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Radiation Absorption Coefficients of Polycrystalline
Ice From 400-1400 nm

THOMAS C. GRENFELL AND DONALD K. PEROVICH

Department of Atmospheric Sciences AK-40, University of Washington, Seattle, Washington 98195

Absorption coefficients have been measured for bubble-free polycrystalline ice over the spectral region
400-1400 nm. In order to obtain an easily measurable attenuation at short wavelengths (400-500 nm), a
2.83 m block was used. The technique employed to grow large quantities of bubble-free ice is presented
in detail. The absorption coefficients agree very well with previous results in the infrared and appear to
provide greater accuracy and spectral detail at visible wavelengths.

INTRODUCTION

Although pure ice is highly transparent at visible wave-
lengths, absorption of solar radiation by naturally occurring
forms of ice is far from negligible at these wavelengths. Be-
cause natural ice forms usually contain considerable quan-
tities of internal inhomogeneities or consist of small crystals or
granules, substantial volume scattering takes place and greatly
increases the effective path length of photons through the me-
dium so that extinction becomes very large. This has been
demonstrated for glacier ice and snow by Ambach and
Habicht [1962], and for sea ice by Grenfell and Maykut [1977).
Consequently, for a variety of studies related to the radiative
energy balance of the earth’s surface in cold regions, an accu-
rate knowledge of the spectral absorption coefficients of pure
bubble-free ice [k, (ice)] is needed. For example, recent calcu-
lations of spectral albedos and extinction coefficients of snow
[Bohren and Barkstrom, 1974; Choudhury and Chang, 1979;
Wiscombe and Warren, 1980), transmissivities and reflectances
of ice clouds [Liou, 1973], and optical properties of sea ice
[Grenfell, 1979] all depend on &, (ice). In addition, photomet-
ric models of planetary atmospheres and snow or ice-covered
extraterrestrial objects require accurate data on the spectral
properties of ice [Van de Hulst and Irvine, 1962; Sagan and
Pollack, 1967].

Over the visible region the best available results of ice
transparency are those of Sauberer [1950]. They have been
cited by Goodrich [1970] and presented by him in terms of
spectral absorption coefficients. The uncertainties in these
data are substantial because a very large length of pure
bubble-free ice is necessary to obtain a sufficient path length
to get a dependably measurable attenuation, but large enough
quantities of bubble-free ice are difficult to obtain. Even if a
large quantity of ice is available, scattering from crystal
boundaries can be significant. For the most part, Sauberer
[1950] used samples from 14 to 16 cm in thickness although a
few of his samples were as long as 50 cm. The total absorption
thus ranged from 0.4% to 2% requiring very stable electronics
for even moderate accuracy. It is not surprising then that his
results appear to have been somewhat noisy although he gives
no quantitative error estimates. Accordingly, Goodrich [1970]
quotes Sauberer’s visible results to at most two significant fig-
ures.

In the infrared, data are available from several sources and
because absorption is greater, there is a corresponding in-
crease in accuracy for small sample sizes. Recent reviews [I7-
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vine and Pollack, 1968; Goodrich, 1970; Wiscombe and Warren,
1980] have shown, however, that a good deal of subjective
evaluation and interpolation are still necessary to provide
continuity of k, (ice) over a wide spectral range. This prob-
ably arises from difficulties in sample preparation, but may
also be due to detector sensitivity limitations or light leakage
problems in some spectral regions.

The goal of the present study has been to obtain continuous
values of k, (ice) over the visible and near infrared with im-
proved absolute accuracy and spectral resolution. This has
been made possible by the adaptation of a simple technique
for growing large quantities of pure bubble-free ice together
with the availability of a very wide band visible and infrared
scanning photometer [Grenfell, 1981].

SAMPLE PREPARATION

The method used for growing bubble-free ice was devel-
oped in our laboratory by D. Bell et al. (unpublished data,
1972). The ice was grown in a tank with foam insulated plexi-
glas walls, a styrofoam lid, and a bottom surface of aluminum
chosen for its high thermal conductivity. The tank was placed
in a cold room set at +2°C, and a network of copper cooling
coils was installed underneath it in contact with the aluminum
bottom so that the ice would grow upward from the bottom of
the tank. The apparatus is shown in Figure 1. The tank was
carefully cleaned and filled with filtered deionized water. As
ice growth proceeded, the water was circulated over the grow-
ing surface using stirring motors mounted on the lid in order
to dislodge bubbles nucleating on the growing surface and to
keep any particulates in the water in motion so they would not
freeze into the ice. Periodically the water was siphoned off to
remove the small amounts of dust which had accumulated
and prevent any buildup of chemical impurities. The growth
time was slow to promote large crystal growth; 200 mm of ice
was grown over a 10 day period.

The sample produced was a rectangular block 2.83 m in
length and 260 X 200 mm in width and height. This length
was chosen to give a total absorption at 400-500 nm of about
10% based on the data of Sauberer [1950]. The ends of the
tank were smooth 15.9 mm (5/8”) thick plexiglas which were
removed after the block had finished growing leaving flat op-
tically smooth surfaces. One end face of the tank was tilted at
10° to remove effects of multiple internal reflections.

MEASUREMENTS

The experimental setup is shown in Figure 2. A collimated
beam of light was directed through the sample, its intensity
was measured using the scanning photometer whose operating
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Fig. 1. Schematic representation of the ice growth apparatus (not to
scale).

characteristics are described by Grenfell [1981], and the output
versus wavelength was recorded on an x-y plotter. The ice
block was then removed and the measurement repeated. Each
time the ice block was moved, the light source and the pho-
tometer were realigned to give a maximum reading. Because
k; (ice) changes by 6 orders of magnitude over the wavelength
range studied, blocks of three different lengths were used to
optimize accuracy in different wavelength regions. The appro-
priate block sizes were estimated using Sauberer’s data. The
full 2.83 m block was used from 400 to 850 nm. For the near
infrared from 700 to 1100 nm a 200 mm section was cut from
the full block, and for the 1000 to 1400 nm region an addi-
tional 8.2 mm thick slab was cut. The end faces of the smaller
blocks were melted flat using an aluminum plate, and pol-
ished with a soft cloth.

Two light sources were used. The first was a standard slide
projector from which the infrared blocking filter could be re-
moved when necessary. The cross sectional area of the projec-
tor beam was then restricted with light baffles to 30 X 30 mm
before it entered the ice. For reference, a helium-neon laser
was also used because of its narrow collimated beam and its
precisely known wavelength and narrow bandpass.

Because of the polycrystalline nature of the ice, some vol-
ume scattering was inevitable. Because the individual crystals
were vertical columns, the scattering was horizontal, so the ex-
periment was designed to measure all light including that scat-
tered out of the beam. Visual inspection showed that apart
from Fresnel reflection at the ends of the block, side and
backscattering were negligible; thus virtually no light escaped
out the sides of the block. Small angle forward scattering was
observed as expected in the 2.83 m block, but was negligible
in the smaller samples. Consequently, two different detector
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Fig. 2. Schematic representation in plan view of the setup for the
optical measurements. Configuration (i) was used for the full 2.83 m
block and configuration (i) for the shorter samples.
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configurations were used. At visible wavelengths, a2 3.2 mm
(1/8”) thick opal plexiglas diffusing plate was mounted per-
pendicular to the incident beam 30 c¢m in front of the pho-
tometer as shown in Figure 2i. This made it possible to sample
all the light passing through the end of the block eliminating
internal scattering losses. At infrared wavelengths, absorption
by the plexiglas was too strong to obtain an adequate signal to
noise ratio; but, because the block size was small and the scat-
tering negligible, it was possible to focus the entire emerging
beam onto the entrance aperture of the photometer by using a
collector lens as shown in Figure 2ii.

Frost formation was a problem when the air outside the
cold room was humid. In such cases, care was taken to polish
the ends of the sample clean just before the measurements
were taken, and multiple scans were recorded to test for signal
degradation due to subsequent frost buildup.

Absorption coefficients were calculated using the following
formula for attenuation in purely absorbing media:

Ko Gice) = — I {1, Gice)/[1s (mo ice) (1 = /) (1 ~ K]}

where z;. is the length of the sample, I, (ice/no ice) is the ob-
served light intensity with/without the ice in place, and r,//* is
the calculated Fresnel reflection loss for the front or back sur-
face. The results are displayed graphically in Figure 3 and are
given in Table 1 at 10 nm intervals. Table 1 also contains the
corresponding values of the imaginary part of the index of re-
fraction (n,,) calcuated from n,, = Ak, (ice)/4n [Born and
Wolf, 1959].

Observational uncertainties listed in Table 1 and shown in
Figure 3 include the following sources: instrumental noise, re-
peatability of the intensity observations, and uncertainty in
measuring z;... The latter was significant only for the 8.2 mm
thick slab. The influence of multiple internal reflections on the
results was calculated and found to be negligible. In order to
insure continuity in the regions of overlap between different
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Fig. 3. The absorption coefficient of ice versus wavelength. The
solid curve shows the present results together with the error estimates.
The boxed dots show the data points of Sauberer (S.) and the crosses
show the data from Irvine and Pollack (L.P.).
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TABLE 1. Absorption Coefficients and Corresponding Imaginary
Components of the Index of Refraction for Pure Bubble-Free Ice

TABLE 1. (continued)

A, nm k,m™!

A, nm k, m~ ny, Uncertainty, %
400 8.50E — 2 271E-9 +20
10 7.70 2.51 £19
20 6.77 2.26 +18
30 6.09 2.08 £12
40 5.45 191 £11
450 4.30E -2 1.54E - 9 £10
60 4.19 1.53
70 4.14 1.55
80 430 1.64
90 4.57 1.78
500 4.79E - 2 191E -9 +10
10 5.26 2.14
20 5.45 2.26
30 6.03 2.54
40 6.83 2.93
550 7.10E - 2 311E-9 +10
60 7.38 3.29
70 7.75 3.52
80 8.76 4.04
90 1.04E — 1 4.88
600 1.20E — 1 5.73E~-9 £10
10 142 6.89
20 174 8.58
30 2.08 1.04E - 8
40 2.40 1.22
650 2.76E - 1 143E - 8 £10
60 3.16 1.66
70 3.54 1.89
80 3.86 2.09
90 438 2.40
700 5.20E -1 2.90E - 8 +8
10 6.09 3.44
20 7.03 4.03
30 7.41 430
40 8.35 4.92
750 9.84E — 1 5.87E—8 +8
60 LI7E -0 7.08
70 1.40 8.58
80 164 1.02E — 7
90 1.87 1.18
800 2.10E -0 1.34E - 7 +8
10 2.17 1.40
20 2.19 143 i
30 2.19 1.45 “
40 2.26 1.51
850 2.70E - 0 1.83E—7 +8
60 3.14 2.15
70 3.83 2.65
80 478 3.35
90 5.53 3.92
900 5.86E — 0 4.20E -7 +8
10 6.13 4.44
20 6.48 474
30 6.90 5.11
40 7.39 5.53
950 7.96E — 0 6.02E — 7 +8
60 9.88 7.55
70 1.20E + 1 9.26
80 143 LI2E-6
90 1.69 133
1000 2.04E + | 1.62E — 6 £10
10 2.49 2.00
20 277 225
30 2.84 233
40 2.81 233
1050 2.60E + 1 217TE-6 £10
60 232 1.96
70 2.12 1.81
80 2.03 1.74
90 1.99 1.73
1100 1.94E + 1 1.70E - 6 +10
10 1.99 1.76

. Uncertainty, %
20 2.04 1.82
30 227 2.04
40 248 2.25
1150 2.50E + 1 229E-6 +10
60 3.29 3.04
70 4.12 3.84
80 5.08 4.77
90 6.08 5.76
1200 7.03E + 1 6.71E-6 +10
10 8.99 8.66
20 1.OSE + 2 1.O2E-5
30 1.15 1.13
40 1.24 1.22
1250 1.30E + 2 1.29E -5 +10
60 1.32 1.32
70 1.34 1.35
80 1.31 1.33
90 1.29 1.32
1300 1.28E + 2 1.32E-5 +10
10 1.26 1.31
20 1.26 1.32
30 1.25 1.32
40 1.26 1.34
1350 1.29E + 2 1.39E -5 +10
60 131 1.42
70 1.36 1.48
80 1.44 1.58
90 1.57 1.74
1400 1.78E + 2 1.98E -5 +10

scans, small adjustments were applied to the measured radi-
ances within the limits of observational uncertainty.

After the optical measurements had been completed, verti-
cal and horizontal thin sections were prepared and the crystal
structure of the ice was examined under crossed polaroids.
The block consisted of an array of columnar crystals extend-
ing the full height of the tank (200 mm). The typical horizon-
tal extent of a single crystal was 50-100 mm and the largest
observed was 80 X 200 mm. The thin sections were then ex-
amined under a microscope to look for bubbles and other in-
clusions. Individual bubbles down to 1 micron in diameter
could be detected easily. In 3 X 10° mm? of ice inspected, only
three bubbles were found (near the edge of one sample) sug-
gesting a density on the order of 107° mm ? or less. Several
smaller volumes of ice were examined very carefully to look
for clusters of bubbles or indications of cloudiness at the limit
of resolution and none were found. No trace of inclusions of
any other sort was detected.

DISCUSSION

For comparison with the present results, the data of Saube-
rer [1950] from 400 to 1000 nm as presented by Goodrich
[1970] together with the values from 950 to 1400 nm compiled
by Irvine and Pollack [1968] are included in Figure 3. From
1050 to 1400 nm the agreement with previous data is very
good, but differences appear gradually at shorter wavelengths
and are greatest between 400 and 600 nm. Because of the
greater path length and improved spectral resolution, the
present results are felt to be more accurate than those of
Sauberer [1950]. However, in view of the stated limitations in
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Sauberer’s data, his results are felt to be surprisingly close to
the present values, and within the limits of his uncertainties,
the two data sets are probably consistent with one another.

Additional arguments qualitatively supporting the present
results can also be made from a comparison with the absorp-
tion coefficients of pure water where large path lengths are
easier to obtain. Values of k, (water) are reported by Irvine
and Pollack [1968]. They show that between 900 and 3000 nm
equivalent spectral features occur for both ice and water, but
those for ice are shifted to slightly longer wavelengths presum-
ably due to lattice interaction energies in ice. The present data
continue this trend to shorter wavelengths. The features ob-
served for water, a dip from 750 to 850 nm and a slight shoul-
der between 850 and 900 nm, are found for ice at 800-840 nm
and 900-950 nm, respectively. The minimum for ice appears
at 470 nm which is right at the minimum for water quoted by
Irvine and Pollack. More recent measurements by Tyler and
Smith [1970], however, suggest that the minimum occurs
closer to 430 nm for pure natural water. Although there is no
guarantee that the relationships between the results for ice
and water which hold in the infrared should still be valid at
visible wavelengths, it is reassuring to see that this indeed ap-
pears to be the case.
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