4 Ultraviolet Radiation and the Optical Properties
of Sea Ice and Snow

D.K. PEROVICH

4.1 Introduction

The continuing annual appearance of ozone holes in the Arctic and Antarctic
results in recurring periods of enhanced incident ultraviolet irradiance at the
earth’s surface. Indeed, a recent analysis of incident ultraviolet irradiance
measured at Barrow, Alaska, from 1991 to 1995 demonstrates a continuing
increase in ultraviolet light levels (Gurney 1998). Much of the area most
affected by stratospheric ozone depletion is covered by a seasonal or peren-
nial sea-ice cover, which is a productive ecological habitat. To determine the
impact of enhanced incident ultraviolet irradiance on this habitat, an under-
standing of the interaction of ultraviolet light with snow and sea ice is
required.

It is well established that ultraviolet irradiance can have a deleterious effect
on primary productivity in the open ocean and in marginal ice zones (Smith
et al. 1992; Prezelin et al. 1994, 1998). Damage has also been found in under-
ice communities (Prezelin et al. 1998), indicating that pack ice does not pro-
vide complete protection from ultraviolet light. Antarctic studies have
established that marine particulates (Vernet et al. 1994), algae (Karentz 1994),
phytoplankton (Heibling et al. 1994), DNA, protein, and the amino acid por-
phyra-334 (Prezelin et al. 1998) strongly absorb ultraviolet light.

Determining the biological impact of ultraviolet light in regions covered by
sea ice is complicated by the temporal and spatial variability of the ice cover, in
both its morphology and its optical properties. At ultraviolet and visible
wavelengths, sea ice is a highly scattering, translucent medium. Scattering de-
pends on the morphological structure of the ice and on the surface conditions.
For most of the year, from September through June, the sea ice is covered by
snow. This chapter focuses on the interaction of ultraviolet light with sea ice
and snow. A brief description is given of sea-ice morphology followed by a
synopsis of radiative transfer theory as applied to seaice. A summary of results
from observational and modeling studies is then presented.
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4.2 Sea-Ice Structure and Morphology

The optical properties of sea ice are intimately related to its physical state and
structure (Grenfell and Maykut 1977; Perovich 1996). Physical changes in the
ice or snow cover result in changes in the reflection and transmission of the
incident ultraviolet irradiance. The sea-ice cover exhibits tremendous spatial
variability: over distances of only tens of meters, conditions can range from
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Fig.4.1. The small-scale structure of sea ice: a ice core of upper portion of multiyear ice
and b photomicrograph of horizontal thin section of sea ice showing brine pockets and
air bubbles
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open water to young ice only a few centimeters thick to pressure ridges tens of
meters thick. Snow depths can vary from bare ice to drifts more than a meter
deep. In summer, areas of ponded meltwater are also present.

There is also spatial variability on the small scale. Sea ice is a material that
exists at its salinity-determined melting point, so changes in temperature
result in changes in the physical properties and structure of the ice. Sea ice has
an intricate microstructure consisting of an ice matrix with inclusions of air
bubbles, brine pockets, and solid salts. Impurities, such as particulates and
biogenic material, may also be present. The photomicrograph in Fig. 4.1a
illustrates the small-scale structure of sea ice. The larger, rounded features are

Fig.4.2. Arctic pack ice in a spring and b summer. In spring, the surface is covered with
snow and has a uniform appearance; by summer, it has evolved into a mixture of bare ice,
ponded ice, and leads
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air bubbles, and the smaller elongated elements are brine pockets. As we shall
see, these inclusions are the primary scatterers of light in sea ice, and
scattering dominates ultraviolet radiative transfer in sea ice.

Sea ice also changes temporally. It undergoes a major morphological evolu-
tion during the summer melt season, as Fig. 4.2 illustrates. In spring
(Fig. 4.2a), when ozone depletion is at the maximum, over 90 % of the ice is
covered by an optically thick layer of snow (>0.1 m), and average spring snow
depths are about 0.35 to 0.4 m (Warren et al. 1999; Sturm et al. 2001). The snow
cover gives the ice a uniform appearance and a high albedo. The albedo can
reach values as high as 0.98 at visible wavelengths (Grenfell et al. 1994). In
spring, this high surface albedo not only affects the reflected and transmitted
ultraviolet irradiance, but the incident irradiance as well. The presence of a
snow cover causes an increase in incident ultraviolet irradiance at the surface
due to multiple reflections between the sky and the surface (McKenzie et al.
1998). Typically, in early June the snow begins to melt, ultimately transform-
ing this once uniform surface into a variegated mosaic of bare ice, melt ponds,
and open water (Fig. 4.2b). Associated with these melt-induced morphologi-
cal changes is an overall decrease in the albedo and an increase in the
transmittance.

Understanding the many and varied nuances of sea-ice morphology is a
daunting task. Fortunately, there are several excellent overview articles
describing the large-scale and small-scale properties of the polar ice covers
(Weeks and Ackley 1982; Gow and Tucker 1990; Tucker et al. 1993; Weeks
1998).

4.3 Theory

Radiative transfer theory is well developed for atmospheres, oceans, and ice
covers. The discussion here is limited to a general description of radiative
transfer processes. For models focusing on sea ice and snow, a plane parallel
medium is usually assumed, that is, a medium that is horizontally infinite and
horizontally homogeneous, but with vertically varying properties. The formal
equation of radiative transfer for a plane parallel medium is (Chandrasekhar
1960)

dI(t,p,0,1)
R0

=I(t,p, 9, A) - S(1, 1, 0, A)
drt

(4.1)

where I is the radiance, A is the wavelength, y is the cosine of the zenith angle
(6),and ¢ is the azimuth angle. 1 is the nondimensional optical depth and is
defined as
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t(M)=(k(A)+0(N))z (4.2)

where kis the absorption coefficient, o is the scattering coefficient, and z is the
physical depth. In Eq. (4.1), the effects of scattering are treated in the S term,
which is referred to as the source function and defined as

127w

)d dq) ()()\) -n(AYp

30 (4.3)

S(t,p, 0, A)

where p(,',0,¢) is the phase function and Eg is the radiance of the direct
beam component of the incident radiation field. The double integral term
represents scattering of the diffuse radiance field I(1,u",0",A). The second term
provides the contribution of scattered light from the attenuated direct beam
[Eg(A)]. The phase function (p) defines how much light is scattered from one
direction (j,0) to another (p’,0’). For the mathematical details of, and
solutions to, the integro-differential equation of radiative transfer, readers are
directed to several excellent volumes including Chandrasekhar (1960), Liou
(1974), Bohren and Huffman (1983), and Mobley (1994). For the purposes of
this chapter, the key point is that radiative transfer in snow and ice is governed
by two processes, absorption and scattering. Absorption is characterized by
the absorption coefficient (k), which is a measure of the amount of absorption
per unit length. For scattering, the key parameters are the scattering
coefficient (o), which is a measure of the amount of scattering, and the phase
function (p), which describes the angular distribution of scattered light.

The Arctic snow pack is primarily a mixture of ice, air, and, during melt,
water. Sea ice consists of ice, brine, and air. Absorption of light in the air
contained in sea ice and snow is assumed to be negligible. Ultraviolet
absorption coefficients for pure bubble-free ice (k;; Grenfell and Perovich
1981; Perovich and Govoni 1991) and water (kp; Smith and Baker 1981) are
plotted in Fig. 4.3. Visible values are also plotted for comparison. In the
ultraviolet, ice and water absorption coefficients increase as wavelength
decreases. Absorption coefficients for the ice and water are similar in shape
and magnitude. These values provide the building blocks for determining
absorption coefficients in sea ice (kg;), which can be calculated by weighting
the absorption coefficients by the relative volumes of ice (v;) and brine (vp;
Grenfell 1983):

k;=vk +v,k,. (4.4)

For cold, multiyear ice, brine volume is small and k¢;~k;. Both snow and sea
ice often contain impurities such as dust, soot, and biogenic material. These
impurities are usually strongly absorbing and weakly scattering; if they are
present in sufficient quantity, their absorptive properties should also be
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included in radiative transfer calculations. At ultraviolet wavelengths, this is
particularly true for biogenic materials.

Scattering in sea ice results from differences in the real indices of refraction
(n) betweenice (n~1.31) and the inclusions. Sea ice has a large number of brine
pockets (n~1.33-1.36) and air bubbles (n~1), and is therefore a highly scat-
tering medium. Scattering coefficients and phase functions are difficult to
measure in a highly scattering medium like sea ice. Indeed, there are very few
such measurements (Grenfell and Hedrick 1983),and none were made at ultra-
violet wavelengths. In addition, because scattering is determined by the highly
variable structure of sea ice, scattering coefficients are also highly variable.

The larger the difference in index of refraction, the greater the amount of
scattering. Hence, air bubbles scatter more strongly than brine pockets. If the
ice is cold enough that solid salts form, scattering increases significantly, since
these salts are very effective scatterers (Perovich and Grenfell 1981). Sea-ice
scattering coefficients depend not only on the amount of brine and air, but on
how they are distributed. More inclusions in the ice result in more scattering
and, consequently, a larger scattering coefficient. For example, the upper
portion of the ice core in Fig. 4.1b has many more air bubbles and more
scattering than the lower portion, as is evident in the photograph. Sea ice
scattering coefficients determined at visible wavelengths are large, with values
typically greater than 10/m for warm ice and greater than 200/m for drained
bubbly ice (Perovich and Grenfell 1982; Grenfell 1983, 1991; Grenfell and
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Hedrick 1983). Both observations (Grenfell and Hedrick 1983) and theoretical
calculations (Maykut and Light 1995) indicate that sea ice is strongly forward
scattering, with the phase function decreasing by three to five orders of
magnitude from forward to backward scattering.

Since the scatterers are much bigger than ultraviolet and visible wave-
lengths and the real portion of the index of refraction for ice and brine is
fairly constant with wavelength, a major simplification can be made: scat-
tering coefficients and phase functions are assumed to be constant with
wavelength (van de Hulst 1981; Bohren and Huffman 1983; Grenfell 1983,
1991; Perovich 1993). A similar argument is applied to scattering in snow
(Bohren and Barkstrom 1974; Wiscombe and Warren 1980). This implies that
ultraviolet scattering coefficients are approximately equal to visible values,
and the relatively large database on scattering in sea ice and snow at visible
wavelengths can be used as a first-order proxy for the ultraviolet properties.
There has been much more work, both observationally and theoretically, on
the optical properties of sea ice at visible wavelengths than at ultraviolet
wavelengths (Maykut and Grenfell 1975; Grenfell and Maykut 1977; Grenfell
1979, 1983, 1991; Grenfell and Perovich 1981; Perovich and Grenfell 1981,
1982; Warren 1982; Trodahl et al. 1987; Perovich 1990; Arrigo et al. 1991, 1993;
Jin et al. 1994; Mobley et al. 1997; Perovich et al. 1998a,b).

The key theoretical points regarding the radiative transfer in sea ice are
that (1) absorption coefficients for ice, brine, and impurities depend strongly
on wavelength; (2) the scattering coefficients and phase functions for sea ice
are constant with wavelength, allowing results from visible wavelengths to be
used in the ultraviolet; (3) air bubbles scatter more strongly than brine
pockets, and (4) increasing the number of inclusions in sea ice increases the
amount of scattering.

4.4 Qbservations

While absorption and scattering coefficients are fundamental properties of
snow and sea ice, they are often difficult to measure and not of prime interest
for biological studies. Determining the distribution of the incident ultraviolet
irradiance between reflection from the surface, absorption in the snow and
ice, and transmittance to the ocean is often the objective. The most studied
optical property of sea ice or snow is the albedo («). Albedo is simply defined
as the fraction of the incident irradiance that is reflected. Sea ice albedos in
the ultraviolet range, like visible albedos, are sensitive to surface conditions.
For example, the presence of a snow cover causes an increase in albedo, while
surface water elicits a decrease. Ultraviolet albedos for three snow cases and
three sea ice cases are plotted in Fig. 4.4.



80 D.K. Perovich

10 — I ' Fig.4.4. Observations of spectral albedos
for snow and sea ice. (Grenfell et al. 1994;
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Snow has a multitude of small grains and ice/air interfaces and is a highly
scattering medium with a large albedo. The presence of particulates in the
snow, such as dust or soot, reduce the albedo. The albedos for the excep-
tionally clean snow at the South Pole are quite large (0.98) and uniform across
the spectrum (Grenfell et al. 1994). The albedo of cold, dry snow over shore-
fast sea ice at Barrow, Alaska, is also plotted in Fig. 4.4. These albedos are
markedly smaller (0.9) than the South Pole results. The difference results from
the large amount of particulates present in the Barrow snow pack. These
curves effectively bound the range of ultraviolet albedos found for cold, dry
snow. Because snow is highly scattering, it only takes a relatively thin 10- to
15-cm layer of snow to produce these large albedos. When snow melts, some
of the ice/air interfaces become ice/water interfaces, and there is a reduction
in scattering and a decrease in the albedo to 0.75-0.8 (Quakenbush and
Wendler 1994; Perovich et al. 1998a,b).

Albedos for bare, melting multiyear ice are similar to melting snow values
(Grenfell, pers. comm.). During melt, multiyear sea ice in the Arctic typically
has a surface granular layer that is 1-3 ¢m thick, similar to coarse-grained
snow, which is highly scattering (Perovich et al. 2001). Because of this layer,
albedos range between 0.7 and 0.8. Melting first-year ice typically does not
develop such a pronounced surface scattering layer and consequently has
smaller albedos (0.5-0.55). Meltwater accumulates on the surface in some
areas of the ice cover, forming melt ponds. The surface water is a layer where
there is absorption but very little scattering. Consequently, pond albedos are
less than bare-ice albedos. They are also variable, depending in large part on
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the physical properties of the underlying ice and to a lesser extent on the
depth of the pond. Ultraviolet pond albedos are wavelength-dependent,
decreasing from 400 to 300 nm (Fig. 4.4).

The amount of light transmitted through an ice cover is a key quantity
when assessing the impact of ultraviolet light on biota living in or under a sea
ice cover. The transmittance (T) is the fraction of the incident irradiance that
is transmitted through the ice. Like the albedo, transmittance is sensitive to
surface conditions. It also depends on the physical composition of the ice and
is a strong function of the thickness of the ice. Indeed, the transmittance
drops off roughly exponentially with increasing ice thickness. While not as
numerous as albedo observations, ultraviolet transmittance measurements
have been made through snow and sea ice (Trodahl and Buckley 1990;
Wendler and Quakenbush 1993; Perovich 1995; Perovich et al. 1998a,b).

Perovich et al. (1998a) examined ultraviolet and visible albedo and
transmittance for a typical spring-summer evolutionary sequence of first-
year ice (Fig.4.5). The sequence was (1) cold ice covered by 0.1 m of cold snow,
(2) ice with 0.06 m of melting snow, (3) bare melting ice,and (4) a 0.1-m-deep
melt pond. The ice thickness was roughly 1.6 m. The albedo, at all wave-
lengths, decreased throughout this melt sequence (Fig. 4.5a). The decrease
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Fig.4.5. The evolution of a albedo and b transmittance during the onset of melt (from
Perovich et al. 1998a,b). The curves represent a typical evolutionary sequence for first-
year ice from April through June: 0.1 m of cold snow over ice, 0.6 m of melting snow over
ice, bare melting ice, and a 0.1-m-deep melt pond. The ice thickness was 1.6 m in all
cases. The melting snow-covered ice and the bare-ice cases had significant amounts of
ice biota present at the bottom of the ice
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was greater in the ultraviolet than in the blue-green portion of the spectrum.
Albedos at 305 nm decreased by more than a factor of three between the cold
snow-covered ice (0.88) and the ponded ice (0.25).

Considering the optical properties of only the snow and ice, we would expect
that spectral transmittance would evolve in a similar fashion, with the
transmittance increasing as the albedo decreases. However, as Fig. 4.5b
indicates, this was not the case. Contrary to our simple notions, as the snow
began to melt, the transmittance decreased at all wavelengths due to a 20-fold
increase in the algal biomass present in the skeletal layer at the bottom of the
ice. Perovich et al. (1998a,b) state that the enhanced ultraviolet absorption and
shift in maximum transmission to longer wavelengths is consistent with
absorption in an algal layer (Maykut and Grenfell 1975; Arrigo et al. 1991;
Fritsen et al. 1992; Zeebe et al. 1996). During the transition from snow-covered
to bare ice, much of the algae sloughed oft the bottom, decreasing the biomass
by an order of magnitude, but enough remained to noticeably impact
ultraviolet transmission. Ultraviolet transmittance was greatest for the ponded
case ranging from 0.05to 0.10, when the amount of biomass was ata minimum.
The key point is that biogenic materials can greatly impact the transmission of
ultraviolet light through sea ice.

4,5 Models

The extreme spatial and temporal variability of the physical and optical pro-
perties of sea ice, and the difficulties involved with measuring light trans-
mission through sea ice, make models essential in interpreting and extra-
polating observations. For example, models can be a primary tool for studies
of how the optical properties of a region evolve with time.

Because of this importance, there are several sea-ice radiative transfer
models at visible and near-infrared wavelengths. There are discrete ordinate
solutions (Chandrasekhar 1960) using two streams (Grenfell 1979; Perovich
1993), four streams (Perovich and Grenfell 1982; Grenfell 1991), 16 streams
(Grenfell 1983), and a generalized n streams (Mobley et al. 1997) for radiative
transfer in the snow and ice. There are Monte Carlo models (Trodahl et al.
1987) and exponential decay models, as well as models focused on sea ice bio-
optics (Arrigo et al. 1991) and radiative transfer in the atmosphere-ice-ocean
system (Jin et al. 1994).

While these models are for visible and near-infrared wavelengths, it is
relatively straightforward to translate the models to ultraviolet wavelengths.
As was stated in the theory section, scattering parameters are essentially the
same in the ultraviolet range as the visible range. Absorption in the ice and
brine are different in the ultraviolet than in the visible, so ultraviolet
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absorption coefficients for ice and brine from Fig. 4.3 are used. Absorption in
any biogenic material may also be quite different in the ultraviolet (Fig. 4.5),
so appropriate ultraviolet coefficients need to be used.

Perovich (1993) formulated a multilayer, two-stream, ultraviolet radiative
transfer model and applied it to Antarctic sea ice. Scattering (o) and extinction
coefficients [x(A)] for different snow and ice conditions were determined from
visible observations made by Grenfell and Maykut (1977). Perovich and Govoni
(1991) commented on the fortuitous similarities between ultraviolet and
visible absorption coefficients. For example, absorption coefficients at 720 and
250 nm are equal, as are values at 580 and 400 nm, allowing for mapping of
visible and ultraviolet results. This correspondence, along with the wavelength
independence of scattering, allows visible scattering and extinction coef-
ficients to be mapped into the ultraviolet. Mapped extinction coefficients for
relevant Arctic snow and ice types are plotted in Fig. 4.6 (Grenfell and Maykut
1977; Perovich 1993). Measured values for youngice and first-year ice that were
determined directly from ultraviolet measurements (Perovich 1995) are also
plotted for comparison. The measured extinction coefficients fall nicely within
the range of the inferred values.
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The Antarctic simulations indicated that a sea ice cover significantly
reduces the amount of ultraviolet light reaching the ocean and that snow is
particularly effective at reducing ultraviolet transmittance. For example, a 10-
cm-thick snow layer reduces UV-B by roughly two orders of magnitude. The
attenuation of UV-B radiation by snow and ice was greater than UV-A
radiation and photosynthetically active radiation (PAR). Thus, a sea ice cover
may temper the biological impact of ultraviolet light by reducing the
deleterious biological effective irradiance more than the beneficial photo-
synthetically active radiation.

There are differences in the physical and optical properties of Arctic and
Antarctic sea ice (Weeks and Ackley 1982; Gow and Tucker 1990). In the
Arctic, multiyear ice is predominant, the ice is thicker, and there is less
flooded ice. Arctic multiyear ice is typically a few meters thick (Gow and
Tucker 1990), and the average snow depth is roughly 40 cm (Warren et al.
1999; Sturm et al. 2001). Using the Perovich (1993) model, we will now
investigate ultraviolet transmittance through Arctic sea ice. Isopleths of UV-B
transmittance as a function of snow depth and ice thickness are plotted in
Fig. 4.7. Moving from the origin of the plot toward deeper snow and thicker
ice, each isopleth represents a decrease of an order of magnitude. For average
values of snow depth (40 ¢m) and ice thickness (300 cm), transmitted
ultraviolet irradiance is eight orders of magnitude less than the incident. The
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Fig. 4.7. Isopleths of UV-B as a function of snow depth and ice thickness for Arctic
spring conditions
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strong attenuation of ultraviolet light by snow is evident in the plot. An 8-cm
snow layer causes approximately an order of magnitude reduction in ultra-
violet irradiance.

Trodahl and Buckley (1989, 1990) and Buckley and Trodahl (1987) report
that, for first-year Antarctic sea ice in McMurdo Sound, the period of the
maximum ozone hole in spring coincides with maximum transmittance of
the ice. They found that later in the season, as the ice began to melt, a drained
surface scattering layer formed, reducing transmittance. As was mentioned
earlier, a similar surface scattering layer is commonly observed to form
during summer melt in the Arctic. However, unlike the Trodahl and Buckley
(1989, 1990) Antarctic case, which had little snow, there is a substantial spring
snow cover in the Arctic that has a considerable impact on transmittance.

The optical evolution of multiyear Arctic pack ice from spring through
summer was investigated by applying the Perovich (1993) two-stream model.
Two cases were considered: a melt pond and a hummock. Observations of
snow depth, ice thickness, ice properties, and ice surface conditions made
during the SHEBA field experiment for these two cases (Perovich 1999a,b)
were used as input parameters to the model (Fig. 4.8a). Using these values and
the two-stream model, time series of UV-B transmittances were calculated
(Fig. 4.8b). The range of transmittance from spring to summer is striking,
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varying by more than eight orders of magnitude. In March, transmittance
through the hummock was more than an order of magnitude greater than
through the pond, even though the hummock was 75 cm thicker. Trans-
mittance was less for the pond site because it was frozen and covered by 50 cm
of snow, while the hummock had only 25 cm of snow. From the beginning of
April to mid-May, transmittance at the hummock site decreased by a factor of
200 as the snow depth increased from 26 to 45 cm.

The major change in transmittance occurred in early June as the trans-
mittance increased by six orders of magnitude in only a few weeks. This was a
direct consequence of changes in the snow cover. When melt began in late
May, the surface conditions abruptly shifted from dry snow to wet melting
snow. For the next few weeks, snow depth decreased and the transmittance
rapidly increased. By mid-June, the hummock and pond curves began to
diverge. Transmittances for the hummock more or less stabilized between
0.001 and 0.01 as a surface scattering layer formed. Pond transmittances,
however, continued to increase as the pond grew deeper and the ice thinner,
reaching a value of 0.38 in mid-August. These large temporal changes
demonstrate the importance of the timing of peak incident ultraviolet
irradiance on potential biological impacts.

4.6 Summary

Sea ice and snow are highly scattering media. Scattering coefficients are large
and approximately constant with wavelength. Absorption coefficients for
pure ice vary with wavelength, increasing by a factor of 7 from 400 to 250 nm.
There is considerable variability in the ultraviolet properties of snow and sea
ice. Albedos are strongly dependent on surface conditions, with ultraviolet
albedos ranging from more than 0.9 for snow to 0.7 for bare ice to 0.2 for
ponded ice.

Transmittance depends on snow depth and ice thickness as well as surface
conditions. In general, the presence of a sea ice cover, particularly one that is
snow covered, dramatically reduces ultraviolet light reaching the ocean. For
example, 10 ¢m of snow reduces UV-B transmittance by a factor of
approximately 40. Sea ice and snow may provide protection for biota living in
and under the ice, since attenuation is greater for deleterious UV-B than for
beneficial PAR.

Although field observations and theoretical modeling results demonstrate
that sea ice and snow greatly reduce ultraviolet irradiance, the biological
consequences of this are far from evident. It is possible, for example, that ice
biota may be shade-adapted with minimal defenses against UV-B and that
even a small enhancement of ultraviolet transmittance could be harmful.
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Interdisciplinary studies examining the impact of ultraviolet light on bio-
logical activity in and under the sea ice cover are needed to address this
critical issue.
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