve this goal, a
suite of five instruments was used to characterize the light field
above, within, and below the sea ice. The optical measure-
ments were supplemented with a characterization of the snow,
the ice, and the included material. These results were com-
bined to demonstrate the spectral, vertical, horizontal, and
temporal variability of ice optical properties and to relate this
variability to the physical state of the ice. This intcgrated effort
was necessary to achieve an understanding of the processes
responsible for the observed variability. The synoptic collection
of this suite of measurements is the first, but vital, step toward
the development and testing of integrated models linking sea
ice physical and electromagnetic properties via coupled radia-
tive transfer and ice thermodynamic-structural models.

2. Field Experiment

The ficld experiment was conducted in the Chukchi Sea, ~1
km offshore near Barrow, Alaska (71°N, 157°W), in 1995. The
shorefast ice was predominantly first-year with several pans of
multivear ice. The field effort consisted of two segments. The
first was from April 4 to April 15, when air temperatures were
—15°C to —25°C and the snow cover and the ice were cold. The
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second was from June 5 to 15 during the onset of melt as the
snow cover melted and ice surface ablation commenced.

A critical component of the experiment was obtaining a
complete characterization of the physical properties of the
snow and the ice. Snow depth was measured, and vertical
profiles of snow stratigraphy, density, and grain size were de-
termined; discrete snow samples were analyzed to determine
particle concentrations. Surface conditions were qualitatively
characterized by visual inspection and photography. Ice cores
were processed to determine vertical profiles of temperature,
salinity, brine volume, and density, and vertical and horizontal
thin sections were made to identify the crystal structure [ Tuck-
eret al., 1987]. These thin sections were also used to determine
inclusion size distributions of brine pockets and air bubbles in
the ice [Perovich and Gow, 1996]. Five-ccntimeter sections of
the ice cores were melted and processed for the fluorometric
determination of algal pigment concentrations [Holm-Hansen
et al., 1965], spectrophotometric determination of particulate
and dissolved absorption coefficients [Roesler and Perry, 1995],
and determination of particle type, size, and concentrations
using a Galai CIS100 particle analyzer with charge-coupled
device (CCD) video camera display [Roesler and Iturriaga,
1994].

The optical observations consisted of (1) wavelength-
integrated albedo (300-3000 nm), (2) spectral albedo from the
ultraviolet to the near-infrared (305-1000 nm), (3) spectral
nadir reflectance in the visible and near-infrared (400-1000
nm), (4) in-ice radiance in the visible (430—680 nm), and (5)
spectral transmittance in the ultraviolet and visible (305-683
nm). Albedo «a(A) as a function of wavelength A was calculated
from the ratio of the measured reflected (£,(A)) and incident
(E (X)) spectral irradiance,

A\ _ EZI(A)
“N = E0
Wavelength-integrated, or total, albedo a;(A) was calculated

from the spectral albedo integrated over the solar spectrum
from 300 to 3000 nm,
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Spectral nadir reflectance R(A) was determined by normaliz-
ing the reflected radiance at 0° zenith (L, (A)) by the reflec-
tance from a white, diffuse Spectralon reference standard

(I‘ ref(A))'
L.(A)

RV =

Radiance attenuation coefficients K, (6, &, A, z) were calcu-
lated as the slope of a linear regression of the natural log of
radiance versus depth,

d{ln [L.(6, ¢, A,
Ki(8, b, A, 2) = diln [L( dzd> 21}

The radiance profiles were divided into 10-cm depth intervals,
and the value of K, was determined for each interval. Spectral
transmittance 7(A) is the ratio of the transmitted irradiance at
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the bottom of the ice (z = H) to the incident irradiance on the
surface (z = 0),

CEJAH)

TN =F ooy

Time serics measurements at selected sites were used to mon-
itor temporal changes in the measured optical properties,
while transects at particular times were used to investigate
spatial variability.

Five different instruments were used to make the suite of
optical measurements. The total albedo was measured using a
Kipp radiometer. A Spectron Enginecring SE 590 spectrora-
diometer, with a cosine collector or a 1° field of view lens as
foreoptics, was used to measure spectral albedo and reflec-
tance at 200 wavelengths from 400 nm to 1000 nm [Perovich,
1991]. Ultraviolet albedo and transmittance were determined
at four discrete wavelengths, 305, 320, 340, and 380 nm, using
a Biosphcrical PUV-500 spectroradiometer. Visible transmit-
tance was monitored at seven wavelengths centered at 413,
443, 491, 509, 555, 666, and 683 nm, with a 20-nm full-width-
half-maximum band width, using a Satlantic OCP-200 spectro-
radiometer with cosine collector. The transmission measure-
ments were made by mounting the visible and ultraviolet
spectroradiometers on a [-m-long “arm” with a rotating elbow
joint. The arm was lowered through a 25-cm-diameter hole in
the ice, so that the elbow was beneath the ice bottom. The arm
of the profiler was adjusted to 90° so that the sensor of the
spectroradiometer rested on the ice bottom, looking upward at
0° zenith angle. A WET Labs ice profiler was used to measure
vertical profiles of in-icc radiance (L(60, ¢, A, z)) at ~9-nm
intervals from 430 tc 680 nm. The WET Labs ice profiler
consisted of a waterproof radiance detector attached to a spec-
troradiometer using a fiber-optic cable. A hole was drilled into
the ice at a specific zenith and azimuth angle using a 10-cm-
diameter core barrel. The radiance dctector was attached to a
pole so that the detector was oriented perpendicular to the side
of the hole. Radiance profiles were obtained by lowering the
detector down the hole while recording radiance and depth
within the ice. By drilling holes at various angles relative to the
surface of the ice and plane of the Sun, we were able to make
radiancc measurements at several zenith (0) and azimuth (¢)
angles. Radiance measurements presented in this paper are for
6 =290, ¢ =0

3. Results
31.

The snow cover in April was cold and did not change ap-
preciably during the week of obscrvations. Most of the snow
cover was a wind-packed slab, consisting of 0.5-mm-diamcter
rounded grains, with a density of 0.36 g m ">, At the base of the
slab was a 2-cm-thick layer of depth hoar (10-mm-long scrolls).
Snow depths were variable, with the effects of drifting evident
in the surface topography. The spatial distribution of snow
depth was measured cvery 0.5 m along a 130-m transect. The
mean snow depth was 24 cm, with a standard deviation of 6 and
a range from 1 to 38 cm. Particles were present in the snow. in
concentrations that decreased exponentially from a maximum
value of approximately 200 particles ul. ' at the snow-ice
interface to approximately 10 particles uL. ' at the snow-air
interface (where the microliter measurement represents a lig-
uid volume of melted snow in order to make concentrations
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comparable between snows of different density). The inte-
grated particle concentration for a 10-cm-deep snow layer was
27 particles pwL.~'. Throughout this snow layer, the particles
were predominantly spheres with diameters of approximately
1-3 um. Within 2 cm of the snow-ice interface, larger particles
with diameters of 10-30 um were present at concentrations of
2.5-0.1 particles uL. ", These larger particlcs were identified
as aggregates of organic material.

By Junc the snow cover had begun to melt, and the snow
density had incrcased to 0.41 g m™>. The snow grains were
3-10 mm across and looked like smooth pebbles of ice. Water
was present in the snow pack and on the surface of the ice. The
state of the snow cover and the ice surface changed rapidly
during this period. As the snow melted and the snow depth
decreased to <<0.1 m, it began to appear patchy and melting
was accelerated. In only 2 days the surface changed from a
uniform cover of melting snow to a variegated mixture of
melting snow, superposed ice, bare ice, and ponded ice. There
was a diurnal freeze-thaw cycle that may contribute to the
transformation of melting snow into superposed ice. The par-
ticlc concentrations for the integrated snow layers ranged from
200 to 600 particles uL ™', an order of magnitude larger than
the concentrations found in April. The dominant particle di-
ameters were 2-3 um, identified as spherical bacteria-like cells,
with a significant contribution by pennate diatoms with a 5-
wm-diameter minor axis. These particles were probably lo-
cated in the region of the snow-ice interface, where concen-
trations are gencrally higher.

The physical properties of the icc and the included materials
are summarized for April and June in Figure |. Significant
changes are evident from April to June. The ice was cold in
April, with temperatures varying from —10°C to —8&°C in the
top 50 ¢cm and increasing linearly with depth from 50 em to the
bottom of the ice (Figure 1a). By June the ice had warmed and
was nearly isothcrmal, with temperatures between —2°C and
0°C. Associated with this warming was a complete desalination
of the top 10 cm of the ice and a significant decrease in salinity
from 10 to 50 ecm (Figure 1b). As a result of ice warming, brine
volumes increased, from ~3% in April to values ranging from
8% 1o 30% in June (Figure 1¢). Therc was a sharp decrease in
density in the upper 20 cm of the ice caused by melting and
drainage from April to June. Densities below 20 cm did not
change appreciably. Structurally, the ice sheet consisted pri-
marily of columnar congelation ice, with the exception of the
top 10 cm of the ice, which was granular. By a depth of 15 em
the ¢ axes of the columnar ice crystals were oriented in the
horizontal plane. At a depth of 70 cm the ¢ axes bccame
aligned in the horizontal plane parallel to the shore in the
dircction of the prevailing current [Weeks and Gow, 1978].
There was no appreciable change in the crystal structure of the
ice from April to June, other than melt-induced retexturing of
the top 10 cm.

Particle concentrations in the sea ice were generally highest
at the snow-ice interface, with concentrations of approximately
100 particles L' in both April and June, although the par-
ticle maximum extended about 20 cm downcore in June; per-
haps owing to local growth of the bacterial and phytoplankton
communities (Figure le). Concentrations of particles were also
enhanced in the bottom 5-10 ¢cm of the ice, with a concentra-
tions factor of 5 greater found in June, again due to algal
growth. The concentrations of the algal pigment chlorophyll a
were lowest in the interior of the ice in both April and June,
although the concentrations were over an order of magnitude
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Figure 1. Vertical profiles in April (solid triangles) and June (open squarcs) in first-vear ice of (a) temper-

ature, (b) salinity, (c) brine volume. (d) density, (e) particulate concentration, (f) chlorophyll concentration,

(g) dissolved absorption coefficient at 440 nm, and (h) particulate absorption coefficient at 440 nm.
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Figure 2. Vertical profiles in first-year ice in April of (left) radiance measured at 440 nm at 90° elevation,

0° azimuth and (right) associated radiance attenuation coefficient (solid squares) and measured total absorp-
tion coefficient (pure ice plus particulate plus dissolved materials) at 440 nm (open triangles). The photo-
graphic insert in the left panel are vertical thin sections viewed under polarized light for depth intervals of
16-22 cm and 55-65 c¢cm and have a vertical scale of a few centimeters.

greater in June than in April, 0.5 versus 0.01 mg m~* (Figure
If). These concentrations are comparable to coastal and oli-
gotrophic ocean water concentrations, respectively. The pig-
ment concentrations were significantly greater at the ice-
seawater boundary compared with the ice-snow boundary
during both April and June, despite comparable interface par-
ticle concentrations. This phenomenon is likely due to in-
creases in the algal pigment concentration per cell, a physio-
logical response to the lower irradiance under the ice.

The absorption coefficients of the dissolved fractions of the
ice samples (nominal diameter < 0.7 um) ranged from ~0.01-
0.03 m™" in the interior of the ice in both April and June to
0.06-0.2 m~" at the surface and bottom of the ice, respec-
tively, in June (Figure 1g), coherent with the vertical distribu-
tion of particles and algal pigments. The absorption coeffi-
cients of the particulate fraction (nominal diameter > 0.7 um)
ranged from approximately 0.05 m~"! in the interior of the ice
to greater than 0.2 m~ ! in the surface and bottom samples in
both April and June (Figure lh). As with the other indicators
of biotic activity, the absorption coefficients were greater in
June than in April, indicating in situ accumulation of organic
material.

3.2. Vertical Variability

The physical structure of the ice and the concentration of
absorbing materials contained within the ice significantly im-
pact the magnitude and spectral quality of the in-ice radiance
distribution. These effects are best observed in radiance pro-
files and the derived attenuation coecfficients. Layers of re-
duced or enhanced scattering can rapidly change the shape of
the light field by redirecting light in a given solid angle, thus
creating distinct features such as local minima and maxima in
the radiance and attenuation coefficient profiles. Vertical thin
sections of ice from April showed a layer with an abrupt
change in the physical structure at 20-cm depth, where a visibly
clear band of ice overlaid an opaque band (Figure 2). The
layered structure was spatially coherent with a local minimum
and maximum in the radiance profile in Figure 2. Inclusions of
absorbing materials such as colored dissolved organic materi-
als, phytoplankton, and sediments also caused variations in the
vertical profiles of the radiance. A second feature was observed
below 60 cm in the ice that consisted of many fine crystals
embedded in the large columnar ice crystals common to the
interior ice. This fine-grained layer was associated with in-
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Plate 1. Snow surface topography under cold conditions in
April. For scale, the instrument in the foreground is 15 cm
high. The photograph was taken under sunny skies to provide
maximum contrast.

creased concentrations of absorbing materials as illustrated in
the right panel of Figure 2. The combination of the change in
physical structure and absorbing inclusions created a sharp
decrease in radiance and a local maximum in the radiance
attenuation. Similarly, the upper surface layer of the ice con-
sisted of a fine-grained ice that contains relatively high con-
centrations of absorbing materials, which led to the high at-
tenuation coefficients near the surface.

Excluding the presence of these local discontinuities in the
physical structure, on average the first-year ice can be de-
scribed as having a surface layer 10-20 cm thick with a radi-
ance attcnuation of ~5.6 m~ ' and interior ice with a radiance
attenuation of ~0.6 m~" at 440 nm. The layered structure of
the ice creates considerable variability in the attenuation value
of the interior ice. The standard deviation of the interior ice
radiance attenuation was 0.3 m™', The relatively short-lived
third layer composed of algae growing on the bottom surface
of the ice in the springtime was associated with high attenua-
tion coefficients (20-50 m~') depending upon the concentra-
tion of algae.

3.3.

To explore the horizontal variability of reflected light, we mea-
sured total albedo and spectral reflectance every 5 m along a
75-m transect in April. The footpnint of the measurements was
approximately 3 m? for the albedo and 10" m? for reflectance.

Horizontal Variability
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The measurements were made on a clear, sunny day with a
solar zenith angle of 67°. Ice conditions were uniform along the
transect, and the thickness was 1.65 m % 0.05 m. The ice was
covered by cold, wind-packed snow with depths ranging from
0.05 m to 0.25 m. Small-scale topography was evident in the
snow cover, and the surface had a rough, irregular texture. This
surface roughness, and the associated bright and shadowed
arcas of the surface, are evident in Plate 1. Total albedos and
nadir reflectances at 440 nm and 1000 nm measured along the
transect are plotted in Figure 3. Snow depths at each site are
presented for reference. Total albedos are large and spatially
uniform, ranging from 0.73 to 0.84 with a mean of 0.78. Nadir
spectral reflectance exhibited considerably more spatial vari-
ability, with values at 440 nm varying over 30% from 0.78 to
1.05. Reflectance at 1000 nm was smaller but behaved in a
similar fashion. The variability of the albedo and nadir reflec-
tance is not well correlated with the snow depth. This is not
surprising, since the snow was sufficiently deep to be optically
thick, so that no influence of the underlying ice was observed
in the albedo. The spatial variability was due to the surface
topography of the ice and the consequent irregular illumina-
tion of the surface. Minimum values were associated with areas
that were shadowed somewhat, while maximum values oc-
curred when the surface was sloped slightly toward the Sun, in
a way that reflected more light (Plate 1). This explanation is
consistent with the greater degree of variability shown by nadir
reflectance. With a much smaller footprint than the albedo, the
nadir reflectance was more sensitive to the effects of surface
topography. Measurements made on cloudy, overcast days,
when the direct solar beam was not distinguishable from the
diffuse incident light field, showed very little spatial variability.
Qualitatively, the topography of the snow surface was difficult
to discern visually under these “flat light” conditions. Thus the
observed variability of the ice cover was not due to any differ-
ences in the optical properties of the ice or snow but rather was
due to the irregular illumination of the surface.

The spatial variability of transmitted irradiance was also
measured in April along a linear transect at a nearby location
in first-year ice with growth history, physical properties, and ice
thickness similar to those of the albedo and reflectance
transect line. The Satlantic sprectroradiometer was mounted
on a submersible remotely operated vehicle and driven under
the ice along a 130-m path. Snow depths were measured at
25-cm intervals along the transect. Even at the relatively trans-
parent wavelength of 440 nm, transmittance for this cold-snow-
covered ice was small, ranging {rom 0.2 to 0.7%. As Figure 4
indicates, there was an inverse correlation between transmit-
tance and snow depth (correlation coefficient = 0.64), with
broad trends in snow depth clearly evidenced in transmittance.
However, there is not a one-to-one correspondence between
small-scale fluctuations in snow depth and transmittance. Be-
cause of scattering within the snow and ice and the cosine
response of the detector, a surface area of several square
meters contributes to the transmitted irradiance measured at a
single point, thereby smoothing the effects of small-scale irreg-
ularities in snow depth. This is evidenced by the significantly
longer decorrelation length scales for transmission (3.75 m)
compared with that for snow depth (2.75 m). The decorrelation
length scale was defined as the lag interval when the autocor-
relation coefficient was less than 0.5. A portion of the variabil-
ity in the transmission that is not caused by variations in snow
depth is probably due to spatial variations in the distributions
of absorbing materials in the ice. While ice samples were not



PEROVICH ET AL.: VARIABILITY IN SEA ICE PROPERTIES

1199

v T T o
. 2 LR
1.0 b+ L ~‘O""O"_O\\ A - 25
: , o
%-—-o’

®08 | Y. g—m— 20
2 l—l/.\./g"'-‘; v
g A S o
g S -3 T
8 vV v 3
D os —B— Total albedo 15 €
. =-0--440 nm o
S i == V-- 1000 nm g
Z o0
04 100
)
3 3
g -
<

0.2 5

0.0 K { i ; 0

0 25 50 75

Distance (m)

Figure 3. Horizontal transect of total albedo and nadir reflectance (400 and 1000 nm) from snow-covered
ice measured in April under sunny skies with a strong solar direct beam component. The snow cover was
optically thick, with depths ranging from 5 to 25 cm. The snow surface exhibited variations in topography and

in texture due to drifting.

collected along this transect, the transmittance ratio of 412:
510 nm, an indicator of blue-light-absorbing organic material,
varied over the transect from 0.2 to 0.7. In particular the large
decrease in transmittance over the distance 110-120 m was
found to correlate with a rapidly changing transmittance ratio
in the absence of large changes in snow depth, suggesting that
the concentrations of absorbing materials in the ice were vary-
ing in this region.

Spectral variations were also observed in the in-ice radiance

spectra obtained at two sites located approximately 30 m apart
in the first-year ice. At both sites the snow was shoveled from
the surface of the ice to remove the influence of the snow
cover. The appearance of the two ice sites was distinctly dif-
ferent, one appearing blue-white and the other olive green.
The radiance spectrum at 20-cm depth from each of the sites
indicates the effect of an enhanced concentration of absorbing
inclusions in the upper surface layer of the olive green ice
(Figure 5). The increase in the absorbing materials causes the
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Figure 4. Horizontal transect made in April of transmittance at 440 nm (solid circles) measured within 5 cm

of the ice botlom, and snow depth (shaded region).
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Plate 2. Photographs of ice surface conditions on (a) April 10, (b) June 7, and (c) June 9.
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of 20 ¢m in first-year ice at two locations approximately 30 m
apart. Open circles indicate clean ice, and solid squares indi-
cate the particle-laden ice.

peak in the radiance spectrum to shift from 470 nm in the
blue-white ice to 500-550 nm in the green ice. The radiance
attenuation of the top 10 cm in the green ice was much higher
than in the bluer ice (10.2 versus 5.6 m™ ' at 440 nm, 9.2 versus
32m 'at 545 nm, and 11.6 versus 7.1 m~" at 646 nm). The
difference in the attenuation coefficients continued into the
interior ice between 20 and 100 ¢cm as well: 1.0 versus 0.6, 1.0
versus 0.6, and 1.7 versus 1.2 m ' at 450, 545. and 646 nm,
respectively. The value of the interior ice attenuation coeffi-
cient at the two sites converged below 1-m depth.

The observed layers in the radiance profiles from the two
sites indicate that many of the ice features are of limited
horizontal extent. The layer at 20 cm was obscrved at both
sites, but the layer near 60 cm was not. Conversely, radiance
measurcments at the second olive green ice site indicate the
presence of several absorbing layers that were not found in the
blue-white ice shown in Figure 2.

3.4. Temporal Variability

Snow and ice conditions had changed considerably by our
return in Junc. These changes are cvident in photographs
taken on April 12, June 7, and June 9, (Plate 2). By June 7 the
melt season was under way, and while there was no appreciable
surface or bottom ice ablation, the icc had warmed consider-
ably and the snow cover had begun to meclt. Snow depths on
June 7 ranged from 0.05 m to 0.20 m. The snow cover consisted
of melting “corn” snow with rounded grains several millimeters
in diameter and a density of 0.40 g m™=. In only 2 days, from
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June 7 to June 9, surface conditions changed from a uniform
melting but intact snow cover to a variegated surface of melting
snow, melting bare ice, and ponded icc. The ponded ice was
covered by 0.05-0.10 m of meltwater.

The evolution of total albedo and the changes in spatial
variability are illustrated by the three transects plotted in Fig-
urc 6. In all three cases, the measurements were made under
predominant sunny skies with an unobstructed solar beam
component. Total albedos for the cold-snow-covered ice on
April 10 were near 0.8 and were spatially uniform with a
standard deviation of 0.02. By June 7, albedos had decreased to
0.6, though the standard deviation was unchanged owing to the
presence of a 0.05- to 0.10-m-thick snow cover. This decrease
is a direct result of the change in the optical properties of the
snow as its physical properties evolved from the cold, dry snow
with submillimeter grains in April to melting, wet snow with
millimeter grains in June. There was a profound change in
albedo from June 7 to June 9, with an overall decrease in
albedo and a large increase in the standard deviation to 0.12.
Albedos ranged from 0.15 to 0.51 with a mean of 0.32 and a
standard deviation of 0.12. Peak albedos were associated with
areas where a few centimeters of snow cover remained, while
minimum values were for 0.1-m-deep melt ponds.

A representative sequence for the spectral albedo and trans-
mittance of first-year ice as it evolves from cold ice covered by
0.1 m of cold snow, to ice with 0.06 m of melting snow. to bare
melting ice, to a 0.1-m-deep melt pond is prescnted in Figure
7. In all cases the ice thickness was 1.6 m, though the surface
and interior conditions differed (Table 1). The bare ice studied
had a thin surface layer of superposed ice, which slightly en-
hanced the albedo. Total albedos decreased from 0.78 10 0.60
to 0.44 to 0.20 as the ice cover warmed and melted (Table 1).
As Figure 7a shows, this decrcase in albedo occurs at all wave-
lengths. The spectral quality of the albedo also changes, with
the decrease being greater in the ultraviolet and ncar-infrared.
The spectrum changes from a flat, spectrally uniform albedo
for the cold-snow-covered ice to onc that is peaked in the blue
(500 nm) for ponded ice.

The spectral transmittance evolved in a more complicated
fashion. Naively, we would e¢xpect a corresponding increase in
transmittance as the ice warmed and the albedo decreased.
This was not the case. Transmittance for the melting-snow-
covered ice was less at all wavelengths than for the cold-snow-
covered ice. This was a direct result of light absorption by algae
in the skeletal layer at the bottom of the ice. The algal biomass
increased from approximately .75 to 15.43 mg Chl m™*, an
increase that was visibly evident in the ice cores as a brown
layer on the bottom. The spectral shape of the transmittance
for the melting snow case is consistent with light absorption in
an algal layer [Maykut and Grenfell, 1975; Arrigo et al., 1991;
Fritsen et al., 1992; Zeebe et al.. 1996], with enhanced attenua-
tion in the ultraviolet and thc maximum transmission shifted to
longer wavelengths (555 nm). As is indicated by comparing the
transmittance at 320 nm and the transmitted PAR (Table 1),
attenuation by the algae and their associated particulate and
dissolved organic material was larger in the ultraviolet than in
the visible. The transition from melting snow to bare ice sub-
stantially decreased the albedo and tended to increase the
transmittance. However, there were still significant amounts of
algac present in the ice (1.62 mg Chl m ), which strongly
reduced ultraviolet transmittance and to a lesser extent blue
light levels. The transmittance results from the cold snow and
melting snow cascs demonstrate the significant impact that
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Table 1. Summary of Optical Evolution of First-Ycar Ice

Albedo Transmitted Absorbed
0. H,. H, Chi

Date Sky deg cm em mgm * 320nm PAR Total 320 nm PAR Total 320 nm PAR Toral
Cold-snow-covered ice April 7 SDCV 15 10 lod 0.75 0.870 0897 0780 0003 0018 0.009 0127 0.086 (0211
Melting-snow-covered ice June 8 BC 29 6 162 1543 0.760  0.803 0.600  0.000 0.005 0.004 0240 0.192 0.39
Bare melting ice June 8§ BC 43 0 162 1.62 0.520 0581 0440 0002  0.021 0.029 0478 0398 0.531
Ponded ice June 9 BC 41 6% 160 n.d. 0.290  0.347 0.200  0.062  0.144 0128  0.648  0.509 0.672

Sky conditions are SDCV (hazy, solar disk clearly visible) and BC (bright, clear skies). H, is the snow depth except as noted. /{, is the ice
thickness. and Chl is the chlorophyll ¢ concentration in the bottom 5 ¢m of the ice column. PAR refers 1o photosynthetically active radiation
integrated from 400 to 700 nm. and total is integrated from 400 to 2400 nm.

“Melt pond depth H .

biogenic material can have on light transmission through sca
icc. Finally, for the ponded ice case, scattering and attenuation
in the ice were much less than in the other cases and the
bottom algae were gone, resulting in the highest obscrved
transmittance. In this casc, 13% of the total incident solar
irradiance, 20% of the visible, and 5-15% of the ultraviolel was
transmitted, demonstrating that significant amounts of solar
encrgy can be transmitled to the ocean through melt ponds.
Shorter-timescale variations in spectral albedo and transmis-
sion were observed with twice-daily mecasurements over a pe-
riod of 24 days. From morning to evening on June 8 the thin
layer of snow melted. and the surface of the ice began (o pond.
The albedo at 440 nm decreased from 0.63 to 0.37. The in-
creasing concentration of algac in the skeletal layer caused the
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Figure 8. Vertical profiles of total (pure ice plus particulate
plus dissolved materials) absorption coefficients at 440 nm for
the “clean”™ hummock and particle-laden refrozen melt pond
on the multiyear ice floe in April.

transmission (o decrcase slightly from 0.034 to 0.029. By latc
morning of June 9 the algal layer, in response to increased light
transmission at the surface of the ice duc to ponding, dropped
off the skctetal layer at the bottom of the ice (a phenomenon
that has been observed previously [Cota and Horne, 1989: Per-
ovich et al., 1993]) resulting in an increase in transmission
beneath the ice to approximately 0.042. The albedo did not
change appreciably. From the evening of June 9 to the late
morning of June 10 we observed drainage of the ponded water,
incrcased porosity of the ice surface, increased albedo to 0.53,
and decreased transmittance to 0.023.

Radiance measurements were conducted at the same loca-
tion as were the June albedo and transmission measurements,
approximately 40 m from the April sites. The measurcments
were nol made within a melt pond. Drainage of nearby mell
ponds did, however, occur when holes were drilled. There was
no significant difference in the radiance attenuation coclfi-
cients for the interior ice (40- to 150-cm depth) measured at
the June site and those of the April sites. The low-density
surface layer (Figure 1d) in June did causc modification to the
radiance attenuation profile. As the light passed from the low-
density surface ice to the inlerior ice, negative radiance atten-
uation values were observed. The negative radiance attenua-
tion valucs are an indication of a rapid change in the shape of
the radiance distribution when the light passes from the sur-
face to interior icc. The attcnuation at the bottom surface of
the ice may have also changed owing to the increased biolog-
jcal material contained at this interface. We did not. however,
make radiance mcasurements through the bottom layer in
April; therefore we cannot confirm this change using radiance
measurements.

3.5. Multiyear Ice

3.5.1. April.  While our primary focus was on the optical
properties of first-year ice, there was an opportunity to inves-
tigate a floe of multiyear icc that was entrapped in the first-year
ice. This multiyear pan contained several hummocks and melt
ponds. Measurements were made in April in a frozen mclt
pond from the previous summer and a hummock scparated by
less than 3 m. Icc from the frozen melt pond contained large
quantities of particulate inclusions, while ice from the hum-
mock had much lower concentrations. The absorption coctfi-
cients (particulate plus dissolved) at 440 nm for the surface
layer at both multiycar ice sites were approximately 0.5 m ',
comparable to thosc for the first-year ice (Figure 8). The ab-
sorption coefficients for the interior multiyvcar ice were about a
tactor of 2 larger than for the first-year ice. The base of the
frozen melt pond at approximately 45 cm had very large ab-
sorption coetficients of greater than 1.0 m . While there is a
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Figure 9. April measurements of spectral radiance normalized to values at 10 cm for discrete depths in the
multivear ice floc for (a) the “clean” hummock and (b) the particle-laden refrozen melt pond.

slight absorption maximum at a depth of 50 em in the clean
hummock ice, we feel this is coincidental, as the structure of
the ice at the two sites was very different.

Spectral radiance was measured in the particle-laden melt
pond region and in the “clean” hummock. Results normalized
to values measured at 10 cm are plotted in Figure 9. The
radiance attenuation at 440 nm was 0.8 m~" in the hummock.
with attenuation that slowly increased with increasing wave-
length due to the greater absorption by ice at the longer wave-
lengths. The radiancc therefore was primarily at bluc wave-
lengths at depths of a mcter or greater. This was obscrved
visibly as very deep blue light emanating from the core hole.
The radiance within the frozen melt pond was much more
complicated; light emanating from the core hole appearcd
dark olive green. The large particle load in the ice created a
high attenuation in the upper 70 em (2-10 m ™" at 440 nm). The
inclusions in the ice absorb predominantly in the blue region,
causing the peak in the spectral radiance to shift to 550 nm as
can be seen at the 50- and 70-cm levels. The limited horizontal
extent of the melt pond feature allowed light to be scattered in
from the surrounding “clean” ice at depths greater than 70 cm.
This effect is most dramatic in the blue wavelength region,
where light scattered from the surrounding “clean™ ice caused
an increase with depth in the bluc portion of the radiance
below the melt pond. The increase in blue light also shifts the
spectral quality of the light beneath the “dirty™ pond toward
the “clean” hummock ice case.

Spectral albedos for the multivear hummock and refrozen
melt pond were measured upon removal of approximately 10
cm of snow (Figure 10). The clean ice was characterized by a
peak in albedo of approximately (.74 at 490 nm, The particle-

laden melt pond cxhibited a peak in albedo of 0.66 at 550 nm,
with a strong decrease in albedo towards the blue end of the
spectrum due to the strong absorption by the entrapped par-
ticulate matcrial. Not surprisingly. the spectral shapes of the
albedos for these two cases were very similar to the spectral
shapes of the radiance distributions measurcd at approxi-
mately 70 cm, indicating that for snow-free ice, materials cn-
trapped at such depths do influence the spectral quality and
quantity of reflected irradiance. )

3.5.2. June. Spcctral albedos for a multivear hummock
and three multiyear melt ponds were measured in June on the
same multiyear pan as in April (Figure 11). Both the hummock
and the refrozen melt pond from April were found to be melt
ponds by June (comparable to the white pond and dirty pond
in Figure 11). The spectral albedo for the multiycar hummock
was larger than any of the other bare ice cases and was com-
parable to that for the melting snow. The spectral albedo was
fairly constant across the visible part of the spectrum. and
indeed the hummock looked white. Visible inspection of an ice
core from the top portion of the hummock confirmed that it
contained many morc air bubbles, and consequently more scat-
tering, than the first-year ice. Adjacent to the hummock was a
low arca where the bubbly white ice was covered by approxi-
mately 15 cm of meltwater. This melt pond appeared white,
since the underlying ice was bubbly like that of the hummock.
The presence of the water in this white melt pond caused a
decreasc in total albedo from 0.61 to 0.37. The reduction was
greatest at longer wavelengths, with the ncar-infrared albedo
decreasing to less than 0.2, while in the visible the decreasc was
only from approximately .77 to 0.65, with the melt pond
retaining a whitish appearance. This spectral behavior is well
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established and is a result of the increasing opacity of water in
the infrarcd [Grenfell and Maykut, 1977, Grenfell and Perovich,
1984]. At these wavelengths, absorption in the water is so large
that albedo is detcrmined by surface reflection. In the visible,
however, the spectral albedo is governed by the properties of
the underlying ice and the depth of the pond. As these param-
eters vary, so does the pond albedo. Spectral albedo mcasure-
ments for the whitc, blue, and dirty ponds illustrate this point.
The underlying ice in the blue pond had notably fewer bubblcs
than the ice in the white pond. and visible albcdo was roughly
20% smaller than that for the white ice. The dirty pond is a
morc extreme case where the pond was much deeper, approx-
imately 0.7 m, and the bottom was visibly dirty, with large
quantitics of particulates. The depth of the pond caused a
significant reduction of the albedo at visible wavelengths. The
presence of the particulates further decreased the magnitude
of the albedo and caused a distinctive pcak at 550 nm in the
spectrum.

4. Discussion

The physical structure of sea ice is important in determining
the structure of the associated light ficld. The addition of
absorbing matcrials within the ice causes a reduction in the
radiance at all angles. Changes in the scatlering properties,
both in magnitude and in angular distribution, may be rclated
to gradients in the physical structure of the icc as well as the
included particulatc materials. Changes in the angular distri-
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Figure 10. April measurements of spectral albedos for the

“clcan” hummock and particle-laden refrozen melt pond in the
multiyear icc floc. The snow was removed from both sites to
observe solely the signal from the ice and entrapped materials.
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hummock and three melt ponds in the muitiyear ice floe. The
obscrvations were made under a complete cloud cover with the
solar disk barely visible. The cases were a multiyear hummock
(a7 = 0.61), a white pond with bubbly ice under 15 ¢cm of
meltwater (ar = 0.37), a 15-cm-deep blue pond (w, =
0.29). and a 70-cm-deep dirty pond (ay = 0.17).

bution of the scattering cause variations in the shapc of the
radiance distribution, increasing the radiance at some angles
while decreasing it at others. The scattering within the ice also
tends to act as a low-pass filter, smoothing out features that
have small horizontal extent as seen in the horizontal transects
of transmittance and in the light field under the frozen melt
pond on the multiyear ice.

Layers within the icc that affect the radiance distribution can
have three sources: thosc related to changes in physical struc-
ture, those related to changes in absorbing inclusions, and
those in which both of the previous mechanisms are present.
Changes in the physical structurc may be related to changes in
the formation mechanism (c.g., frazil to congelation transi-
tions), the growth conditions (c.g., crystal orientation, align-
ment, bubble density, or growth rate), and metamorphic pro-
cesses (melting, brine drainage). The springtime biological
layer on the underside of the ice is a good cxample of the
influence of absorbing materials, although this phenomenon is
relatively short-lived compared with the less dramatic but tem-
porally persistent in-ice distributions of absorbing material. In
many cascs the physical structure and cnhanced concentrations
of inclusions are spatially coherent. Frazil ice formation in the
fall is the foundation of the surfacc sea ice layer of the ice that
we studied. Frazil ice incorporates phytoplankton, dissolved
organics, or resuspended sediments contained within the sea-
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water [Garrison et al., 1983, 1990; Pfirman et al., 1990; Reimnitz
et al., 1990; Ackley and Sullivan, 1994]. The surface icc layer
thercfore has a fine-grained structurc and enhanced concen-
trations of incorporated materials. It is important to note that
tor both seasons, particle concentrations were high at the
snow-ice interface. Algal cells transported by brine wicking in
the spring arc left behind after drainage occurs. These particles
undergo growth, increasing in concentration and resulting in
increased absorption of shortwave radiation at the interface
during the melting season.

The slower growth of large-grained congelation ice beneath
this fine-grained layer has a very different physical structure
that is not as conducive to particle entrapment. The mecha-
nism associated with the structure and particle loading scen
around 60 cm in Figure 2 is more difficult to cxplain. It is
possible that the particles were trapped during the normal ice
growth and the change in physical structure is related to meta-
morphism of the ice by localized heating because of the higher
absorption by the particles [Fritsen et al., 1992; Zeebe et al.,
1996]. The small crystals observed may also be related to a
freezing mechanism such as a sub-ice frazil laver [Dieckinann et
al.. 1986] or buoyant anchor ice [Reimnitz et al., 1987] that
brought the particles to the ice surface. Regardless of the
mechanism, the rclationship between ice structure and absorb-
ing inclusions is important for improving our understanding of
the light field associated with sea ice.

Qualitatively. the temporal changes in ice optical properties
during the onset of melt are straightforward to understand. A
reduction in scattering causes a decrease in albedo and an
increase in transmittance. Melting induces physical changes in
the snow and ice that tend to reduce scattcring within the
medium. As melting occurs in the snow cover, the grain size
increases and a portion of the air void fills with meltwater, both
of which decreasc scattering. The presence of meltwater on the
ice surface reduces scattering and consequently the albedo,
particularly at longer wavelengths |Grenfell and Maykut, 1977].
Warming in the interior of the ice increases the brine volume
and, at least initially, reduces large angle scattering as brine
pockets grow and interconnect, increasing the size and reduc-
ing the number of scatterers [Perovich and Grenfell, 1981].
During pond development in the first-vear ice, there was a
continual and considerable percolation of air bubbles Lo the
surface of the ponds. We belicve that the source of this per-
colation was the release of air bubbles from the interior of the
melting ice. The melting-induced reduction in scattering can be
mitigated if the ice drains. In this case, water-filled voids be-
come air-filled voids, and scattering within the ice increases.
For examplc, the upper 0.5 m of the multiycar hummock was
above freeboard and contained numerous air bubbles, and it
had an albedo that was larger than that of any of the other bare
icc cases and comparable to that of mclting snow.

The partitioning of the solar radiation incident on an ice
cover between reflection to the atmosphere, absorption in the
ice, and transmission to the occan has a significant impact on
the heat and mass balance of the ice cover. This partitioning is
governed by the optical properties of the ice and exhibits both
spatial and temporal variability. In fact, the seasonal progres-
sion of reflection, absorption and transmission are not tempo-
rally coherent as might be expected. The temporal variability in
light partitioning is explored in Table 1, where a time series of
the light reflected by, absorbed in, and transmitted through the
icc is prescnted. Albedo tends to decrease as the melt
progresses. Consider, for example, the changes attendant with
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the decreasc in albedo between June 7 and June 9. The inci-
dent solar irradiance was large during this period, averaging
300 W m 2. The solar energy that is not reflected contributes
primarily to surface or internal melting of the icc, with a small
traction transmitted to the underlying water. The albedo, av-
eraged over the transect, decreased from 0.62 to 0.32. This
resulted in an additional Y0 W m "= of heat input fo the ice
covcer, which is cquivalent to approximately 0.03 m of ice melt
per day. A similar trend in albedo and absorption is evident in
the first-year ice evolutionary sequence presented in Figure 7
and summarized in Table I. As meiting progressed there was a
steady decrease in albedo and increase in the amount of energy
absorbed in the ice cover. For the April cold-snow-covered
casc. only 219 of the incident radiation is absorbed. virtually
all of it in the snow. During the melt season in June the
absorption increcases to 40% for the melting-snow-covered
case, to 53% for the barc ice and 67% for the melt pond. This
reduction in albedo and increase in absorption leads to addi-
tional melting, which in turn tends to lower the albedo. This is
the ice-albedo feedback mechanism.

Melt ponds are believed to play a critical role in the ice-
albedo feedback and in the summer melt cycle of sea ice. The
presence of melt ponds reduces the albedo, enhances surtace
ablation, and increases optical transmission to the ocean. Be-
cause of this potential importance, recent large-scale sea ice
thermodynamic models include melt ponds (Ebert and Cury,
1993; Ebert et al., 1995]. During the height of the melt season,
ponds can cover a substantial fraction of the ice. For example,
Plate 3 is an aerial photograph of a 500- by 700-m area of the
Beaufort Sea (76°N. 172°W) on July 30, 1994. A survey of a
20-km? area showed that the ice concentration was 94% and
that ponds covered 13% of the ice area. For simplicity, models
typically assume that all ponds have similar optical properties.
However, our results illustrate that therc is a wide range of
melt pond spectral and total albedos and indicate that this
variety results from differences in pond depth and the proper-
ties of the underlying ice, including variations in the particle
concentrations in the surface frazil ice layer.

A close examination of Plate 3 shows that while ponds arc
casily distinguishable from leads and bare ice, they also exhibit
differences among themselves, with dark blue, blue, light blue,
green, and whitish ponds present. Not only are these ponds
different colors, but the magnitude of their total albedo can
differ by as much as a factor of 2. Therc havc been several
studies of melt pond albedos [Langleben, 1969, 19715 Grenfell
and Maykut, 1977; Grenfell and Perovich, 1984], but little is
known regarding the optical properties of the pond icc or
transmission through the ponds. Information is also scarce
regarding the physical properties of ponded ice. Tucker et al.
[ 1987] reported on the salinity, density, and crystal structure of
ponded ice, and Shokr and Sinha [1994] reported air bubble
size distributions for a first-ycar melt pond. To assess the
impact of melt ponds on sea ice thermodynamics, additional
information is needed concerning the arcal extent, the tempo-
ral duration, and the water content of melt ponds. Plate 3
illustrates that pond coverage can be obtained from aerial
photography, and areally averaged albedos can be measured
using aircraft-mounted radiometers [Langleben, 1971]. It may
be possible to use spectroradiometers to exploit the spectral
differences in pond albedo to estimate pond depth and the
properties of the underlying ice. Qualitatively, we know that
bluer ponds tend to be deeper, green ponds denote the pres-
ence of algae and other organic material, and white ponds are
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Plate 3. Acrial photograph of sea ice during the height of the melt season, taken at 76°N, 172°W on July 30,

1994. Photograph courtesy of W. B. Tucker III.

shallow with bubbly ice below. By combining additional field
studies and with a comprehensive radiative transtfer model for
melt ponds, it may be possible to estimate pond depth and ice
properties quantitatively from observations of spectral albedo.

5. Conclusions

During the annual spring-to-summer transition, there is a
general decrease in albedo and a concomitant increase in ab-
sorbed and transmitted light. Changes in albedo are dominated
by changes in surface conditions. As the snow melts and the ice
surface becomes a variegated mixture of melting snow, bare
ice, and ponded ice, the average albedo decreases and the
horizontal variability in albedo increases. While absorption
and transmission are affected by the surface conditions, they
are also dependent on interior properties and algal blooms on
the underside of the ice. The solar radiation absorbed in the ice
exhibits a seasonal progression, with maximal values during the
bloom of algae on the underside of the ice and during the melt
pond period, when more radiant energy enters the ice cover.
Visible wavelength albedo for melt ponds is influenced not
only by the pond depth but also by the properties of the
underlying ice.

The radiance distribution within the ice is strongly affected
by the particulate and dissolved materials contained within the
ice. While the distribution of inclusions causes variations in the
attenuation, the typical value for the interior of first-year ice
over the spectral range of 430-550 nm is 0.8 m~'. At longer
wavelengths the attenuation increases as absorption by the ice
becomes more important.

This extensive data set provides an excellent resource for the
development and evaluation of optical models of sea ice and its
constituent components. Such models are necessary to fully
understand and represent the temporal and spatial variability
of optical properties. Future efforts need to be directed toward
incorporating these observational results into radiative transfer
models and toward extending the small-scale measurements of
the optical properties of individual ice types to estimate the
large-scale optical properties of the ice cover.
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