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The curious phenomenon of green icebergs has fascinated polar travelers for centuries. Although translucent green
icebergs might be caused by colorants, a recently obtained sample of a green iceberg contained little inherently green
material. This fact, combined with the blue-green absorption minimum of pure, homogeneous ice, suggests that a
sufficient (rather than necessary) condition for green icebergs may be reddened sunlight illuminating intrinsically
blue-green ice. Lacking in situ spectral reflectances of green icebergs, we develop two remote-sensing techniques to
analyze their optical properties. Estimates of a green iceberg’s reflectance spectra are derived from spectrodensitom-
etry and from video digitizing of original color slides. Proxies for polar daylight spectra yield the iceberg’s
chromaticities, which agree closely with those predicted by two multiple-scattering theories.

INTRODUCTION

Icebergs are hardly colorless monoliths, and even nominally
white bergs routinely display many hues.!-3 Nonetheless,
vivid bottle-green icebergs are remarkable enough to have
prompted several short papers.8 (Plates I and II illus-
trate one such berg.) Obviously the colors of some sea and
glacier ice are caused by intrinsically colored?® minerals or
organisms.!0-12 However, ice recently taken from (or near)
two green icebergs indicates that these bergs need not be
predominated by green inclusions. Amos retrieved an un-
usual ice sample near a Weddell Sea iceberg that had a dark
green outcropping.” He noted that the ice sample “was

covered with regular hexagonal-shaped depressions. .. fand]

appeared colorless in daylight as well as under artificial
lighting conditions.”” When Amos and his colleagues exam-
ined thin sections of this putative green iceberg sample, they
found “a remarkably bubble-free, highly orientated [sic]
crystalline structure” and “a diversified assemblage of parti-
cles including a large number of fibers . . . ranging from col-
orless to blue, orange, and green; obsidian flakes; a few
quartz grains; amorphous aggregates; black, charcoal-like
fragments; pieces of shelly material; and diatoms. . .."7
Dieckmann et al. sampled a Weddell Sea green iceberg
directly, and their specimen contained “grey mineral and
biogenic material apparently of marine origin” distributed
in “relatively well defined layers” throughout.8 They con-
clude that “[o]ur analyses and observations confirm that the
green colouration was not caused by green pigmentation, but
probably by reflection and/or absorption of light due to the
more or less densely spaced, parallel layers of incorporated
debris. Green feldspars which could have been responsible
for the colour were rarely found.”® They also note that their
ice sample “changed from green to a translucent white upon
separation from the iceberg.”® Swithinbank says of this
color difference: “Samples [of green or black icebergs] held
in the hand have been reported to consist of clear bubble-
free ice, providing a conspicuous contrast with the white
bubbly ice of which most Antarctic bergs are made.” Natu-
rally, definitively answering why some icebergs are green
requires further analysis of their composition and struc-
ture.!® However, we pose a narrower question here. Based
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on the available evidence, might some green icebergs be the
result of reddened sunlight illuminating blue-green ice?

As Swithinbank notes, only the bubbliness of most glacier
and iceberg ice makes it white. Pure, homogeneous ice!4 has
an absorption minimum at 470 nm (Fig. 1).15 If we transmit
light that is initially white (i.e., spectrally uniform) through
1 m of this ice, the resulting dominant wavelength would be
~490 nm, a cyan.!® Thus we say that pure, homogeneous ice
is intrinsically blue-green. However, the ice’s color will
change if we add scatterers or dissolved impurities to it,
change its thickness, or view it under chromatic illumina-
tion. To date, the spectral properties of green iceberg inclu-
sions remain moot. Since assigning the inclusions a particu-
lar color (say, green) lets us make icebergs of any hue, I
conservatively assume that the ensemble of scatterers is
essentially gray. This is not inconsistent with the observa-
tions of Amos and of Dieckmann et al. In addition, I assume
that if the ice were homogeneous, it would have pure ice’s
absorption spectrum.

Now we rephrase our question as “How close is the per-
ceptual agreement between the observed colors of green
icebergs and those predicted by a theory for bubbly (or
dirty) ice?” To answer this, I need to extract accurate
colorimetric information from my best available sources,
three original color slides of Dieckmann’s green iceberg. I
also require accurate estimates of the daylight spectra that
illuminated this berg and a theory that incorporates the
salient features of naturally occurring ice.

TWO MULTIPLE-SCATTERING MODELS FOR
NATURAL ICE

How can we model the optics of ice associated with green
icebergs (i.e., ice containing few bubbles or other scat-
terers)? Several models describe single and multiple scat-
tering by naturally occurring ice.1”-20 I chose a pair of close-
ly related two-stream multiple-scattering models by Boh-
ren?22 and by Mullen and Warren.23 I selected these
models because they are straightforward, relatively com-
plete in their parameterization of natural ice, and seem ade-
quate to describe green icebergs’ reflectance spectra. Mul-
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Fig. 1. Absorption coefficient (1/m) for pure, homogeneous ice in
the visible; the absorption minimum is at 470 nm. These data are
taken from Ref. 15.

len and Warren’s parameterization is more elaborate than
Bohren’s, but both models predict essentially the same ice
reflectance spectra in the visible.

We want to describe spectral reflectance that results from
multiple scattering by (possibly) absorbing inclusions within
a translucent, absorbing medium. We assume that the ice
inclusions are spherical, of a single size, and uniformly dis-
tributed throughout the ice. Of course, these assumptions
are not strictly true in naturally occurring ice, but they are
acceptable as parameterizing conditions within already ap-
proximate models. Finally, since air bubbles and sediment
in icebergs are much larger than the wavelengths of visible
light,8 we can use some approximations that are valid in the
limit of large particles.

When combined, the preceding assumptions lead to an
expression for the single-scattering albedo &, of inclusions
in dirty or bubbly ice:

Byp = ¢rp/27|"Nprp2 = ap/(ap + 1), (1)

where o, is the particles’ or bubbles’ scattering coefficient, x,
their absorption coefficient, N, their number density, and r,
their radius.2¢ The subscript p distinguishes the properties
of ice inclusions from those of pure, homogeneous ice (sub-
scripti). The absorption coefficient of pure ice («;) depends
on wavelength, and so will o, in general. However, we start
by assuming that we know only how ;()) varies (Fig. 1) and
that the particles’ extinction cross section Ceyy p is indepen-
dent of wavelength. In addition, we assume that ice’s mo-
lecular scattering is negligible (s; = 0) compared with its
absorption. For these reasons, plus the fact that Dieck-
mann et al. call their green iceberg’s inclusions gray, we take
@o,p to be constant in the visible. This is the simplest as-
sumption possible, and it can be modified if need be.

In natural ice, the presence of inclusions effectively
changes «;, We define the volume fraction f of these inclu-
sions as

f=N,V,, (2)
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with V, being the volume of a single inclusion. The quanti-
ty 1 — f is the proportion of pure ice in the iceberg, and we
can use it to weight «;, thereby finding an absorption coeffi-
cient for natural ice. Based on definitions of glacier ice,5a
realistic upper bound on f is 0.1. We can show that the
effective single-scattering albedo @oice for the composite
medium of natural ice (subscript ICE) is

@o1cg = 0p/lo, + 1y + (1= Pr;]. 3
Using Eqs. (1) and (2), we rewrite Eq. (3) so that

o Bop 4@
OICE ™ 1 + [(1 — AK;Vo/fCoxtp]

Finally, since V,/Cexi,p = 2r,/3 for large spherical particles,
we can restate Eq. (4), using variables whose physical inter-
pretation may be somewhat more obvious:

B v = Sop ®
OICE ™ 1 4 [2(1 = Hxiro/3f1

The limiting behavior of Eq. (5) makes physical sense. If
the particles absorb perfectly, then &o1ce = 0; i.e., photons
are absorbed either by the inclusions or by the pure ice, and
no radiation entering the iceberg can escape. If &y, = 1
(completely nonabsorbing inclusions such as air bubbles),
then & 1cg ~ 1; losses are due only to absorption by the ice.
For example, for air bubbles, an intermediate value of «;(\), a
volume fraction of 0.05, and an inclusion radius of 0.1 mm,
we have @g,1ce = 0.9997. In fact, for a wide range of realistic
I'ps @o,p, and f, @o,1c Will be only slightly less than 1.

The theory of Mullen and Warren does not require de-
tailed knowledge of the inclusions’ scattering phase func-
tion, and thus the asymmetry parameter g adequately sum-
marizes angular scattering by particles. Strictly speaking, g
is a function of wavelength, but Mullen and Warren show
that, for air bubbles, g varies insignificantly in the visible.
When comparing measurements of green ice spectra with
those from models, I also assume that the unknown &, and
g are independent of wavelength. Even if g varies spectrally
for inclusions other than air bubbles, only the details, rather
than the substance, of my conclusions should be affected.
In other words, the magnitudes of &, and g required to
make a given iceberg would change, but the fact that internal
scatterers of some kind can cause green icebergs should not.

Choosing constant &y, and g also means that we have
effectively precluded Mie theory’s fine spectral detail. Mul-
len and Warren consider whether Mie theory is appropriate
for an absorbing medium such as ice and ultimately decide to
use approximations. For us the choice is simpler; the colori-
metric effects of the Mie ripple structure are likely nil. In
addition, our models’ assumption of average r, and N, is
equivalent to integrating over a particle-size distribution in
naturalice. This in itself would obscure small-scale spectral
detail such as the ripple structure.

Mullen and Warren not only account for scattering within
an ice slab but also consider internal and external specular
reflection at the ice-air boundary. Based on the work of
Wiscombe and Warren2 and that of Joseph et al.,?’ they
develop a model for ice albedo that they call the “specular
delta~-Eddington” method. The specular delta~Eddington
albedo (here denoted agpg) is a hemispheric albedo® for
specularly reflecting ice and is given by
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(1-R)A6,)(1—Ry)
1 - RZAd '

(6)

aspe = R, +

aspk is the sum of an infinite series, the first term of which
is the external specular reflectance R1.2° The second term in
Eq. (6) describes what happens when a sunbeam forms an
incidence angle 6y with an ice surface that is locally planar.
The sunbeam is refracted at an angle 0; to the ice surface’s
normal. The delta-Eddington approximation alone (i.e.,
without internal or external specular components) predicts
that this direct beam within the ice results in a multiple-
scattering contribution of A(6;) to aspe. Agqin Eq. (6) arises
from radiation that has been multiply scattered by inclu-
sions and repeatedly reflected at the ice—air boundary before
leaving the ice. Although this internal radiation field is
relatively isotropic, its source, internal specular reflections
from the ice-air interface, need not be.?® The factor of Ro is
an average Fresnel reflection coefficient for all internal an-
gles of incidence at the ice~air boundary.

After describing the same single-scattering quantities
(i.e., @ and g) as Mullen and Warren, Bohren develops an
equation for 1 — & cg, that is valid in the geometric-optics
limit.2! This can be rewritten as

‘:’O,ICE = 1/[1 + 2(1 - f)Kirp/3f_|, (7)

with all variables defined as above. As it stands, Eq. (7) is
valid only for bubbles and other nonabsorbing scatterers.
To overcome this minor limitation, Eq. (7) can be replaced
by Eq. (5) (the two equations differ by a factor of & ). As
Mullen and Warren note, Bohren’s formula for the hemi-
spheric albedo of bubbly ice?! can be rewritten to be accurate
over a wider spectral range. Both of these changes are made
by substituting Eq. (5) into Bohren’s expression for the
hemispheric albedo of an optically thick absorbing medi-
um.?? This yields

_ (L= o cp8)”? = (L = Gy 1op)"”
(1 — @, 10a8) 2 + (1 = @ 1c0)™’

in which the subscript CB indicates the ice albedo associated
with Bohren’s model. Bohren is not concerned with specu-
lar reflection by the ice, and he also assumes isotropic illumi-
nation. These differences mean that acp will usually gener-
ate larger albedos than either agpg or its nonspecular coun-
terpart A(f;). However, Bohren’s model produces
reflectances that are quite accurate spectrally.? If we are
less interested in albedo than in spectral reflectances (as will
often be true in colorimetry), then the simpler calculations
of acp will be advantageous.

(8)

acp

ESTIMATING POLAR DAYLIGHT SPECTRA

Reconstructing the colors of the green iceberg in Plates I
and II would be easier if we had detailed spectra of the
daylight illuminating the berg. That we do not is a natural
corollary of our particular remote-sensing technique; if we
had in situ daylight spectra, we also would have detailed
iceberg spectra. In fact, the raison d’étre of measuring
iceberg colors remotely is to see what kind and quality of
information can be extracted from readily available sources
of information such as photographs.

Thus for now we will work with estimated daylight spec-
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tra. These estimates may derive from theory, observations,
or some blending of the two. However, aside from the study
by Grenfell and Perovich of solar irradiance off the northern
coast of Alaska,! most published irradiance spectra have
been measured outside the polar regions.32 With one excep-
tion, the spectra cited above are presented either graphically
or in statistically reduced form. The problems of adapting
these spectra to colorimetry seem more onerous than making
our own measurements. More important, these earlier day-
light measurements usually are inappropriate for our needs.
As Condit and Grum noted some years ago, researchers are
interested in zenith daylight, north sky daylight, or direct
sunlight but seldom in daylight spectra illuminating nearly
vertical surfaces that are seen under a wide variety of solar
elevations and azimuths.3® Published data on this last-
named kind of daylight spectra are still quite scarce.

Although many empirical relationships between scatter-
ing models and daylight spectra have been proposed over the
years,3+-36 the sheer number of these hybrids discourages
their use. Namely, how do we select the modified theory
most appropriate to polar daylight? The answer is that
there is no good way of choosing unless we already have polar
spectra, and, as we have seen, these are in short supply.
Using a more rigorous scattering approach, such as applying
Mie theory to polydispersions typical of the polar marine
atmosphere, might seem desirable. However, there are two
problems with this approach. Oneis that we have not avoid-
ed empirical approximations, since a particle-size distribu-
tion must be specified for this polar atmosphere and such
curves typically take the form of a power-law fit to observed
aerosol size distributions. Models of haze droplet-size dis-
tributions illustrate the point, and McCartney describes sev-
eral of the choices available.’” Shaw has published some
high-latitude measurements of spectral optical thicknesses
that are due to atmospheric aerosols.38 These data could be
adapted for use in a scattering model, although we would
once again be adding uncertainty to the calculations: errors
in the original data could be compounded by extrapolating
to unknown conditions on the Weddell Sea. A second prob-
lem with the rigorous approach is that, colorimetrically
speaking, it is overkill. First, integration over a particle-size
distribution would smooth the small-scale spectral features
of the monodisperse Mie calculations, features that were
resolved only at great computational expense. Second, col-
orimetric variables are even more unlikely to benefit from
these computational heroics, since a relatively large spectral
integration step is standard practice in colorimetry.

Given these uncertainties, extrapolation from locally mea-
sured daylight spectra to unknown polar ones seems an en-
tirely adequate way of estimating iceberg illumination.
Naturally, this extrapolation requires some care. When
measuring hemispheric spectral irradiances of daylight, I
matched local sky conditions as closely as possible to those in
Plates I and II; that is, irradiance measurements were made
under clear skies. Since colorimetry is usually concerned
with the spectral distribution (rather than the magnitude) of
irradiances, not having a day with cloud cover identical to
that in Dieckmann’s photographs is unlikely to be a critical
problem. This is not to dismiss the issue, since daylight
spectra do shift as sky conditions range from clear to over-
cast.3133 However, given the small difference in cloud cover
between the time of the Weddell Sea photographs and that
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of our measurements, any spectral mismatch between the
two cases is likelier to arise for other reasons.

Daylight spectra may differ simply because inland Penn-
sylvania is not an Antarcticsea. Optically, the two locations
differ both above and below the horizon. As Grenfell and
Perovich note, “the lower troposphere over summer sea ice
is, as a rule, saturated with water vapor, even on clear
days....”8! This need not be true in central Pennsylvania.
However, for a given solar elevation at either location, varia-
tions in water-vapor content (and thus haze concentration)
are likely to have the largest effect on daylight spectra. In
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Fig.2. Daylight spectral irradiances for 18° solar elevation and 0°
relative azimuth on September 28 (dashed curve), and October 5
(solid curve), 1987, at University Park, Pennsylvania. The curves
are normalized by their respective sums to emphasize spectral dif-
ferences in atmospheric scattering. The sum of the October 5 irra-
diances is 3.28 times that of September 28.
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Fig. 3. Normalized daylight spectral irradiances for 10° solar ele-
vation and 0° relative azimuth on September 28 (dashed curve), and
October 5 (solid curve), 1987, at University Park, Pennsylvania.
The sum of the October 5 irradiances is 6.0 times that of September
28.
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Fig.4. Geometry of the instrument setup used to measure daylight
irradiances. The spectroradiometer is represented by the prism
that sits on the tangent plane P. A normal to this plane, N, points
toward the zenith. A line drawn from the instrument toward the
sun forms the zenith angle § with N. The front surface of the
spectroradiometer’s detector is tipped at an angle ¢ from the zenith
(t = 15° here). A normal projected from the detector onto the
tangent plane results in the line I, the instrument azimuth. The
solar azimuth (line S) is defined by a similar projection of the angle
8. The angle between I and S is the relative azimuth ¢.

other words, although concentrations of other aerosols are
likely to differ at the two locations, the most important
spectral changes in daylight are likely to arise from daily
variations in haze droplet concentrations.?® Although spec-
tral scattering cannot be compared quantitatively at the two
locations, I assume that if visibility differences are imper-
ceptible, then so are differences in daylight color that arise
from atmospheric scattering.

As a further precaution in my colorimetric calculations, I
have used local irradiance data taken on two different after-
noons. Although skies were clear on both days (September
98 and October 5, 1987), visibility was distinctly better on
the latter date. Spectral irradiances measured for the same
solar elevations on the two days show how daylight color
shifted (Figs. 2and 3). Inboth cases, the spectroradiometer
faced the sun in azimuth, and its detector was tipped 15°
from the vertical. Figure 4 schematically illustrates how the
spectroradiometer was set up. I have discussed elsewhere
how the daylight spectra were measured as well as described
an interpolation algorithm for applying them to a wide range
of solar elevations and azimuths.%?

" To bracket my colorimetric measurement of Dieckmann’s
green iceberg, I made separate calculations in which I as-
sumed that the spectral irradiance on the Weddell Sea was
represented by the spectra from either September 28 or
October 5. As a practical matter, any uncertainty about the
time of day (i.e., solar elevation). at which Plates I and II
were taken is comparable to the uncertainty about haze
concentrations in the scene. This means that if we estimate
the green iceberg’s color over a range of solar elevations or
use the two local atmospheric scattering cases, we will have
likely spanned the range of our errors in estimating atmo-
spheric spectral scattering on the Weddell Sea. Differences
in surface albedos do exist at the two locations. However,
since my spectroradiometer’s field of view was blocked be-
low the astronomical horizon and was unobstructed above it,
the resulting daylight spectra should be little influenced by
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the surroundings. Similarly, photometric measurements of
Plates I and II indicate that the sea is dark enough that it
contributes negligibly to the iceberg’s illumination.

PSYCHOPHYSICS, COLORIMETRY, AND
GREEN ICEBERGS

Thus far I have concentrated on explaining green icebergs
physically. Ultimately, we want to know whether our physi-
cal models account for the icebergs’ appearance. Part of our
answer comes from comparing calculated chromaticities of
green icebergs with those reconstructed from Plates I and II.
However, colorimetry alone cannot account for all the per-
ceptual issues associated with green icebergs. Among these
are simultaneous color contrast, memory color, and color
constancy.

We do not know whether color contrast or other opponent
color phenomena affect iceberg colors. Nevertheless, we
should not sanguinely dismiss the possibility that, say, yel-
low induced within an iceberg’s outline by a blue surround
(sea and sky) enhances its greenness. Color constancy and
memory color are not completely independent, since the
former depends not only on how quickly the ambient illumi-
nation changes but also on whether we assume that we know
an object’s inherent color. Although the notion of inherent
color is physically specious, daily experience reinforces the
idea that particular objects have particular colors. Percep-
tual resistance to changes in an object’s memory color can be
quite entrenched.‘® Of course, we are claiming that color
constancy and memory color begin to fail when we see some
icebergs in reddened daylight and that the bergs become
appreciably greener.

The effects of color constancy, memory color, and color
contrast on our perception of green icebergs have yet to be
quantified. Thus for now I will use colorimetric analysis of
photographs as a useful, if incomplete, way of quantifying
those perceptions. One convenient way of extracting colori-
metric data from photographs is to digitize the photographs
with a color television camera and electronic digitizing sys-
tem. However, before we can make any colorimetric sense
of these data, we need to describe how the various trichro-
matic systems involved (color film, red—green-blue televi-
sion cameras, and our visual system) render a wide range of
spectra. In general, the spectral transfer functions of these
systems are not linearly related. Horn has demonstrated
that, if the systems are not related linearly, then stimuli that
are metameric for one such trichromatic system need not be
metameric for the others.#! In the case of a video digitizing
system, these differences in metamerism will not be critical
unless they are so pervasive that the system is a poor proxy
for human color vision. Assuming that the differences are
not pervasive, the chief problem is to calibrate the video
digitizing system both colorimetrically and photometrically.
I have earlier described an algorithm for doing this.42

Although video digitizing systems are versatile, they do
have limitations. For example, digitizers typically have
smaller radiance dynamic ranges than do radiometers. If
the transmittance of a black area on a color slide is 0.2% and
that of a white area is 70%, the resulting 350-fold increase in
transmitted radiance can overwhelm either a video camera’s
pickup tubes or a digitizer’s analog-to-digital converter. In
other words, a slide whose transmittance dynamic range is
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“this large (or even smaller) can drive either video device to

its maximum output. Many radiometers can easily accom-
modate this range of transmitted radiances. Radiometers
also offer superior radiance resolution for extremely small or
large film densities. With these advantages in mind, I have
also developed an algorithm for colorimetric calibration of a
spectrodensitometer that analyzes color slides.3® Tests of
this technique indicate that its colorimetric accuracy is com-
parable to that of video digitizing. Both systems recon-
struct metameric spectral reflectances that are colorimetri-
cally accurate, which is our overriding concern in analyzing
green iceberg photographs.

Using either system requires some caution. Both rely on
photographing a color calibration card under the same day-
light illumination as that in a scene of interest. Some poten-
tial error arises from differences in color film, for which
spectral response can shift subtly with each new lot manu-
factured. More important, different exposure and process-
ing conditions can introduce color discrepancies within iden-
tical film stock. This does not mean that attempting to
extract colorimetric information from slides is hopeless.
Such techniques can closely identify color samples that are
photographed under the same illumination as the color cali-
bration card.?®42 However, like other remote-sensing tech-
niques, spectrodensitometry and video digitizing necessarily
involve uncertainties that would not exist if we could mea-
sure unknown color samples directly. On balance, then,
properly calibrated video and spectrodensitometry systems
will reconstruct similar, but not identical, chromaticities
and relative luminances.

RECONSTRUCTING THE COLORS OF GREEN

.ICEBERGS

When using video digitizing, we can easily show which loca-
tions on Plates I and II have been sampled, and do so in
Figs. 5and 6. (In addition to colorimetric analysis of Plates
I and II, I will also show results from a third original slide of
this icebérg, also taken at the same time and location by
Dieckmann.) Two sampling methods are used in digitizing.
In one, the red, green, and blue (RGB) pixel values at an
image location are averaged over an area 10 pixels square;
these average RGB values are then passed to the inversion
scheme described in Ref. 42. These sampling areas are
indicated by X’s in Figs. 5 and 6. The second sampling
technique measures RGB values along a line in the digitized
image. Figures 5 and 6 show two such sampling lines as the
line segments CD and EF. Note that these largely avoid
regions on the iceberg that are either in shadow or dominat-
ed by specular reflections.

Now we can estimate the chromaticities of the iceberg in
Plates I and II. Figure 7 shows a portion of the 1931 CIE
chromaticity diagram. In it, the chromaticity of the sun
outside the atmosphere (x = 0.3171, y = 0.3263) has been
marked with an *, This reference point is repeated in Figs.
8-12. Another colorimetric reference introduced in Fig. 7 is
a rhomboidal locus of chromaticities generated by the SDE
model. This box of chromaticities is constructed as follows.

First, assume that we can describe our uncertainty about
spectral irradiance by using the range of solar elevation
angles occurring during Dieckmann’s observation of the ice-
berg. Astronomical calculations set this elevation range at
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Plate . Green iceberg sighted off Kapp Norvegia, Weddell Sea, Antarctica, on February 186, 1985, between 1700 and 2000
GMT. Photograph courtesy of G. Dieckmann.

Plate I. Green iceberg sighted off Kapp Norvegia, Weddell Sea, Antarctica, on February 16, 1985, between 1700 and 2000
GMT. Photograph courtesy of G. Dieckmann.
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Fig. 5. Sketch of the principal features of Plate I. The X’s mark
the sites of digitized RGB samples and span an area slightly larger
than that sampled. Chromaticities for these samples are shown in
Fig. 11 below. The line CD is the location of RGB samples whose
chromaticity curve is shown in Fig. 8.

Lo

Fig. 6. Sketch of the principal features of Plate II. The X’s mark
the sites of digitized RGB samples and span an area somewhat
larger than that sampled. Chromaticities for these samples are
shown in Fig. 12 below. The line EF is the location of RGB samples
whose chromaticity curve is shown in Fig. 9.
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Fig.7. Portion of the 1931 CIE chromaticity diagram. The *is the
chromaticity of the sun outside the atmosphere, and the rhomboidal
box is the locus of green iceberg chromaticities generated by the
SDE model for the estimated range of spectral illumination in
PlatesIand II. The chromaticity curve is generated by a linear scan
in one of Dieckmann’s green iceberg photographs.

approximately 22° to 9°, which gives us a gamut of possible
illuminants in Plates I and II. Second, rather than vary-
ing both the scatterers’ optical properties (variables g and
&o,p) and their distribution (variables r, and Np) in aspg, we
use only air bubbles (@, = 1, & = 0.845) (Ref. 21) to draw
Fig. 7’s chromaticity box. There we vary r, and N, over a
realistic range (the inclusion volume fraction f never exceeds
0.1). Our choice of possible reflectance spectra (and thus of
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chromaticities) is conservative; as Dieckmann et al. indicate,
inclusions other than air bubbles are found in green ice-
bergs.8

The chromaticity box’s top line consists of colors generat-
ed by all ice reflectance spectra at 9° solar elevation. The
bottom of the box shows the corresponding chromaticities at
22° solar elevation. As expected, purer ice colors are associ-
ated with purer daylight colors. The left-hand side of the
box is the chromaticities that result when all daylight spec-
tra illuminate the most spectrally selective ice. Conversely,
the box’s right-hand side is produced by the full gamut of
daylight illuminating the spectrally flattest ice. Within the
chromaticity box are the possible colors for ice whose only
inclusions are bubbles, so our reconstructed chromaticities
need not fall entirely within it. .

Photogrammetry suggests a solar elevation of 18° in
Plates I and II. Figure 2 compares the September 28 and
October 5 daylight spectra for this solar elevation. Of these
two spectra, I chose the October.5 case (solid curve) because
visibility on that day was qualitatively closer to that in
Plates I and II. None of this approximation is critical,
since we are merely selecting one spectrum from a range of
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Fig. 8. A portion of the 1931 CIE chromaticity diagram. The
chromaticity curve is generated by scanning Plate I along the line
CD in Fig. 5.
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Fig. 9. Portion of the 1931 CIE chromaticity diagram. The chro-
maticity curve is generated by scanning Plate II along the line EF in
Fig. 6.
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Fig. 10. Green iceberg chromaticities generated by spectrodensitom-
etry and video digitizing (small dots) for one of Dieckmann’s green
iceberg photographs. The average chromaticity from densitometry
is drawn as a + (albedo 13.6%, x = 0.2795, y = 0.3462). The average
chromaticity from digitizing is drawn as an X (albedo 17.0%, x =
0.2957, y = 0.3699).
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Fig. 11. Green iceberg chromaticities generated by spectrodensitom-
etry and video digitizing (small dots) for Plate I. The average
chromaticity from densitometry is drawn as a + (albedo 26.0%, x =
0.3083, y = 0.3871). The average from digitizing is drawn as an X
(albedo 16.7%, x = 0.3141, y = 0.3901).
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possibilities, and ultimately we are interested in how well
our theoretical and reconstructed chromaticities agree with-
in this range. As aresult, although the 18° spectrum is used
in calculating chromaticities from our reconstructed reflec-
tance spectra, our conclusions are not crucially linked to this
particular illuminant.

Figure 7 implies that spectrally selective ice will have
some color even when the sun is high in the sky. In other
words, icebergs that are vividly green near sunset may still
be greenish or bluish green at noon (neglecting color con-
stancy). The effect of a low sun is simply to increase the
dominant wavelength and change the purity of these bergs.
For example, at 9° solar elevation the most spectrally selec-
tive ice yields a dominant wavelength of 509 nm and a purity
of 9%, measured with respect to the * in Fig, 7. We would
probably call this ice green. However, when the solar eleva-
tion is changed to ~41° (the yearly maximum at the location
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of Plates I and II), the same ice seen under this new
illumination has a dominant wavelength of 488 nm and a
purity of 23%. We would now likely say that the ice was
bluish-green (again neglecting color constancy).

Figure 7 shows a chromaticity curve that results from
scanning along a line in the third of Dieckmann’s green
iceberg photographs (not reproduced here). This kind of
zigzag chromaticity path is typical of many seemingly uni-
form colors, including the individual chips on the color cali-
bration card. Of special interest to us is the relatively small
area that the path occupies, a square approximately 0.03 on a
side on the chromaticity diagram. Thus the digitizing algo-
rithm produces a restricted set of chromaticities for a re-
stricted range of RGB values. Even though this particular
green iceberg’s inclusions are probably not dominated by air
bubbles, the observed chromaticities are nonetheless largely
inside the chromaticity box for bubbly ice.

Figure 8 shows the green iceberg chromaticity curve gen-
erated along the scan line CD in Fig. 5. As in Fig. 7, the
chromaticity gamut is small, with the exception of one large
excursion toward the violet, which occurs when we cross into
shadow in Plate I. Since the illumination changes dramati-
cally (it is primarily skylight in this region of the berg), the
chromaticity will change equally dramatically. Certainly
the reconstructed spectra are implausible in the shadows,
making the resulting chromaticities and albedos only quali-
tatively correct.

The locus of chromaticities in Fig. 9 is generated along
scan line EF in Fig. 6. On average, purities are higher here
than in the preceding cases. Before making too much of
this, remember that the spectral illumination varies enough
between Plates I and II to account for some of the differ-
ence. No less likely is the existence of real differences in
spectral reflectance (or transmittance) due to variations in
ice composition and optical depth. The most striking fea-
ture of Fig. 9 is the large excursion into the blue. Unlike
that in Fig. 8, we can believe this large chromaticity change:
it occurs as we briefly traverse some blue sky (point E in Fig.
6).

We now switch to areal averages of green iceberg colors.
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Fig. 12. Green iceberg chromaticities generated by spectrodensitom-
etry and video digitizing (small dots) for Plate II. The average
chromaticity from densitometry is drawn as a + (albedo 18.0%, x =
0.2878, y = 0.3703). The average from digitizing is drawn as an X
(albedo 14.4%, x = 0.3025, y = 0.3818).
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In Figs. 10-12 we compare spectrodensitometry’s results
with those from video digitizing. The small dots are chro-
maticities reconstructed by both techniques at various im-
age locations. Although we cannot specify the photographic
sites of the densitometry samples exactly, examining the
same readily identifiable features with either technique
gives comparable colorimetric averages. The average of all
chromaticities reconstructed by densitometry is indicated
with a + in Fig. 10; the corresponding video average is indi-
cated with an X. We continue this marking scheme in Figs.
11 and 12.

The colorimetric disagreement between densitometry and
video digitizing is largest in Fig. 10; the colorimetric distance
between the two averages is 0.0287, although the biconical
albedos differ by only 3.4%. Given the closer agreement in
Figs. 11 and 12, and the difficulty of specifying image loca-
tions when using the radiometer, this colorimetric disagree-
ment seems acceptable. Densitometry indicates that the ice
has a dominant wavelength of 498 nm and a purity of 12.4%,
while digitizing gives figures of 519 nm and 8.6%. (All domi-
nant wavelength and purity measurements are with respect
to the sun outside the atmosphere.) Given the large number
of sampling sites here, we will use the spectrodensitom-
etry averages of chromaticity and spectral reflectance when
we compare theory and observation below.

Figure 11 shows the best colorimetric agreement between
the two techniques; the distance between the averages is
0.0065. However, there is now a more substantial 9.3% dis-
agreement about the ice’s albedo. From densitometry, the
dominant wavelength of the average chromaticity is 544 nm,
and its purity is 15.1%; comparable figures from digitizing
are 550 nm and 17.4%. Finally, Fig. 12 offers perhaps the
best agreement between densitometry and video analysis.
The colorimetric distance is 0.019, and the albedo difference
3.6%. The chromaticities yield a dominant wavelength of
512 nm and a purity of 9.8% for densitometry, while the
values are 536 nm and 12.3% for digitizing.

What conclusions can we draw from these results? The
most important conclusion is that these numbers are inher-
ently volatile. Moving our sampling sites within the images
or changing the size of our areal averages will almost invari-
ably give different results. Complicated natural scenes like
those in Plates I and II behave in this way because their
spectral radiances (and thus chromaticities) change appre-
ciably within small areas. Therefore the substantial al-
though imperfect colorimetric agreement between the two
data inversion techniques implies that their precision is
comparable.

A second, more surprising, conclusion is that many natu-
ral objects and light sources have rather low colorimetric
purities. The highest purity reported above is less than
20%, a number that seems incongruously small compared
with the vivid greens in Plates I and II. However, the
chromaticity gamut of the color calibration card in Ref. 42 is
instructive here. Although the yellowish illuminant (a slide
projector) used in these earlier tests shifts the reds and
yellows to high purities, most greens and blues will be com-
paratively unchromatic. Consider another example. Boh-
ren and Fraser note that the blue sky in a purely molecular,
single-scattering atmosphere would have a purity of less
than 42%.43 Realistically, the sky’s purity will be lower than
this, even though we perceive sky color well away from the
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Fig.13. Average spectral reflectances reconstructed by densitome-
try for selected locations in Plate I (dashed curve; albedo 26.0%),
Plate II (dotted—dashed curve; albedo 18.0%), and another of
Dieckmann’s green iceberg photographs (solid curve; albedo 13.6%).

horizon to be rather vivid. Our own measurements indicate
that typical blue sky purities are approximately 25-30%
(dominant wavelength ~485 nm). Since we seldom see
spectrally pure blues or greens in nature, even the modest
purities of the blue sky and this green ice are visually strik-
ing. Another important point is that dominant wavelength
can change rapidly for small chromaticity changes at low
purities. Thus hue seems to shift appreciably when we
compare the densitometry and digitizing averages in Figs.
10-12. Perceptually, however, the color changes are likely
to be small.

Average spectral reflectances reconstructed by densitom-
etry from Dieckmann’s color slides appear in Fig. 13. The
largest reflectances (dashed curve) are those that generated
the + in Fig. 11, and the biconical albedo here is 26%. The
dotted-dashed curve corresponds to the + chromaticity in
Fig. 12 and has an albedo of 18%. The smallest albedo in
Fig. 13 (solid curve) is 13.6%, and its corresponding chroma-
ticity is marked with a + in Fig. 10. As noted above, these
are metameric reflectance curves that cannot be expected to
do more than reproduce chromaticity and albedo accurately.
These curves are unlikely to be identical to in situ spectra of
Dieckmann’s green iceberg. However, because the calibra-
tion card’s colors are spectrally similar to those of naturally
occurring materials,* the reconstructed spectra should not
differ radically from those of the green iceberg.

HOW MIGHT GREEN ICEBERG THEORY AND
OBSERVATION AGREE?

Remember that we are outlining sufficient, rather than nec-
essary, conditions here for green icebergs’ inclusions. In
addition, note that the Bohren and SDE models describe
hemispheric albedos, rather than the biconical albedos re-
constructed above, although these differences are likely
small in our case. Now, assuming that we know 6y, Np, and
rp, what values of &, and g in the SDE model would mini-
mize colorimetric error and produce acceptable albedo er-
rors compared with our observations?
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Fig. 14. Loci of &y, and g that yield minimal chromaticity errors
(within a 2% albedo error tolerance) when SDE reflectances are
compared with the average spectral reflectances reconstructed by
densitometry for one of Dieckmann’s green iceberg photographs.
Case G sets r, = 0.04 mm and N, = 5.26 mm™3, case H sets rp, =
0.1196 mm and N, = 0.1966 mm~3, and case I sets r, = 1.0 mm and
N, = 3.36 X 107 mm~3. The X’s on curves G-I are the smallest

colorimetric errors for each case. In case G, this corresponds to &o,, -

= 0.9999, g = 0.9968. In case H, the smallest minimum occurs at
@,p = 0.9999, g = 0.9905, and in case I it occurs at & p = 0.9999, g =
0.9219.
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Fig. 15. Spectral reflectances from the SDE model (dashed curve)
and the Bohren model (dotted-dashed curve) that are metamers for
the average spectral reflectances reconstructed by densitometry
from one of Dieckmann’s green iceberg photographs (solid curve).
The Bohren model assumes an effective grain diameter of 2298 mm.
The input parameters to the SDE model are r, = 0.1196 mm, N, =
0.1966 mm™3, &, = 0.9999, and g = 0.9905. The root-mean-square
reflectance difference between the reconstructed reflectances and
the Bohren model is 2.2%. The root-mean-square difference be-
tween the SDE mode! and the reconstructed reflectances is 2.3%.
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Figure 14 shows the curves of &, and g that minimize
colorimetric errors for a target chromaticity of x = 0.2795, y
= (0.3462 and an albedo of 13.6% (these are the densitometry
averages shown in Fig. 10). The solar elevation is assumed
to be 18°, and 8 is set at 30°. The curves G-I are the loci of
@o,p and g that result in the smallest chromaticity errors
within an albedo error tolerance of +2%. Note that the
abscissa is logio(1 — @op). In curve H, the values of r, and
N, (0.1196 mm and 0.1966 mm™3, respectively) are those
estimated from the thin section of a green iceberg. While
leaving the volume fraction f unchanged at 0.0014, we in-
crease rp to 1.0 mm in curve I and decrease it to 0.04 mm in
curve G. Although each of these curves generates minimal
chromaticity errors, one point on each curve yields the
smallest of these minima. We indicate this combination of
@op and g with an X. The chromaticity errors at these
points range between 0.0031 and 0.0036 for cases G-1.

In essence, Fig. 14 says that the observed color and albedo
of Dieckmann’s green iceberg are best matched in the SDE
model if the ice inclusions are nearly nonabsorbing (&, = 1)
and scattering is largely in the forward direction (0.9 < g <
1). Infact, because the observed chromaticity falls so close
to the box of SDE model chromaticities for air bubbles (see
the + in Fig. 10), we might imagine that &y, = 1. While
completely nonabsorbing inclusions would account for the
minimum chromaticity errors occurring at the largest values
of & p in Fig. 14, they are not what Dieckmann et al. ob-
served. If we select a different target chromaticity that lies
farther outside the chromaticity box, the minimum colori-
metric error occurs at smaller & , (farther to the right in Fig.
14). In physical terms, this change in target chromaticity
means that we must allow absorbing inclusions in the ice.

The dashed curve in Fig. 15 is the metameric spectral
reflectance curve that generates the minimum colorimetric
error in case H of Fig. 14 (the case of r, = 0.1196 mm, N, =
0.1966 mm~3). Figure 15 also includes the reconstructed
reflectance spectrum from Fig. 13 that we are trying to
match; it is redrawn in Fig. 15 as a solid curve. The mini-
mum-error model spectra for cases G and I in Fig. 14 would
be virtually identical. This spectral similarity among the
metameric model reflectances may seem odd. However,
remember that the spectral variation in these model reflec-
tances arises from one material, pure ice, and its absorption
coefficient [x;(A\)]. Thus nearly metameric reflectances will
have the same spectral shape.

I have also included metameric spectral reflectances from
Bohren’s model in Fig. 15 (dotted-dashed curve). Because
the observed chromaticity can be nearly matched by purely
bubbly ice, I have set &, = 1 and g = 0.845 in Egs. (5) and (8)
for this comparison. Two of the remaining variables in Eq.
(5), rp and f, can be combined into a single parameter, the
effective grain diameter deg [dess = 2(1 — f)r,/3f].21 Now the
best colorimetric match occurs for degr = 2298 mm, which for
rp = 0.5 mm corresponds to f =~ 0.00015. The most obvious
difference between the Bohren and SDE models is that the
latter predicts a smaller hemispheric albedo than the for-
mer. However, we can make this albedo difference negligi-
ble by changing our albedo error criterion and requiring that
the SDE albedos err on the high side of the reconstructed
albedo. (This would increase the chromaticity errors slight-
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ly.) In other words, the sign of the albedo errors in this
comparison of the Bohren and SDE models has no special
significance.

CONCLUSIONS

Obviously the reconstructed and model spectra in Fig. 15 are
not congruent. This implies that the ice in Plates I and II
has inclusions that are not strictly gray. This would not
surprise me, nor would I be bothered if the absorption spec-
trum of this ice, sans inclusions, were found to differ from
that of Fig. 1. (However, it does not necessarily follow that
any such inclusions or impurities must be green.) The im-
portant point of Fig. 15 is that, for the given daylight condi-
tions, the reconstructed and model spectra are perceptually
indistinguishable. Thus, what we see in Plates I and II
could be the result of reddened sunlight illuminating blue-
green ice that contains only a few essentially gray scatterers.
My goal here is not to demonstrate that this must be the case
but merely to show that, to account for what we see, only the
simplest assumptions are required.

Answering the elusive question of why some icebergs are
so vividly green may require as much psychophysics as it
does geophysics. As an illustration, consider the following:
some green iceberg photographs show that the ice undergoes
a marked color shift toward the green when the sun is low in
the sky.#5 Color constancy and memory color may reduce
this perceptual shift for in situ observers. However, the
reduction seems to consist of discounting the bergs’ often
pastel appearance near midday. Regrettably, short of sail-
ing a group of subjects to the Weddell Sea for full-scale
psychophysical testing, we are unlikely to settle any of these
perceptual problems that are not addressed by colorimetry.

Ongoing physical and chemical analyses of green ice-
bergs!3 will begin to give us definitive answers about these
bergs’ unique structure. However, even without such an-
swers we can establish what the simplest requirements are
for making vividly green ice. AsIhave shown above, thereis
nothing that rules out bubbly or dirty ice as the cause of at
least some green icebergs. Although green icebergs might
be tinted by specific colorants, in at least one case a demon-
strably green iceberg contained few colored inclusions.®
Thus the simplest explanation for green icebergs requires no
extrinsic colorants but instead exploits ice’s intrinsic optical
properties and the reddening of daylight at low sun angles.
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