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Abstract

The beam spread function (BSF) of sea ice is of interest for several reasons. The BSF characterizes beam
propagation through sea ice. Its equivalent, the point spread function, is essentially the optical impulse response of
the medium, which has many useful connections to radiative transfer theory. In-ice measurements of the BSF over
the full angular range 0-180°, using a novel method, were made of first- and multiyear ice off the shore of Barrow,
Alaska. All of the measured sea ice BSFs were drastically different than the BSF of ocean water, and they strongly
indicated that sea ice is a highly scattering medium, with a single scattering albedo generally >0.97 over the visible
spectrum. At pathlengths >30 cm, the BSF was found to be nearly identical to the computed asymptotic radiance
distribution. The rapid approach to the asymptotic state and the high single scattering albedo of sea ice suggest that
photon diffusion theory should accurately describe radiative transfer in sea ice away from boundaries. Equating the
results of diffusion theory with asymptotic radiative transfer theory yields a simple expression that relates the
asymptotic attenuation coefficient K, to the inherent optical property coefficients and the asymmetry parameter g
of the scattering phase function. It is shown that the necessary optical parameters for computing g can be obtained
from the measured BSE Thus, all the information necessary for modeling optical propagation in sea ice can be

obtained from the BSF measurements using the method described here.

Sea ice is generally a highly scattering optical medium.
Its physical structure is highly complex as well, consisting
of a usually unknown distribution of air bubbles, irregularly
shaped brine pockets, fractures, and embedded particles,
which all strongly scatter light (Perovich and Gow 1991).
Measuring the optical properties of sea ice is equally chal-
lenging owing to its solid nature and the usually harsh work-
ing conditions. Thus, sea ice remains one of the least un-
derstood natural optical media.

To characterize the optical properties of sea ice, research-
ers usually have taken an approach similar to that employed
for characterizing the optical properties of ocean water, but
with greater limitations. For example, the spectral solar ir-
radiance attenuation through sea ice has been measured and
the results characterized by bulk irradiance attenuation co-
efficients for the entire slab of ice (Grenfell and Maykut
1977; Maykut and Grenfell 1975; Perovich et al. 1986). In
fact, nearly all optical measurements of sea ice in the field
have involved ambient light measurements, from which ap-
parent optical properties (AOPs) of sea ice can be directly
computed. These measurements and the resultant AOPs are
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useful for characterizing optical propagation through sea ice,
but they suffer from the same difficulties of interpretation as
do AOPs of ocean water.

Obtaining data on the inherent optical properties (IOPs)
of sea ice is highly desirable because IOPs yield information
about the fundamental optical nature of the medium. More-
over, IOPs are necessary input for radiative transfer models
of light propagation in sea ice (Grenfell 1991; Perovich and
Grenfell 1982). But sea ice IOPs are exceedingly difficult to
measure, even in the laboratory (Light 1995; Perovich and
Grenfell 1981). Nonetheless, a few researchers have made
heroic attempts at measuring sea ice IOPs, including the ab-
sorption coefficient (Grenfell and Perovich 1981; Perovich
and Govoni 1991; Roesler and Iturriaga 1994) and the scat-
tering phase function (Grenfell and Hedrick 1983; Miller et
al. 1994). Thus far, however, reported results remain prelim-
inary, especially regarding the IOPs of natural sea ice.

The beam spread function (BSF) and its mathematical
equivalent, the point spread function (PSF), are useful ra-
diometric functions for characterizing an optical medium
(Mertens and Replogle 1977). The BSF is defined as the
irradiance distribution due to a collimated beam as a function
of distance R and polar angle 6 from the source, normalized
by the source power, or radiant flux. The PSF is defined as
the radiance distribution due to a plane Lambertian source,
as a function of R and 6, normalized by the source power
divided by 7 (i.e. the PSF is normalized by the maximum
source intensity) (see Mertens and Replogle [1977] for a
thorough description of these two functions). Although it
was known for some time that the properly defined PSF and



Sea ice optics 35

BSF are equal (Honey 1979), a rigorous proof was only re-
cently given by Gordon (1994),

- The PSF is fundamental to imaging (Wells 1969), and the
BSF has direct applications to laser propagation and lidar
(Honey 1979). Small-angle scattering theory relates the PSF
to the volume scattering function (VSF) in the paraxial, or
small-angle, approximation in a way that can be analytically
inverted to obtain the VSF from the measured PSF (Wells
1969). Owing to the interest in underwater 1mag1ng and
ocean lidar, considerable attention has been given to char-
acterizing the PSF of ocean waters (Voss and Chapin 1990;
Maffione et al. 1991), although there has been little progress
at inverting the measured PSF to obtain the VSF usmg small-
angle scattering theory (Voss 1991).

Because the PSF is essentially the radiance distribution
due to a Lambertian source, it can be integrated to yield the
scalar and planar irradiances. Maffione et al. (1993) have
shown that the bulk absorption coefficient of the medium
can be accurately determined from these two irradiance mea-
surements as a function of distance from the source. No ab-
solute calibration is needed, and furthermore the method is
exact, so that its accuracy is unaffected by even a highly
scattering medium. Thus, the method described below for
measuring the complete BSF of sea ice, which is the equiv-
alent PSE can be integrated to yield both the scalar and net
irradiances due to a Lambertian source. From these two ir-
radiance quantities, the absorption coefficient, diffuse atten-
uation coefficient, and the average cosine of the light field
can be determined.

The only reported attempt at measuring the PSF of sea ice
was performed by Gilbert and Buntzen (1986) using a meth-
od developed by Honey (1979) and instrumentation devel-
oped by Moore (1985). Gilbert and Buntzen attempted to
measure the bulk PSF of Arctic sea ice by lowering a Lam-
bertian light source into the water below the ice and record-
ing the radiance distribution emerging above the ice with a
camera. Problems with their particular experimental method
in the harsh arctic environment limited the usefulness of
these measurements. Nonetheless, a subsequent analysis of
the Gilbert and Buntzen data by Voss et al. (1992) showed
that the PSF of sea ice is far broader than the PSF of ocean
water, indicating a high degree of scattering by sea ice.

Measurements of the planar irradiance distribution due to
a collimated source, which is a paraxial approximation to
the BSE were made of a slab of laboratory grown saline ice
by Schoonmaker et al. (1989). Their results also showed that
sea ice is a highly scattering medium. Schoonmaker et al.
computed the BSF with forward and inverse Hankel trans-
forms of their planar irradiance measurements. By using the
same optical geometry as Schoonmaker et al., Longacre and
Landry (1994) measured the planar irradiance distribution
due to a beam propagating vertically through a bulk slab of
Arctic sea ice. As in Schoonmaker et al.’s setup, Longacre
and Landry’s measurements were not strictly the BSE but
their results once again confirmed that sea ice is a highly
scattering medium. Tanis (1994) also used a similar setup to
make beam spreading measurements of sea ice samples
taken from cores. Tanis’s goal was to use his measurements
in Wells’s small-angle scattering inversion algorithm (Wells
1969) to obtain the small-angle VSE However, recent in-

vestigations by Joelson (1996), using a Monte Carlo model,
indicated that small-angle scattering theory breaks down for
highly scattering media because these theories do not take
into account the scattering of photons back into the forward
light path. These theories take into account only multiple
scattering that occurs within the paraxial angles (nominally
<10°). It therefore does not appear that the small-angle VSF
can be determined for sea ice with the Wells inversion al-
gorithm due to the highly scattering nature of this medium.

A new method for measuring the BSF of sea ice is de-
scribed. It is shown that this method allows the BSF to be
measured over the full 180° range of polar angles in a man-
ner that properly relates it to the strict definition of the BSE
This method is used to determine the BSF over horizontal
paths of selected distances, as opposed to previous field tech-
niques used for measuring an approximation of the BSF over
vertical paths through the entire ice sheet. Moreover, the hor-
izontal-path BSF can be measured as a function of depth
within the ice. This method was tested near Barrow, Alaska,
in the springs of 1993, 1994, and 1995, and several datasets
of the complete BSF of sea ice were obtained. These exper-
iments were conducted as part of the Office of Naval Re-
search-sponsored program, Electromagnetic Properties of
Sea Ice. The results of the 1995 experiment are used in the
analysis presented here.

Instruments and methods

In collaboration with S. Pegau and R. Zaneveld of Oregon
State University, instrumentation was developed for mea-
suring beam attenuation in sea ice. The optical instrumen-
tation was built by WET Labs, and a unique ice coring rig
was built by the Polar Ice Coring Office (PICO), then at the
University of Alaska, Fairbanks. After initial field trials, the
optical instrumentation was modified for measuring the BSF
in the manner illustrated in Fig. 1. The illustration shows
how two holes are cored in the ice with a separation R,
where R is defined as the horizontal distance through the ice
separating the holes. A collimated light source, in this case
a laser diode within a cylindrical housing, is lowered into
one hole (left one in Fig. 1). An irradiance detector, also in
a cylindrical housing, is lowered into the other hole and
aligned with the axis of the source beam. As discussed
above, the BSF is the irradiance distribution around a con-
stant arc from a collimated source, as illustrated in the inset
in Fig. 1. For an isotropic medium, it is entirely equivalent
if the irradiance detector is kept fixed and the source is ro-
tated. For example, in the inset of Fig. 1, if the beam is
pointed at the position of E(8), then the irradiance E(0) will
be identical to the irradiance at E(6) when the source is
pointing in its original direction. Therefore, as the source
beam in the cylindrical housing on the left in Fig. 1 is ro-
tated, the irradiance distribution recorded by the detector is
BSF(6).

The only assumption in this method is that the medium is
isotropic, at least optically. It is well known that sea ice can
be anisotropic due to the columnar alignment of the ice crys-
tals during formation. Fractures in the ice, which can channel
a light beam, also cause anisotropy. In general, however, the
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Fig. 1. Experimental setup for measuring the complete BSF of
sea ice in situ.

anisotropic structures within sea ice should have a small ef-
fect on irradiance-level radiative transfer unless there is high
spatial coherence in crystal alignment. The severity of an-
isotropic effects on the BSF measurements can be charac-
terized in the following manner. By rotating the source beam
counterclockwise (looking down), the BSF is measured from
0° to +180° and by rotating it clockwise, the BSF is mea-
sured from 0° to —180°. If the medium is isotropic, a plot
of the BSF from —180° to +180° should be a symmetric
curve of ~0°. As shown below, anisotropic effects do show
up in the data, but they are mainly local effects at discrete
angles, probably due to light channeling from fractures.
These discrete effects can easily be removed or smoothed
out since the primary interest here is the overall shape of
the BSE In most cases, the overall shape of the BSF was
found to be symmetric. Note that this test is a necessary,
though not sufficient condition for proving isotropy.

The optical instrumentation consisted of separate source
and detector units housed in water-tight canisters. The light
source was a laser diode which emitted ~1 mW at a nominal
wavelength of 670 nm. The beam had a nominal divergence
of 3 mrad as specified by the manufacturer. The laser diode
was electronically modulated for phase-synchronous detec-
tion with the photodetector. The signal from the photodetec-
tor was digitized within its housing and then recorded and
displayed on a laptop computer. Both the source and detector
housings were built out of a polycarbonate material and were

designed to be water-tight since the ice holes sometimes fill
with seawater. Unfortunately, this material did not hold up
under the stress of the Arctic environment, and one of the
canisters often leaked. The optical instrumentation did not
incorporate an electronic means, such as an optical encoder,
for recording the rotation angle. Thus, the BSF was mea-
sured at discrete angles, usually in 5° or 10° increments, and
the angles were measured manually with a protractor and
pointer. Approximately 25 to 50 digitized photodetector sig-
nals were recorded for each angle and averaged to produce
a single value of the BSF at that angle.

The ice-coring rig, built by PICO, was specifically de-
signed for the application of measuring in-ice optical prop-
erties. When set in place, the rig was able to core a series
of holes over a total linear distance of ~1 m. The cores were
~15 cm in diameter. The purpose of drilling a series of holes
was to make BSF measurements over several different path-
lengths. This was accomplished by first drilling two holes
with the largest desired separation, making the BSF mea-
surement, and then drilling another hole between these two
for a shorter pathlength BSF measurement. The process was
repeated until the shortest desired pathlength was achieved,
which was typically ~15 cm.

Results

The measurements presented here were made on shorefast
first- and multiyear ice in the Chuckchi Sea near the coast
of Barrow, Alaska, in April 1995. These data, although not
extensive or comprehensive, have the greatest angular res-
olution and range (covering —180° = 6 = + 180°) of the
datasets obtained during the 1993, 1994, and 1995 Barrow
experiments. Comparison of the 1995 data with the 1994
data over the limited angular range of —90° to +90° did not
reveal any differences that affect the conclusions presented
here. The 1993 experiment was preliminary for testing the
experimental design and instrumentation. The coring rig, op-
tical instruments, and associated equipment were towed to
the sites with snowmobiles, where measurements were per-
formed over the course of about a week. The most extensive
measurements were made of first-year ice, although some
measurements were obtained of a multiyear floe embedded
in the first-year ice. BSF measurements were made both as
a function of separation distance R and depth z within the
ice. The angular range of the BSF measurements usually
spanned from 0° to 180°, both clockwise and counterclock-
wise. Occasionally, time or equipment constraints restricted
measurements to one direction, usually counterclockwise
(looking down) from 0° to +180° and in some instances
measurements were made to only 90°. Unless stated other-
wise, graphs are of data from the first-year ice site.

The BSF was usually measured in dry holes, although
occasionally the holes flooded, either by seepage or because
the holes were deliberately drilled down into the water. The
inner walls of the holes were generally smooth, but certainly
not to optical tolerances so that some effect was expected
on the beam as it passed through the ice interface. But hole-
surface roughness should generally cause only random ef-
fects that can be averaged out, and should not cause any
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Fig. 2. Sea ice BSF with the holes dry and flooded with sea-

water. Pathlength through the ice was R = 30 cm.

significant or systematic effect on the shape of the BSE
These effects should be greatest when the holes are dry due
to the larger index of refraction change at the ice interface
compared to when the holes are wet. Figure 2 shows two
BSFs that were measured in the same hole at the same depth
when the hole was dry and later flooded with seawater. The
pathlength was R = 30 cm. Except for some random differ-
ences, the two curves are essentially identical. As expected,
the curve with the most variability has the data from the dry
hole. Some of the variability is also perhaps due to “‘light
channeling™ by fractures and brine pockets.

An important feature of all the sea ice BSFs that were
measured is their broadness, or angular width, which indi-
cates a high degree of scattering. Indeed, the irradiance of
the scattered laser light could be measured when the detector
was pointed at 180°. Figure 3 shows the BSF of a multiyear
floe at two depths, with R = 30 cm. The broadness of these
BSFs is again clearly evident and similar to the first-year ice
BSFs. Compare this with the PSE which is equivalent to the
BSE of ocean water (Fig. 4). The ocean water PSF was
measured by one of the authors (R.A.M.) in Monterey Bay,
California by using a method similar to that first described
by Honey (1979) and later used by Voss and Chapin (1990)
and Maffione et al. (1991). The ocean water PSF is so highly
peaked that it must be graphed on a log plot. In the first 30°
it decreases by four orders of magnitude, after which the
dynamic range of the digital camera begins to be reached.
In contrast, the sea ice BSF barely drops by one order of
magnitude over 90°. Moreover, there is a large difference in
pathlengths between the ocean water PSF and sea ice BSE
The pathlength of the ocean water PSF was 10 m, whereas
the sea ice BSF pathlength was 0.30 m. Because multiple
scattering increases with pathlength, the highly scattering na-
ture of sea ice, when compared with ocean water at least, is
quite dramatic.

Figure 5 shows a series of ice BSFs that were measured
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Fig. 3. Sea ice BSF of multiyear ice at two depths. Pathlength
through the ice was R = 30 cm.

as a function of depth within the ice, with a pathlength be-
tween source and receiver of R = 30 cm. Again, the broad,
bell-shaped-like curves are evident in all the BSFs. A visual
examination of both the core and ice hole revealed layering
of the ice sheet. Layers were identified by their slightly
darker or more milky appearance compared with other
regions of the ice sheet. There was some correlation between
the BSF amplitudes and the ice layers, especially where the
layer was very distinct, such-as near the bottom of the ice
sheet corresponding to the 106-cm BSE The correlation of
the BSF amplitudes with the other layers was not as pro-
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Fig. 4. Comparison of the BSF of sea ice and the equivalent
PSF of ocean water. Sea ice pathlength was 30 cm; ocean water
pathlength was 10 m.
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Fig. 5. The BSF as a function of depth in sea ice. Pathlength
was R = 30 cm.

nounced, although this may have been due to the fact that
the layers were not characterized in an independent, quan-
titative manner; layers were observed by visual inspection
of the ice cores. No definitive correlation was found between
the BSF shapes and the layers.

As already discussed, an important assumption in this
technique for measuring the BSF is that the medium is iso-
tropic, at least for light propagation at the irradiance level.
Sea ice often forms anisotropic structures, most notably co-
Jlumnar crystals which may align in a predominant direction.
Fractures, on certain spatial scales, are anisotropic structures
as well. If the spatial coherence of these anisotropic struc-
tures is not highly pronounced, then anisotropic effects
should average out at the irradiance level of light propaga-
tion. The data shown in Figs. 2, 3, and 5 are all relatively
symmetric at ~0°, save for local variations at discrete angles.
Indeed, an examination of all the measured BSFs revealed
no systematic asymmetry.

Another dataset that supports the assumption of an isotro-
pic medium for irradiance-level propagation is shown in Fig.
6. Here, one BSF was measured with the 0°-beam axis point-
ing in the direction of the ice C-axis, and the other BSF was
measured with the 0°-beam axis perpendicular to the C-axis.
The experimental arrangement consisted of three holes form-
ing a right angle, with the laser in the vertex hole. Both
measurements were made at the same depth (76 cm) and the
same pathlength (30 cm). The two BSFs exhibit symmetry
at ~0° and are similar both in shape and amplitude. It is
difficult, however, to draw any definitive conclusions by
comparing the parallel and perpendicular BSFs because dif-
ferences may be due to local variability in the ice. Still, the
consistent symmetry at ~6 = 0° in all the BSFs, even when
the 0°-beam axis was randomly oriented with respect to the
ice C-axis, strongly supports the assumption that sea ice is
an isotropic medium for irradiance-level propagation.

A potential source of experimental error is the finite size
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Fig. 6. The BSF for two different orientations of the 0°-beam
axis with the C-axis of the ice crystals. Pathlength was R = 30 cm.

of the holes and instrumentation. In theory, the BSF is the
irradiance distribution at a point in space generated by a
point-collimated source. Although the source and detector
apertures are small compared with other relevant dimen-
sions, the rotation of the source about a total circumference
of 27r X 7.5 cm = 47 cm introduces a potentially significant
pathlength variation between source and detector. Ideally,
one would like to measure the BSF using small-diameter
holes whose size is insignificant compared with either a dif-
fuse attenuation length, 1/K, where K is the diffuse attenu-
ation coefficient, or the distance R between the source and
detector. Let the measured BSF be denoted BSF,,; then to
first order, BSF,, can be corrected with the formula

BSF(R, 6) = BSF, (R, Dexp(r — R)K, (1)

where

r = Vdd/2 + RY1 — cos ) + R?

is the linear distance between the source and detector and d
= 15 cm is the diameter of the hole. Eq. 1 simply removes
the irradiance attenuation due to the pathlength difference r
- R
To apply the BSF correction, the irradiance attenuation
coefficient K needs to be known or estimated. It is defined by
—1 4BSF(@, 6)

K@, 0) = ,
0 =BsFr 0 or

so that

r

BSF(r, 6) = BSF(r,, B)exp(-—f K@, 6) dr’), 2)
In general, the irradiance attenuation of the direct beam will
be larger than the irradiance attenuation of the multiply scat-
tered light from the beam. In other words, K(r, 6) takes on
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Fig. 7. BSF as a function of sea ice pathlength R.

its maximum value at & = 0°. Moreover, as r increases, K(r,
6) will approach a constant for all 6, the asymptotic atten-
uation coefficient K, (Preisendorfer 1959). K(r, 6) can be
estimated from measurements of BSF(r, 6) at two discrete
pathlengths r, and r, by

In[BSF(r,, )] — In[BSF(r,, 0)]
r, — r, )

K(r, 6) = 3
At 6 = 0° no BSF correction is required since r = R. The
most accurate estimate of K(r, 6) is thus expected to be when
6 = 0°. A series of BSF measurements (Fig. 7) were made
at three pathlengths, R = 15, 30, and 50 cm. Figure 8 shows
a plot of In[BSF(R, )] vs. R, from which K was estimated
for the two regions, 15-30 and 30-50 cm. As expected, K
decreases as R increases. Indeed, this rather dramatic de-
crease, from K = 8 m~! to 3 m™' over a change in R of only
35 cm again illustrates the highly scattering nature of sea
ice.

The BSF correction (Eq. 1) becomes more significant as
K increases and R decreases. Thus, for the present data, the
largest correction is for R = 15 cm and K = 8 m~'. Figure
9 shows the corrected and uncorrected BSF for R = 15 cm,
using a constant value of K = 8 m~'. The correction at small
angles is insignificant, since r = R, and becomes noticeable
only at large angles. Nonetheless, the overall shape of the
BSF is still not significantly altered. Also, the correction at
larger angles is certainly overestimated because, as already
noted, K(r, 6) < K(R, 0). Indeed, it is likely that K(r, 8) =
K., since the BSF at angles other than 0° is diffuse irradiance
due to multiply scattered photons. When K = 3 m~' was
used for 6 > 30°, the BSF correction was insignificant. For
R = 30 cm, the BSF correction was negligible even when
values of K > 3 m~' were used. The conclusion is that the
finite size of the instrumentation does not cause any signif-
icant change in the measured BSFs, and the correction can
be ignored, at least for the present data.

The apparent bell-shaped curve of the BSFs shown in the
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previous figures suggests a Gaussian function for fitting the
data. Schoonmaker et al. (1989) used a Gaussian function to
fit their laboratory BSF data, which, as described earlier, was
actually a paraxial approximation to the BSF as defined by
Mertens and Replogle (1977). A least-squares regression of
the BSF data in Fig. 6 to the Gaussian function

Gauss(6) = A exp(—fa‘zg) “@

is shown in Fig. 10. For clarity, only one BSF (perpendic-
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correction was negligible.
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ular) is shown, but the results were similar for the other BSF
(parallel) as well. Two regressions were performed and
shown as the solid curves in Fig. 10. In one of the regres-
sions, A and o were both free parameters, and in the other
regression A was constrained to the peak value of the BSF
data. The best fit occurred when the Gaussian function was
constrained to one free parameter, the standard deviation o.
Nonetheless, even a constrained Gaussian function did not
seem to adequately describe any of the BSF data, especially
at angles greater than ~80°, which is clearly evident in Fig.
10.

It was found that all of the BSF data regressed extremely
well, over the full angular range, to a Lorentzian function,
which can be expressed in the form

A

Lor(®) = {@roy = 11 )
where A is the maximum value at § = 0° and o is the half-
maximum angle. Figure 11 shows the results of fitting a
Lorentzian function to the same data used in the Gaussian
fit shown in Fig. 10. In the Lorentzian fit, both A and o were
free parameters and the regression gave the values A = 0.028
and o = 41°. For the other BSF, where the 0°-beam axis was
oriented parallel to the ice C-axis, the regression gave the
values A = 0.029 and o = 32°. The difference in the widths,
o, is most likely due to a difference in the two volumes of
ice rather than a C-axis orientation effect, although this pos-
sibility can not be entirely discounted.

The Lorentzian function is useful for fitting the BSF data
to compare their half-maximum angles ¢. For example, a
regression to the Lorentzian function (Eq. 5) with the three
BSFs in Fig. 7 yielded the o values 22°, 42°, and 47°, cor-
responding to the pathlengths 15, 30, and 50 cm, respec-
tively. The increasing width of the BSF with increasing path-
length is due to multiple scattering, but it is again the highly
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Fig. 11. Result of regressing the BSF data in Fig. 10 to a Lo-

rentzian function (Eq. 5).

scattering nature of sea ice that rapidly increases the BSF
width over such relatively short pathlengths. A 200% change
in o occurred over a 15-cm change in R, from 15 to 30 cm.
Note, however, that the next 20-cm change in R, from 30 to
50 cm, yielded a 12% change in o. This sharply decreasing
change in o indicates the rapid approach, over relatively
short geometrical distances, of the BSF toward its asymp-
totic, constant shape.

Discussion

The ultimate objective of the present work is to better
understand the optical nature of sea ice and to develop prac-
tical models for describing and predicting radiative transfer
in sea ice. The physically complex nature of sea ice makes
modeling it from first principles nearly impossible. More-
over, single scattering approximations cannot be used be-
cause, as shown above and by the work of others, sea ice is
a highly scattering medium. This also complicates the direct
measurement of IOPs. The highly scattering nature of sea
ice may, however, allow for the application of some useful
simplifications in the theory of radiative transfer.

Asymptotic radiative transfer theory predicts that the ra-
diance distribution, once asymptotic, does not change its
shape and decays in amplitude as exp(—K.R), where K, is
the asymptotic attenuation coefficient. The theory also pre-
dicts that both the shape of the radiance distribution and K.,
are functions of only the IOPs of the medium and are in-
dependent of the boundary conditions (Priesendorfer 1959).
Thus, for a given set of IOPs, the asymptotic radiance dis-
tribution and K, are uniquely given regardless if the light
field is generated by solar illumination or a submerged
source. Therefore, the asymptotic radiance distribution due
to a submerged source is identical to the asymptotic radiance
distribution for plane wave illumination at the boundary of
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Fig. 12. Computation of ¢ = a + b as a function of X, for
four values of a, using Eq. 7 to calculate b.

the medium, such as solar illumination on the surface of the
ocean, or in this case sea ice. .

As explained earlier, the PSF is the radiance distribution
due to a Lambertian source and, by reciprocity, so is the
BSE The sea ice BSF measurements are thus equivalent to
the in-ice radiance distribution due to a submerged Lamber-
tian source. In general, sea ice is a far more highly scattering
medium than ocean water, so that the asymptotic state is
approached much more rapidly in sea ice. This is true not
only in terms of geometrical distance, but also in terms of
optical pathlength 7 = R/c, where c is the beam-attenuation
coefficient. Over a given optical pathlength, more scattering
events occur in a medium with a high single-scattering al-
bedo w, = b/c, where b is the total scattering coefficient,
than in a medium with a lower »,. How far from the source
the light field becomes asymptotic, in terms of 7, depends
mainly on ,, and to a lesser extent on the scattering phase
function (Gordon et al. 1993). But in terms of geometrical
distance R, the dependence is mainly on the absolute value
of b.

The BSF measurements as a function of pathlength (Fig.
7) strongly suggest that the BSF is closely approaching the
asymptotic radiance distribution for R > 30 cm. As shown
in Fig. 8, the irradiance attenuation appears to be approach-
ing an asymptotic limit that is probably close to K = K, =
2 m~'. The change in the shape of the BSE, as measured by
o, is also rapidly approaching an asymptote. As noted earlier,
o changed by 200% from 15 to 30 cm, but then changed by
only 12% from 30 to 50 cm. The definitive test is to compare
the BSF to the asymptotic radiance distribution, L.(6), for
the appropriate choice of IOPs. L.(6) is uniquely determined
by w, and the scattering phase function, B(y), where Y is the
scattering angle.

The asymptotic radiance distribution, L.(6), can be com-
puted accurately using an eigenmatrix method that is incor-
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Fig. 13. Computation of @, = b/c as a function of K, using
Eq. 7 1o calculate b. The same four values of a are used as in Fig.
12.

porated into a numerical radiative transfer model called Hy-
drolight (Mobley 1994). To properly compare L.(6) with the
BSE o, and B(y) of the sea ice needs to be known or esti-
mated. From Monte Carlo radiative transfer calculations of
highly turbid water, Kirk (1994) found that K, can be ac-
curately related to a, the absorption coefficient, and b by

K, = Va? + Gab, 6

where G is a regression parameter. Kirk reported the value
of G = 0.233 for the highly scattering cases, and for all
cases that covered the range 0.5 < w, < 0.995, he reported
an average value of G = 0.245. Based on the results shown
in Fig. 7, K likely falls within the range 8 m™~' < K < 2
m~' = K,, with the lower value applying to R > 50 cm.

At 670 nm, a for ocean water is predominantly determined
by pure-water absorption and, to a lesser degree, by chlo-
rophyll, except when concentrations are extremely high. For
pure water, a(670) = 0.43 m~! (Smith and Baker 1981).
Although phytoplankton were embedded in the ice, their
concentrations were not high and probably contributed no
more than 0.2 m~', and at most 0.3 m~', to a(670). Thus,
for sea ice, a reasonable range for a(670) is 0.43 m~! < ¢
=< 0.73 m~". The temperature dependence of a(670) is neg-
ligible (Trabjert and Hgjerslev 1996), especially compared
with the variability in phytoplankton absorption.

Solving Eq. 6 for b gives

K?—a .

b Ga ’ 0
which is used to compute ¢ = @ + b and 0, = b/c. The
beam-attenuation coefficient ¢ is plotted in Fig. 12 for dif-
ferent values of a spanning the range 0.43 m~! = g < 0.73
m~', with G = 0.233. For K, between 2 and 3 m~', c ranges
from 20 to 90 m~'. Assuming a likely value of a(670) =
0.53 m~' gives ¢ = 50 m~' for K, = 2.5 m~". Plots of ,
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Fig. 14. Asymmetry parameter g computed with Eq. 10 using
G = 0.233.

are shown in Fig. 13 for the same four values of a used for
Fig. 12. The results confirm that w, > 0.95, and is probably
>(0.98 for the likely values of a and K.

The remaining IOP to be estimated is the scattering phase
function B(¢). Because the inhomogeneities in sea ice that
cause scattering are predominantly large compared to visible
wavelengths, B(y) is expected to be a highly forward-peaked
scattering-phase function. Measurements of scattering by ice
confirm this (Grenfell and Hedrick 1983; Miller et al. 1994).
A useful form for B(y) is the Henyey-Greenstein (1941)
phase function, namely

1 1-g
4m(1 + g* — 2g cos P)¥¥’
where g is the average cosine of the scattering angle for

B(1), otherwise known as the asymmetry parameter, defined
by

B = ®

g= 27rf B()cos ¢ d(cos ).

Monte Carlo calculations of radiative transfer in the ocean
show that irradiance propagation is only weakly dependent
on the shape of B(¢) in the near-forward direction (<30°)
(Gordon 1993). Therefore, K., should not be a strong func-
tion of B(i), nor should the shape of the asymptotic radiance
distribution L.(6), since it consists only of photons that have
scattered at least once, and more likely have undergone
many scattering events. Regardless of the fine details of
B(¥), the Henyey-Greenstein phase function (Eq. 8) should
be adequate for irradiance-level and asymptotic computa-
tions of the light field in sea ice.

It remains then to estimate g, the asymmetry parameter of
the phase function. As previously shown, w, of sea ice is
generally >0.95, and is likely =0.98 for the sea ice of which
the BSF measurements were made. The high w, of sea ice
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Fig. 15. Comparison of computed asymptotic radiance distri-
bution with the measured BSF for the pathlength R = 50 cm.

suggests that photon diffusion theory may adequately de-
scribe radiative transfer in sea ice at a sufficient distance
from boundaries, where “‘sufficient” means close to the as-
ymptotic state. In the asymptotic limit, photon diffusion the-
ory predicts that

K. = V3a(c — gb). ¢)]

(See Maffione [1998] for a complete derivation and discus-
sion of this equation.) Equating Eq. 9 to Kirk’s result (Eq.
6) and solving for g gives

2wy -G +1

3 3
which is plotted in Fig. 14 over the range 0.95 = w, = 1.
For w, = 0.98, Eq. 10 predicts g = 0.935.

The asymptotic radiance distribution was computed with
Hydrolight using an Henyey-Greenstein phase function with
g = 0.935, w, = 098, and a = 0.58 m~'. Figure 15 shows
the results, with L (6) plotted over the BSF measured at R
= 50 cm. The dotted line is the regression of the data to a
Lorentzian function (Eq. 5). Clearly, L.(6) matches the BSF
quite well and confirms that the BSF is indeed closely ap-
proaching the asymptotic radiance distribution.

8 (10)

Conclusions

A new method for measuring profiles of the BSF of sea
ice also yields the complete (axially symmetric) radiance
distribution due to a submerged Lambertian source. The BSF
of sea ice is significantly different than the BSF of ocean
water owing to the highly scattering nature of sea ice. Based
on an equation developed by Kirk for highly turbid water,
and estimates of K, and a for sea ice in the visible spectrum,
sea ice can generally be expected to have a single scattering
albedo w, > 0.97. The high w, of sea ice suggests that pho-
ton diffusion theory can adequately describe radiative trans-
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fer in sea ice, at least at the irradiance level. Combining a
result of this theory with Kirk’s equation predicts that the
* asymmetry parameter g of they scattering-phase function is
approximately in the range 0.9 = g = 0.95. An exact com-
putation of the asymptotic radiance distribution matched
quite well the measured BSF at a pathlength of 50 cm,
strongly suggesting that the BSF rapidly approaches, over
geometrical distances, the asymptotic radiance distribution.
Thus, for sufficient pathlengths, both asymptotic radiative
transfer theory and photon diffusion theory can be used to
interpret BSF measurements of sea ice. Application of these
theories provide useful relationships for estimating sea ice
IOPs, such as K., w,, and g.
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