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Modeling Light Propagation in Sea Ice

Curtis D. Mobley, Glenn F. Cota, Thomas C. Grenfell, Associate Member, IEEE,
Robert A. Maffione, W. Scott Pegau, and Donald K. Perovich

Abstract—This paper outlines the process by which it is possible
to begin with the physical properties of sea ice (such as the size
distributions of brine pockets and air bubbles), then predict the
optical absorption and scattering properties of the ice, and finally
use these inherent optical properties in radiative transfer models
to predict light propagation within the ice. Each step of this entire
process is illustrated by application to a comprehensive data set
of sea ice physical and optical properties. Agreement is found
between measured and modeled beam spread functions (bsf’s),
albedos, and transmittances.

Index Terms— Beam spread function (bsf), diffusion theory,
modeling, radiative transfer, sea ice.

[. INTRODUCTION

HE 1994 Electromagnetic Properties of Sea Ice

(EMPOSI) field experiment near Point Barrow, AK,
yielded a unique data set of ice physical, electromagnetic,
and optical properties [1]. Experiment site 2 was located
approximately 200-m offshore in the Beaufort Sea, AK,
on shorefast, first-year ice approximately 1.7 m thick. The
physical, electromagnetic, and optical properties of this ice
are described in [2] and [3].

This paper illustrates how we can start with the ice physical
properties and predict the optical absorption and scattering
properties of the ice and, in turn, use these optical properties
in radiative transter models to predict light propagation within
the ice. For brevity. we discuss only one ice sample from
the site 2 data set and one wavelength. The application of
the methods presented here to the more extensive analysis of
other data and other wavelengths is reserved for the authors’
individual papers. The various measurements made at site 2
and used in this paper were made within a few tens of meters
of each other in horizontal location and at various times on
May 5~7, 1994, Thus, the data are not strictly colocated and
simultaneous, and it is implicitly assumed in our analysis that
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TABLE 1
SUMMARY OF MEASURED PHYSICAL AND
OP1ICAL PROPERTIES IN THE ICE INTERIOR

Property Value
Temperature -57 deg C
Salinity 5.2%o
Density 0.92 Mg m™
Brine volume 5.5%

Alir volume <1%
Absorption coefficient at

670 nm for dissolved

and particulate matter 0.02m’
Albedo at 670 nm,

for bare ice 0.48
Transmittance at

670 nm, for bare ice 0.01
Diffuse “sphere”

attenuation at 670 nm 0.7m’"
Horizontal BSF

at 670 nm see Fig. 3

the ice is horizontally homogeneous over the measurement site
and temporally stable over the three-day period.

We selected a mid-ice depth of approximately 0.5 m for
detailed modeling because the ice physical properties were
fairly constant with depth in this region and optical beam
spread measurements were available over horizontal paths at
that depth. Likewise, a wavelength of 670 nm was selected
because that was the wavelength of the laser used in the
horizontal beam spread measurements.

II. THE DATA SET

Selected values of temperature, salinity, density, and brine
pocket volume at site 2 [2] are shown for reference in Table L.
The brine pockets had size distributions that are well described
by lognormal distributions for the cross-sectional areas (in a
horizontal plane) of the brine pockets. The parameters of the
distributions are given in [2, Table ], and the distributions are
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Fig. 1. Schematic layout of the instruments used in measuring ice albedo

and transmission.

plotted in [2, Fig. 7]. These data are the foundation for our
predictions of ice optical properties.

Optical measurements made at site 2 included the spectral
absorption coefficient of dissolved and particulate matter as
a function of depth within the ice, spectral albedo of and
transmittance through both snow-covered and bare ice, spectral
diffuse attenuation as a function of depth within the ice, beam
spread functions (bst’s) along horizontal paths at selected
depths and path distances within the ice, and bsf’s along
vertical paths through the ice [3]. A small subset of these
measurements, as needed for the discussion below, is given
in Table I.

The spectral absorption coefficient for particulate material
within the ice was measured on melted ice cores by col-
lecting the particulates on Whatman GF/F glass fiber filters
and measuring the absorption in a dual-beam scanning spec-
trophotometer [4]. The absorption by dissolved matter was
determined from the filtrate [5].

The spectral albedo from 400 to 1000 nm was determined
by using a tripod-mounted Spectron Engineering SE590
radiometer fitted with a cosine collector to measure the
downwelling and upwelling plane irradiances just above the
ice surface, F,(air) and E(air), respectively. The albedo is
then given by 4 = F (air)/E,(air). An identical instrument
fitted with a radiance detector in an underwater housing
and mounted on a swing arm was used to measure the
downwelling radiance L,(water) emerging from the ice into
the water. Assuming that the radiance emerging from the
ice is isotropic, the downwelling irradiance just beneath
the ice 1s FEy(water) = wLy(water). The transmittance is
T = E,(water)/ E (air). Fig. 1 shows this sensor arrangement.

Diffuse attenuation within the ice was measured with
a 13-cm-diameter diffusing sphere enclosed between light
shields above and below the sphere. This assembly was
designed for insertion into the holes used in making the
horizontal bsf measurements. This instrument measured an
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azimuthally averaged irradiance that is weighted toward
approximately horizontal directions. The rate of change with
depth of this irradiance then yields a diffuse attenuation
coefficient K, ere that is particular to the geometry of the
collector. However, for sufficient depths within the ice, all
diffuse attenuation coefficients approach the same asymptotic
value K., and K should then be comparable to any
other K function.

The bsf is defined [6] as the irradiance distribution at
distance R and angle ¢, generated by a narrow collimated beam
located at /7 = () and emitting light in the # = 0 direction,
normalized by the power of the light source. The irradiance
is measured on a surface normal to the radial distance It.
As illustrated in Fig. 2, the bsf was measured by drilling
two vertical holes a distance K apart in the ice. A pulsed,
collimated laser light source was placed in one hole and a
cosine irradiance detector in the other, both at the same depth.
The bsf was then measured through a full 360° in # by rotating
the source while holding the detector fixed. Phase synchronous
detection was used so that the ambient light field within the ice
could be subtracted out. The details of these measurements are
given in |7]. In the present paper, we use only a small part of
the entire bsf data set, namely, the bsf’s at one depth (0.45 m)
for two hole separations (/2 = (.35 and 0.68 m). Fig. 3 shows
these bsf measurements. To the extent that the ice is uniformly
isotropic, the bsf is symmetric about § = 0. Therefore, for
viewing convenience in Fig. 3, we have plotted the bsf for
—180° < § < 0° onto the angle range from 0° < # < 180°.
The data for 7 = 0.68 m include measurements made for
holes both perpendicular and parallel to the ice ¢ axis; the
data for I = 0.35 m are for holes parallel to the ¢ axis. More
extensive presentations of bsf data are given in [3] and [7].

[II. PREDICTING INHERENT OPTICAL PROPERTIES

Brine pockets in sea ice are usually vertically oriented, ir-
regularly shaped inclusions of varying lengths. Little statistical
data are available on the three-dimensional (3-D) structure of
brine pockets; even if such data were available, calculations of
light scattering by anisotropic, oriented brine pockets would
be exceedingly difficult. On the other hand, photomicrographs
of ice horizontal thin sections show [2] that the cross-sectional
area A of the brine pockets is well described by a lognormal
probability distribution function (pdf)

L (ln A —1In A,,)? 0

278y 4 I 25‘?; .

If the area A is measured in square millimeters, the median
area 4,, and standard deviation s 4 of In A for the ice at a
depth of (.75 m at site 2 are 4,, = 0.013 mm? and s 4 = 1.01.
These values of A4,, and s4 correspond to a mean brine
pocket area of A, exp(s?/2) = 0.023 mm? (see |2, Table 1,
“first-year ice”]). Fig. 4 shows pdf(4) and the corresponding
cumulative distribution function cdf(4) for these parameter
values.

To capitalize on these brine pocket statistics and simplify
the scattering calculations, a simple model of scattering by
brine pockets was used. It was first assumed that the brine
pockets can be modeled as vertically oriented prolate spheroids

pdf(A4) =
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with a 5:1 ratio of major: minor axes. The median and
standard deviation of the cross-sectional areas were then used
to determine the corresponding statistics of the minor axes
of the prolate spheroids. The prolate spheroids were then
converted to equivalent spheres having the same volume-to-
surface area as the prolate spheroids. The results are that
the median equivalent-sphere radius of a brine pocket is
r,p = 0.16 mm and the corresponding standard deviation sy,),
is 0.51. These equivalent spheres have the same brine volume
of 5.5% as was observed. Under the further assumption
that these brine pocket equivalent-sphere radii also obey a
lognormal size distribution, the A,, and s, parameters of
the area pdf of (1) can be replaced by the corresponding
parameters 11,, and s, respectively, to give the radius pdf.
The resulting radius pdf and cdf are plotted in Fig. 4.

Air bubbles were assumed to be spherical and lognormally
distributed in size. Measured values for air bubbles in pancake
ice (not measured at site 2; see [2, Table I, “pancakes”]) were
assumed to have essentially no difference with the particular
ice being modeled. The resulting lognormal parameters for the
bubble distribution are 14,,,, = 0.20 mm and sy, = 0.62.

Schematic layout of the instruments used in measuring the bstf. £ is the irradiance measured by a cosine collector.
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Fig. 3. Bsf's. The diamonds are measurements made with a hole separation
(path length) of 0.35 m, and the squares are for 0.68 m. The solid lines are the
bst™s predicted by the Monte Carlo model; note the agreement even at 180°.

The lognormal size distributions for brine pocket and air
bubble radii were used as input to Mie scattering calculations
of the optical absorption and scattering efficiencies and mean
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cosines of the scattering angle due to brine pockets and
air bubbles. These calculations were performed in 15 bins
logarithmically spaced between /3 and 3s for each lognormal
distribution. The complex indexes of refraction n = (real
part, imaginary part) for pure ice and brine at 670 nm
are, respectively, (1.307, 2.02 x 107%) 8], |9] and (1.355,
2.10 x 107y [101, [11]. The indexes of refraction of the brine
pockets and air bubbles relative to the ice itself, as used in the
Mie calculations, are therefore 7, = (1.037. 4.45 x 10711)
and n,;, = (0.7651. —1.18 x 107%).

The absorption efficiencies (""" obtained from the Mie
calculations are finally used with the particle size distributions
N{(r) to compute the total absorption coefficient r,, of the
ice-brine-bubble system

Rtor = Rice T Kby + Kb

al 2 ar R X
= Rice + / (,)la)r)s(rl)r)’/’”‘l,;-*\‘l)r( 7 1)1‘) (]’ 38
abs 2 r
+ / (21{11)11)("‘)111))ﬂ—’.l)“l)‘\l])lll)(,‘l)lll)) (]"lmlw (2)

A corresponding equation using the scattering efficiencies
gives the total scattering coefficient o the pure ice itself
was assumed to have negligible scattering at this wavelength.

The Mie calculations also give the scattering phase functions
/3(y") for the brine pockets and air bubbles; here ¢ is the
scattering angle. The corresponding mean cosines ¢ of the
scattering angle are obtained as the average of cos ¢ when
weighted by /3(+) and integrated over all scattering directions.
Like ~ and o, the total volume scattering function (vsf) is the
sum of the vst's of the various components. This implies that
the effective mean cosine of the scattering angle is given by

o GJor Ty + gbubhThub

Ty + Thub

g 3)
where ¢),, and g1, are the mean cosines of the scattering
angles for the phase functions of the brine pockets and bubbles,
respectively.
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Because of the uncertainties about the brine pocket model
and some of the input (such as the actual bubble concentration
and size distribution), Mie calculations were performed for
a range of possible conditions at site 2. These calculations
show that the total absorption given by (2) is approximately
0.38 m~!; this value is determined primarily by the ice itself.
The total scattering coefficient varies considerably with the
details of the brine pocket and bubble concentrations and size
distributions; the range of predicted values for site 2 is from
175 (few bubbles) to 250 m~! (many bubbles), with a likely
value of around 200 m~'. This ¢ range is consistent with
previous studies [12], and a value of 200 m~! gives agreement
with observations in the modeling results discussed below.
Most of the scattering is due to the brine pockets, and most
of the variability in the total is due to the bubbles. At the
temperature of the site 2 ice, the brine pockets contain only
minimal amounts of CaCOy and essentially no precipitated
salts, which can greatly increase the scattering if present.

The Mie calculations did not include the effects of mineral
or biological particles that were imbedded in the ice. Mea-
surement of the spectral absorption of these imbedded particles
shows that they contributed at most 0.02 m " to the absorption
at 670 nm. Therefore, in the modeling below, we take the total
absorption at 670 nm to be rp = 0.38 + 0.02 = 0.40 m~".
Imbedded particles likely contribute much less to the total
scattering than the brine pockets and bubbles; we therefore
keep the total scattering at 7, = 200 m~L.

The Mie-predicted mean cosine of the scattering angle for
the brine pockets is ¢, = 0.99. Such a large value occurs
because the brine pockets are much larger than the wavelength
of the light and their index of refraction closely matches that
of the ice, so that scattering is predominately by diffraction.
The bubbles have gi,,1, = 0.86. Even though the bubbles are
somewhat larger than the brine pockets, their ¢ value is smaller
because the large index of refraction difference between the ice
and air gives greater scattering at large angles. The effective
g value given by (3) ranges from 0.96 (many bubbles) to (.99
(few bubbles), with a likely value of around 0.98.

We assume that the scattering phase function ;}(z;r) of the
sea ice can be described by a one-term Henyey—Greenstein
(OTHG) phase function

1 1—¢

3(y) = : —.
() A7 (14 g2 — 2¢g cos )32

4

Here ¢ = (.98 is the effective mean cosine of the ice-brine-
bubble system, as given by (3). The inherent optical properties
(10OP’s) n. 7, and F(¢») give us the information necessary for
the prediction of any lightfield quantity, after imposition of
appropriate boundary conditions.

IV. PREDICTION OF BSF’S

A first test of the correctness of the predicted IOP’s of
the ice can be made by using the IOP’s to predict the bsf.
Prediction of the bsf provides a particularly stringent test
of the 10P’s because an entire function—the shape of the
bst—must be predicted, not just a single number, as is the
case, for example, with a prediction of albedo or transmission.
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TABLE 11
FourR-LAYER MODEL OF THE ICE-ALGAE-WATER SYSTEM AS USED TO MODEL DAYLIGHT INTERACTIONS WITH THE SYSTEM

depth z below description K (m™) a(m™) phase function
ice surface (m)

0<z<0.1 transition ice 0.4 250 OTHG, g=0.95
0.1<z=<10l interior ice 0.4 200 OTHG, g=098
161 <z<1.74 ice + algae 1.28 200 OTHG, g =098
1.74 < z <o sea water 0.5 0.1 average seawater

The # dependence of the bsf is strongly dependent on the
dependence of the scattering phase function.

A Monte Carlo ray-tracing model for the simulation of point
light sources in an infinite, homogeneous medium [13] was
used to predict the bsf’s corresponding to the measured data
seen in Fig. 3. The predictions are shown as the solid lines in
Fig. 3. The agreement is quite good considering the remaining
uncertainties in the IOP’s (in particular, the actual shape of the
phase function) and the possible effects of inhomogeneities in
the ice.

V. PREDICTION OF DAYLIGHT PROPAGATION

We next model the interaction of daylight with the entire ice
sheet. A number of radiative transfer models are capable of
simulating daylight propagation in an atmosphere—ice—water
system [14]-[16]. The model we use here is the Hydrolight
radiative transfer model [16], [17]. Hydrolight solves the
radiative transfer equation from first principles using invariant
imbedding methods to obtain the spectral radiance distribution
as a function of depth, direction, and wavelength throughout
and leaving the medium. The model can accept as input
any depth profile of IOP’s and any incident sky radiance
distribution. Both rough and smooth sea or ice surfaces can be
simulated. Quantities such as irradiances, albedos, or diffuse
attenuation functions are obtained from their definitions after
the radiance distribution is computed. To employ this or any
other such model, we must first specify appropriate 10P’s and
boundary conditions for the system.

The 10P’s predicted by the Mie calculations and used above
for the beam spread modeling apply only to the interior region
of the ice sheet. Although some banding could be seen in
ice cores, indicating at least some variability with depth in
the IOP’s, measured temperature, salinity, and density profiles
[2, Fig. 5] are fairly constant throughout the interior of the ice
sheet. Moreover, the Mie calculations were based on parameter
values taken from the midrange ot values found within the ice
interior. We therefore assume that the IOP’s computed above
are valid for the interior of the ice, namely, from a depth of
0.1-1.6 m. However, very near the ice surface and bottom
there were thin layers that differed considerably from the ice
interior in their optical properties. These IOP’s of these layers
should be modeled separately, even if approximately.

Near the ice surface, there was a 0.1-m-thick layer of fine-
grained transition ice that had an air content of 3.9-4.1%,

in contrast to values between 0.5 and 1% (averaging about
0.8%) within the interior of the ice sheet. This transition layer
likely will have a higher scattering coefficient ¢ and lower g
because of the higher number of bubbles. We did not perform
Mie calculations for this layer. However, simply assuming that
the contribution by bubbles to the total scattering increases by
a factor of 4.0%/0.8% = 5 over the contribution by bubbles
deeper within the ice gives o = 250 m~' within the transition
layer. Equation (3) yields ¢ = 0.95. The absorption, which is
due primarily to the ice, is kept at x = 0.4 m™*.

The bottom surface of the ice contained a dense algae
mat approximately 1 cm thick, with some algae distributed
throughout the bottom few centimeters of the ice. The absorp-
tion coefficient due to algae and dissolved matter as measured
on the bottom 13 c¢m of an ice core (from depth 1.61 to 1.74
m) averaged 0.90 m~!. Adding this value to the absorption by
the ice itself (0.38 m~") gives a total average absorption of
# = 1.28 m~! within the layer. The increase in scattering due
to the algae was not measured, but it is likely small compared
to the scattering caused by the brine pockets and air bubbles;
we therefore keep ¢ = 200 m~! in this layer. Since the
actual profile of absorption within this layer was not measured,
we model the algae effects simply as a homogeneous layer
between 1.61 and 1.74 m, having the average ~ and assumed
o values; the value of ¢ is kept at 0.98.

The T10P’s of the water below the ice were not measured.
We therefore use = 0.5 m~! and ¢ = 0.1 m~ ', along with
a typical seawater phase function [17, Table 3.10, column 6],
as reasonable estimates of the water IOP’s. The water below
the ice was taken to be optically infinitely deep. We now have
in hand a simple, four-layer IOP model of the ice—algae-water
system, which is summarized in Table II.

Because no data (other than visual inspection) were avail-
able on the small-scale roughness of the air-ice surface, the
air-ice surface was taken to be somewhat rough via the
artifice of using Cox-Munk capillary wave slope statistics for
a wind speed of 15 ms™' to model the radiance reflection
and transmission properties of the ice surface. The sky was
assumed to have a cardioidal radiance distribution, which is
typical of a heavily overcast day. These surface boundary
conditions give us the remaining information needed to run
Hydrolight.

Hydrolight was run with the IOP’s and boundary con-
ditions just specified. The albedo of the ice—water system,
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(7) for the 1OP's of the ice.

the irradiance transmission through the ice, and the ditfuse
attenuation profile A, within the ice were computed from the
radiance distribution for comparison with measured values.
The albedo measured in the field was .1 = 0.48; the value
predicted by Hydrolight was 0.44. In the present simulation,
the computed value of £/, at = = 1.75 m was used to compute
the transmission 7' through the ice. The measured 1" was
0.01; the predicted value was 0.0094. For both .1 and 7', the
measured and predicted values agree to within 8%, which is

in agreement considering the crudeness of the IOP model. If

the entire 1.74-m ice layer is modeled with the IOP’s of the
interior ice, the albedo decreases to 0.34 and the transmission
increases to 0.015; these larger disagreements with observation
highlight the importance that even relatively thin layers can
have on optical propagation, if the layers have [OP’s that are
significantly different from the main body of the ice. Likewise,
the roughness of the air-ice surface affects the albedo and
transmittance. If the ice surface is modeled as being perfectly
flat (which it was not), for example, the albedo decreases to
0.37 and the transmittance nicreases to 0.011. The surface
roughness is thus seen to have a possible influence on the
albedo and transmittance that is comparable to that of the thin
surface and bottom layers; the surface-roughness effect would
be even larger for clear skies and low solar elevations.

The solid line in Fig. 5 shows the depth profile of the diffuse
attenuation function for downwelling plane irradiance

L dFE4(z)
Faz)  de
It should be noted that, although we are using four homo-
geneous layers to model the IOPs, Hydrolight can compute
depth profiles of the radiance distribution and derived quanti-
ties with any desired depth resolution: its output is not simply
layer-averaged values. The K, profile shown in Fig. 5 was
computed using Az = 0.01 m in a finite-difference approx-
imation of (5). This is much higher resolution than can be
realized in the field, where a Az of 0.1 m or greater is typical.
Using a larger Az smooths out the spikes in A’y that occur

[{(](':/) = - (5)

at the boundaries between layers with greatly different IOP’s.
The dashed line in Fig. 5 shows the diffuse attenuation K ,hepe
measured by the 13-cm-diameter diffusing sphere described in
the data section. The values of K. ere Would not be equal
to A'; near a boundary because the instrument geometries are
different. However, when optically far away from boundaries,
these two K functions should both nearly equal the asymptotic
value i -, which is 2.4 m~! for the IOP’s of the interior ice.
(K~ was computed using an eigenmatrix method described
in [17, Sec. 9-6]) The value of K, agrees with K., in the
middle of the ice layer, indicating that the light field is nearly
asymptotic. However, K. averages about 0.7 m~! at
depths from 0.5 to 0.9 m, considerably less than the anticipated
value of 2.4 m~!. The reason for this discrepancy is not
known. However, the measured K ,j,.. would be less than its
true value if sky light were able to enter the hole into which
the instrument was inserted and then to scatter through the ice
and around the light baffles, which were intended to shield the
diffusing sphere from the ambient light in the hole above it.
We note that the average A’y value for the entire 1.74-m ice
layer corresponding to the measured irradiance transmission
of 0.01 is 2.6 m~'. This value is consistent with the detailed
K, profile seen in Fig. 2. K values in the range of 2—4 m~!
are typical of young white ice [11]. [18].

V1. DIFFUSION THEORY

Several recent studies [7], [19]-[21] have pointed out the
utility of diftfusion theory for modeling some aspects of light
propagation in sea ice. According to diffusion theory, all light-
field quantities decay with depth at a rate given by

- wu)} (6)

where w, = o/(x + o) is the albedo of single scattering.
Inserting the predicted IOP’s for the interior of the ice into
(6) gives Kgy = 2.3 m~!. This agreement with the value
of K. = 2.4 m~', just discussed, indicates that diffusion
theory is probably adequate for modeling daylight propagation
in the interior of the ice. However, diffusion theory is valid
only when optically far from boundaries. Note in Fig. 5 that,
even when (6) is evaluated with the IOP’s of the transition
and algae layers, Ky differs considerably from A, near the
air—ice and ice-water boundaries. Diffusion theory therefore
cannot be expected to adequately model the albedo of the ice,
for example, which is largely determined by light scattering
near the air—ice surface.

]\'(]iﬂ' = (H + (T) \/3[1 — Wy — ‘(]u}0<l

VII. CONCLUSIONS

The general agreements between predictions and observa-
tions obtained in this exercise indicate that the modeling tools
now available are capable of predicting light propagation in sea
ice with considerable accuracy. In particular, we have shown
that it is possible to begin with the physical properties of sea
ice and to carry through to the prediction of various optical
quantities of interest in remote sensing, ice thermodynamics,
and biological productivity. Any doubts about this process
arising from philosophical concerns about the applicability
of Mie theory to nonspherical brine pockets, or about the
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applicability of classical radiative transfer theory to light
propagation in sea ice, appear to be unfounded.

Given our confidence in these forward models, we also can
employ them as the core of implicit inverse models. Such
models attempt to extract information about the ice IOP’s
from measured lightfield quantities by solving a sequence
of forward problems as the input 10P’s are varied and the
model predictions are compared with observation. We do note,
however, that it is important to have the largest possible suite
of lightfield measurements when attempting such inversions. It
is possible, for example, to obtain IOP’s that correctly predict
the albedo and transmittance, but which fail to predict the
shape of the bst, or vice versa. The EMPOSI field experiment
showed that it is possible to obtain a comprehensive optical
data set, which can greatly constrain the possible solutions of
such inversions.
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