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Abstract

Sea ice may be an oxidising medium owing to sunlight-driven reactions occurring within the ice. UV light transmission and albedo (320–450 nm)
are reported for first-year sea ice in Terra Nova Bay, Antarctica, in conjunction with depth integrated photolysis rates for OH radical production
from photolysis of hydrogen peroxide (H2O2) and nitrate anion (NO3−). The albedo is 0.70–0.75 and the transmission is characterised by an
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e-folding depth of∼50 cm or an extinction coefficient of∼2 m−1. A coupled atmosphere-snowpack radiation-transfer model (TUV-snow
applied to the experimental measurements so that scattering and absorption cross-sections of the ice could be deduced. These cross
used to model actinic flux (spherical irradiance) profiles in the ice, and thus illustrate the enhancement of actinic flux around a depth of 1
sea ice for zenith angles smaller than 50◦. The actinic flux-depth profiles demonstrate how extinction coefficients (measured at solar zenit
greater than 50◦) for the top 10–20 cm of sea ice are much larger than extinction coefficients measured deeper in the ice. The TUV m
also used to calculate photolysis frequencies for nitrate anions and hydrogen peroxide, which produce hydroxyl radicals within the s
depth integrated photolysis rate of hydrogen peroxide is an order of magnitude larger than the depth integrated photolysis rate of nitrat
the low concentrations of hydrogen peroxide in sea water and ice relative to nitrate result in a higher rate of production of OH radicals
than hydrogen peroxide. Approximate upper limits for depth integrated rate of production OH from nitrate photolysis in a 1 m deep sea
were found to be 0.06–2�mol m−2 h−1 for solar zenith angles of 85–45◦, respectively. The depth integrated production rate of OH radical
hydrogen peroxide photolysis is 0.01–0.3�mol m−2 h−1 for solar zenith angles of 85–45◦, respectively. Photolysis of nitrate in ice is an effici
route to the production of hydroxyl radicals and an oxidising ice. It must be stressed that these depth integrated rates of production a
approximate upper limits because the low porosity and the microphysical, chemical and photochemical process occurring in sea ice
the depth integrated rate of production. In conclusion we suggest that first-year sea ice may be an efficient medium for photochemis
85% of ice photochemistry may occur in the top 1 m of sea ice, assuming that the concentration of chromophore (nitrate or hydroge
and photochemical efficiency are independent of depth in the sea ice.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Sea ice can cover a total area of 34.5× 106 km2 at its max-
imum extent, 7% of the surface of the Earth[1]. The freezing
of sea water changes the albedo of the sea surface and provides
a habitat for many marine species[2]. The study of the opti-
cal properties of sea ice has traditionally been considered to be
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important for three reasons. First, sea ice is important for
logical production. Sea ice algae flourish in new and aging
ice and grow in and underneath first-year sea ice. This acc
for 25% of primary production in ice covered Antarctic wat
The irradiance is the limiting variable for several biological p
cesses including: the growth of algae[3], the uptake of dissolve
nitrogen[4] and microbial growth[5]. The annual production
carbon due to biological processes in the Antarctic sea i
40 Tg [6]. There is evidence of a biological feedback mec
nism that may limit sea ice extent, with phytoplankton biom
altering the absorption properties of sea ice and increased
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absorption of the sea ice resulting in a 6% decrease in ice cover
in the winter[7]. Secondly, the heat budget of the sea ice and
partitioning of incident solar radiation between ocean, atmo-
sphere and ice is critical to the summer melt-cycle of sea ice[8].
Perovich reported that during the SHEBA experiment 24% of
incident radiation on the sea ice was absorbed by the snow and ice
[8]. The ice optical properties (especially scattering) are impor-
tant to the ice–atmosphere system energy budget[9]. Thirdly,
in climatic studies it is important to understand the amount of
radiation absorbed by ice for the sea ice climate feedback mech-
anism to be quantified[10,11]. Recent work has highlighted that
the absorption properties of impurities (e.g. anthropogenic soot)
within the ice may lead to strengthening of the feedback mech-
anism[12,13].

Recently the optical properties of snow have been studied
with reference to photochemistry in or on snow and ice[14].
Experiments in polar regions have shown that photochemistry
in snow and ice can have a major effect on the biogeochem-
istry of the atmosphere and snowpacks. There have been many
measurements of gaseous fluxes of nitrogen oxides from sun-
lit snowpacks[15–24]. Laboratory work has demonstrated that
the source of NOx in snow is the photolysis of the nitrate anion
[25–31]:

NO3
− + hυ → NO2

− + O, (1)
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is the first time that the abiotic photochemistry of sea ice has
been considered quantitatively.

As several good reviews of the optics of sea ice exist
[8,55,56], only a brief summary will be given here. The opti-
cal properties of sea ice are governed by the weak absorption of
water, absorptions by impurities in the ice, the scattering owing
to the microstructure of the ice and the asymmetry factor,g, of
the sea ice. The microstructure of sea ice is described in detail
elsewhere[57,58]. Briefly, the sea ice is a mixture of ice platelets,
brine pockets, precipitated salts and air bubbles, the proportions
of which depend on temperature[8]. Light is scattered at the
interfaces of these microstructures, and thus sea ice is a highly
scattering medium for photons. Although the scattering by air
bubbles is greater than by brine pockets[8], typically there are
more brine pockets (24 mm−3) than air bubbles (1 mm−3) [57].
There have been several studies of the beam spread function
[59–62]and shape of the radiance field within the ice[63,64].
The light field within the sea ice at depth is asymptotic, not fully
isotropic, and decays exponentially. The deviation from spheri-
cal symmetry is small and may be due to the ice forming aligned
platelets separated by brine[63]. The decay of the diffuse radia-
tion in the sea ice can be described by the Bouger–Beer–Lambert
law,

I(z) = I(z′)e−k(λ)(z′−z) (I)
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O3 + hυ → NO2 + O . (2)

The results of photochemical modelling of the snowpa
ave demonstrated that the fluxes of NOx from the snowpac
re consistent with a photolytic source[20,32–35].

The oxygen radical anion produced in reaction(2) may reac
ith the water to generate the reactive OH radical:

− + H2O → OH + OH−, (3)

hus making the snowpack an oxidising medium. It has rec
een shown that OH radical can be formed from the photo
f hydrogen peroxide in ice[36]:

2O2 + hυ → OH + OH. (4)

Photochemical pathways involving the OH radical in sn
acks are implicated in the production of fluxes of acetalde
nd formaldehyde that have been observed from snow

26,37–45,46]. Many other organic compounds including al
itrates, alkenes, halides and organic acids may have a sno
hotolytic source[26,38,47–51]. Recent work has also demo
trated that organic pollutants contained within snow and i
olar regions may photolyse[52,53]. It is suggested that phot
hemical reactions of nitrate and hydrogen peroxide may
e occurring in sea ice. In sea ice, one could speculate th
H radical may react with the brine to liberate gaseous hal
pecies that may be responsible for the polar ozone depl
n Arctic regions[54].

In this work we record the optical properties of a first-year
ce and model the radiation-transfer within that sea ice to c
ate the first-order rate constant for the production of OH rad
rom nitrate and hydrogen peroxide photolysis. We believe
s

ck

e
n
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hereI(z) is the irradiance at depthz, I(z ) the irradiance at a
nother depthz′ andk(λ) is the extinction coefficient. In wor
n the optical properties of snow[35,65,66]it has been commo

o describe the characteristic length of light penetration into
now using the asymptotice-folding depth,ε(λ),

(λ) = 1

k(λ)
(II)

he asymptotice-folding depth,ε(λ), is the depth at which inc
ent diffuse irradiance has been reduced to 1/e (∼37%) of its

nitial value. Thee-folding depth in snowpack is often report
s liquid equivalente-folding depth,εliq(λ), which is equal to

he product of the asymptotice-folding depth and the ratio o
he density of the snow to that of liquid water. The scatterin
hotons within the ice is strongly forward peaked with the as
etry factor taking values of 0.95[67] or 0.975–0.995[64].
everal spectral radiation-transfer models exist for mode

ight fluxes in ice[8,55,56,59,60,64,68–71], but, to the authors
nowledge, none have been used to calculate photolysi
onstants in ice.

The aim of this work was to record the optical proper
albedo ande-folding depth) of first-year sea ice at Terra No
ay, to model these data with an adapted radiative-tra
odel for a coupled atmosphere-snow system, and to p

he depth profile of spherical actinic irradiance and the ph
sis rate constant for nitrate photolysis within the sea ice.
ork is exploratory; the experiments and subsequent mod
escribed here arose from the chance to study the sea ice
time when bad weather prevented the study of the photoc

stry of snowpacks as part of the CESIP campaign.
In the work presented in this paper, the term ‘actinic fl

efers to ‘spherical irradiances’, i.e. the number of pho
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passing through the surface of a sphere (for photolysis calcu-
lations), and ‘irradiance’ will be used to describe the flux of
photons through a plane (the instrumental measurement).

2. Experimental

2.1. Location

Measurements were conducted on the sea ice in Terra
Nova Bay, Antarctica (74◦40.594′S, 164◦07.813′E), on the 25th
November 2004. The location was the focus of a campaign to
monitor the biological activity under the sea ice. The area stud-
ied consisted of a bare section of sea ice approximately 50 m
in diameter. Although aerial photographs (taken from a heli-
copter and on the kilometre scale) of the local area revealed
that the sea ice was approximately 40% covered in windblown
snow (approximately 10–20 cm deep on a 10 m scale) the area
of sea ice chosen for study was not covered by more than
a few mm of snow. The site was approximately 200 m away
from the extent of the sea ice station and the nearest fissure or
crack in the sea ice was approximately 100 m away. The sky-
light conditions during all the measurements were diffuse with
thick low cloud. The sea ice temperatures were−5 to −9◦C.
Depth resolved sea ice temperature measurements were not pos-
sible. Three days after the measurements were taken the sea ice
broke up.
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shorter wavelengths (≤350 nm). The probe was then removed
from the ice and the hole drilled 5–10 cm deeper. This pro-
cess was repeated further down through the ice pack until the
signal-to-noise ratio became detrimental or the extent of the
sea ice was reached, typically 1–1.5 m depth. Three holes were
investigated in the sea ice with each hole taking∼30 min to
study, data from only one hole is presented. Measurements of
the sky downwelling irradiance were made simultaneously with
the in-ice measurements using the Microtops II spectrometer.
Several of these downwelling sky radiance measurements were
recorded for each spectrum recorded in the sea ice and aver-
aged so that changes in the incident solar radiation on the sea
ice could be observed for the whole of the integration period
of the ice spectrometer. Each irradiance measurement in the ice
was thus corrected for very small external fluctuations such as
cloud cover by dividing the sea ice irradiance measurement by
the atmospheric downwelling irradiance. Measurements were
taken during stable sky conditions and when the sun was close
to its zenith, i.e. around local noon.

The wavelength calibration of the ice probe spectrometer was
performed in the field using the mercury lines of a portable
fibre-coupled Hg–Ar lamp. Dark spectra were recorded in the
field by placing a thick, light-proof cap over the end of the
probe. Spectra were recorded using each of the integration
times used in the intensity measurements. Intensity calibra-
tions for the ice probe spectrometer were performed after the
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.2. Transmission measurements

A narrow (<5 cm) auger was used to drill holes into the sea
aterial from the sea ice was collected and handled with c
lastic gloves. A stainless-steel irradiance probe was ins
ertically, facing downwards, into the hole and the hole was fi
n with the sea ice material. At depths greater than 10 cm,
ater–ice slush would assist filling the hole naturally. Irradia
easurements within the ice were recorded in the wavele

ange 242–455 nm using a portable USB 2000 miniature
ptic spectrometer from Ocean Optics. Light was guided

he spectrometer via a 4 m, 200�m multi-mode fibre-optic fit
ed with a PTFE cosine corrector that also acted as a ho
or the fibre once the probe was inserted in the ice. One
f the fibre-optic was glued into a length of 0.64 cm diam
tainless steel tubing for protection and to act as a probe
he ice. The spectrometer was connected to a laptop com
unning a LABVIEW programme, which recorded the spec
he whole system ran on batteries. A second portable spec
ter (a Microtops II sunphotometer) was mounted vertically

ripod and used to record the radiance of the downwelling a
pheric radiation and atmospheric column optical depth a
he sea ice at 440 nm (10 nm FWHM). As stated previously
tmospheric irradiance was diffuse with the thick low clo
he Microtops II spectrometer covered the wavelength r
40–1020 nm in five separate 10 nm (FWHM) narrow Gaus
haped bands.

Spectra of in-ice irradiance were recorded four to six tim
ach depth studied using different spectrometer integration
0.1–59 s) to ensure an adequate signal was recorded even
.
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eldwork at room temperature and pressure using a N
raceable tungsten filament lamp (Ocean Optics). Labor
tudies showed that reducing the ambient temperature o
pectrometer from +15 to−15◦C decreased the number
ounts recorded in dark spectra but did not affect the nu
f counts recorded from the NIST-traceable calibration l
ource.

The ice irradiance data were summed into 1 nm bins,
ected for dark current, hot pixels and standard lamp calibra
rom both spectrometers. The ice spectra were then correc
he Microtops II irradiance values. For each 1 nm bin, the v
f the irradiance was plotted versus depth and an expon
t was undertaken to yield the asymptotice-folding depth. The
rocedure is one we developed to study the radiative prop
f snow in the Cairngorm Mountains[35].

.3. Albedo measurements

Albedo measurements of the ice surface were under
sing a GER1500 spectrometer. The reflectance of the

ace was recorded, followed by the reflectance of a stan
pectralon plate under the same skylight conditions so tha
eflectivity of the bare sea ice relative to that of the reflecta
tandard could be determined. The albedo spectra were rec
bove the ice at heights of about 1, 100 and 1000 m g
ircular target areas of 0.05, 5 and 50 m in diameter, res
ively. Measurements at the latter two heights, 100 and 100
ere conducted from a helicopter and the operator supporte

nstrument manually, thus it is likely that the diameters of
arget areas are larger than the quoted 5 and 50 m, respec
he albedo data for all three altitudes agree to within 10%.
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albedo data were recorded from the helicopter to increase the
footprint of the albedo, and thus average over any small (<1 cm)
surface heterogeneity.

2.4. Modelling

The radiative-transfer in atmosphere and the sea ice was
modelled using the TUV atmosphere-snow coupled model[32],
allowing the prediction of irradiances (flat plate and spheri-
cal) and photolysis rates. We believe this is the first time the
model has been applied to sea ice. The model uses an empir-
ical approach to obtain two variables that describe the optical
properties of the ice (snow): the scattering coefficient,rscatt, and
the absorption coefficient for impurities,µ+. The coefficients
rscattandµ+ are related to the coefficientsσscattandσ+

absby the
density,ρ, of the sea ice:

σscatt= rscatt

ρ
, (III)

σ+
abs= µ+

ρ
. (IV)

The albedo or thee-folding depth of the sea ice can be repro-
duced in the model using many different pairs of values forµ+

and rscatt. However, only one set of valuesµ+ and rscatt will
describe both the albedo and thee-folding depth of the sea ice.
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Depth integrated photolysis rates (transfer velocity,Tv) in
the sea ice for nitrate and hydrogen peroxide photolysis were
calculated:

Tv(NO3
−) =

∫ z=1

z=0
J(NO3

−) dz, (V)

Tv(H2O2) =
∫ z=1

z=0
J(H2O2) dz. (VI)

The product of the depth integrated photolysis rate (transfer
velocity) and the concentration of nitrate or hydrogen perox-
ide is equal to the depth integrated production rate of hydroxyl
radicals:

Depth integrated production rate= Tv(NO3
−) × [NO3

−]

(VII)

Depth integrated production rate= Tv(H2O2) × [H2O2]

(VIII)

Note in previous studies of photolysis of nitrate in the snowpack
the depth integrated production rate was equal to the flux of
photoproduct released from the snowpack to the atmosphere.
The photoproducts in sea ice are not expected to leave the ice
matrix.
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lsewhere[32] and only a brief summary will be given here. T
UV model is used to calculatee-folding depths and albedos f
ifferent values ofrscattandµ+. A range of values ofrscattand
+ are determined to reproduce either the measurede-folding
epth or albedo over the wavelength range 350–449 nm. A
f rscatt versusµ+ has two curves (one fore-folding depth and
ne for albedo). The values ofrscattandµ+ representingε(λ) and
(θ,λ) for the sea ice is represented by the intersection of
wo curves. In practise, a small locus of intersections exists
or each wavelength.

After the optical properties (µ+ andrscatt) of the sea ice ar
etermined, the model can be used to predict the depth pro
ctinic flux at various solar zenith angles. The photolysis
f nitrate,J(NO3

−), and hydrogen peroxideJ(H2O2) within the
ce were calculated for different solar zenith angles. The ni
bsorption cross-section of Burley and Johnson[72] with an
xtrapolation to 360 nm was used. The quantum yields for n
hotolysis were taken from Dubowski et al.[29] The quantum
ield values of Chu and Anastasio[25] could also be used and t
rates, depth integrated photolysis rates (transfer velocitie
epth integrated production rates presented later can be mo
y multiplying by the ratio of the two measurements of quan
ields, as the quantum yields are wavelength independent
egion of the spectrum[25,29]. The absorption cross-secti
nd quantum yield data for hydrogen peroxide was taken

he work of Chu and Anastasio[36]. The model was run for
m thick ice sheet. An asymmetry factor,g, of 0.95 [67], 80
tmospheric levels each of 1 km and 30 ice levels were
he albedo of the under-ice sea water was taken to be 0.0
avelength independent.
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. Results

Fig. 1 shows that the light intensity decreased expo
ially with depth in the sea ice, demonstrating that the att
tion of UV–vis diffuse radiation in ice is consistent with
eer–Lambert law. The line fitted to the data inFig. 1 was

ig. 1. Plot of ln
[

I(z)
I(z′)

]
against ice depth,z, for λ = 400 nm.I(z) is the light

ntensity at depthz in the sea ice andI(z′)is the light intensity at the depth of t
rst measurement, i.e. 20 cm.
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Fig. 2. Albedo ande-folding depths vs. wavelength for Antarctic sea ice.

calculated by a least squares fit of the data to Eq.(I), i.e. data were
fitted in exponential form to determineε, thee-folding depth.
For the data fitted inFig. 1, thee-folding depth is 48.0 cm. Eq.
(I) is used to fit the depth resolved intensity data for each wave-
length studied and determine thee-folding depth. The resulting
e-folding depths are plotted versus wavelength inFig. 2. Fig. 2
demonstrates that thee-folding depths calculated from plots such
asFig. 1are relatively independent of wavelength over the range
of 340–450 nm. The scatter in the data corresponding to mea-
surement made at wavelengths shorter than 340 nm is due to
the very low light levels measured at these wavelengths. The
average albedo of sea ice, taken from 100 and 1000 m, is also
shown inFig. 2. Thee-folding depth for the wavelength range
300–450 nm is approximately 50 cm.Fig. 3 is a plot of mod-
elled curves ofσscattandσ+

absfor constant albedo ande-folding
depth for the wavelengths 350, 375, 400, 425 and 449 nm. The
curves increasing from left to right represent constant surface
albedo and those decreasing from left to right represent constant
e-folding depth. The intersection of these curves represents the
values ofσscattandσ+

absused to describe the optical properties of
the sea ice in this study. An example of a plot of modelled actinic
flux at 450 nm with depth for several zenith angles is given in
Fig. 4. The modelled photolysis rate of NO3

− and H2O2 to pro-
duce OH radicals versus depth in a 1 m thick slab of sea ice are
plotted inFigs. 5 and 6. It is immediately obvious that the pho-
tolysis of H O , molecule for molecule, is more efficient than
t is of
H than
p or-
r a ic
a sola
z os a

Fig. 3. A plot of modelled curves ofσscattvs.σ+
absfor constant albedo and con-

stante-folding depth at five wavelengths, 350, 375, 400, 425 and 449 nm. The
curves increasing from left to right (solid lines) represent constant surface albedo
and those decreasing from left to right (dashed lines) represent constante-folding
depth. The intersection of these curves represents the values ofσscattandσ+

absused
to describe the optical properties of the sea ice in this study.

higher than the values predicted by Chu and Anastasio for snow
[36]. IntegratingJ(H2O2) and J(NO3

−) over depth gives the
depth integrated photolysis rate of OH production (also known
as transfer velocity). The depth integrated photolysis rates for
OH production from photolysis of nitrate and hydrogen perox-

F e
s

2 2
he photolysis of nitrate for all zenith angles. The photolys

2O2 produces a factor of between 14 and 21 more OH
hotolysis of nitrate (molecule for molecule), the low ratio c
esponding to low solar zenith angles and deep in the se
nd the higher values of the ratio corresponding to high
enith angles near the surface of the sea ice. These rati
e
r
re
ig. 4. A plot of the modelled actinic flux,F(450 nm) with depth in a 1 m ic
heet for several solar zenith angles.
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Fig. 5. A plot ofJ(NO3
−) vs. ice depth for several solar zenith angles.

ide are shown inFigs. 7 and 8. Also plotted inFigs. 7 and 8
are the depth integrated photolysis rates if the albedo of the
sea ice were changed by 10%, i.e. varied within experimental
uncertainty.Figs. 5–8can be used to predict production rates
and photolysis rates of OH radicals within sea ice for cloud free
conditions anywhere on the planet simply from knowledge of the
solar zenith angle and the concentrations of nitrate and hydro-
gen peroxide in sea ice. Volume production rate of hydroxyl
radical at different depths can be calculated fromFigs. 5 and 6
by multiplying the photolysis frequency,J, by the concentration

Fig. 7. Depth integrated photolysis rate (transfer velocity) for OH production
from the photolysis of NO3− vs. zenith angle. The dashed lines represent the
effect on the transfer velocity of increasing or decreasing the albedo by 10%
in determining the optical properties (σscatt andσ+

abs) of the ice, seeTable 1.
Multiplication of depth integrated photolysis rate by the concentration of nitrate
in sea ice will give the depth integrated production rate of hydroxyl radicals.

Fig. 8. Depth integrated photolysis rate (transfer velocity) for OH production
from the photolysis of H2O2 vs. zenith angle. The dashed lines represent the
effect on the depth integrated photolysis rate (transfer velocity) of increasing or
decreasing the albedo by 10% in determining the optical properties (σscatt and
σ+

abs) of the ice, seeTable 1. Multiplication of depth integrated photolysis rate by
the concentration of hydrogen peroxide in sea ice will give the depth integrated
production rate of hydroxyl radicals.
Fig. 6. Plot ofJ(H2O2) vs. ice depth for several solar zenith angles.
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of nitrate or hydrogen peroxide. The depth integrated production
rate of OH radicals can be calculated by multiplying the depth
integrated photolysis rate (transfer velocity) fromFigs. 7 and 8
by the concentration of nitrate or hydrogen peroxide. The zenith
angles used to produceFigs. 3–6are the same as those used in
a previous study when photolysis in snowpack was considered
[32] so that comparisons can readily be made, between sea ice
and snow.

4. Discussion

The discussion presented here will focus on the following
topics:

(1) Errors and model sensitivity.
(2) Comparison with other measurements of the albedo and pen-

etration of UV–vis radiation in sea ice.
(3) Depth profiles of irradiance and rates of nitrate and hydrogen

peroxide photolysis in ice, the oxidative capacity of the ice
and OH production.

The errors in the determination of the scattering and absorp-
tion cross-sections depend on the experimental measurements
of thee-folding depth and the albedo. The error in thee-folding
depth arises from imprecision in the depth of the probe (esti-
mated to be 1 cm) and the errors in the repeatability of the
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Table 1
Scattering,σscatt, and absorption,σ+

abs, cross-sections determined for values of
albedo,a, e-folding depth,ε, and density,ρ, for sea ice around 400 nm (first row
of data)

a/a0 ε/ε0 ρ/ρ0 σscatt (m2 kg−1) σ+
abs(cm2 kg−1)

1 1 1 0.15 1.45
0.9 1 1 0.095 1.9
1.1 1 1 0.23 1.02
1 0.9 1 0.18 1.65
1 1.1 1 0.12 1.0
1 1 0.9 0.15 1.4
1 1 1.1 0.16 1.5

A sensitivity analysis is also included where the albedo,e-folding depths and
density are varied by 10% from a base case (a0, ε0 andρ0). The modelling was
undertaken for a location of 74.11◦S and 164◦E on the 4th November 2004 with
300 DU of ozone column and the asymmetry factor,g, equal to 0.95.

top 10–15 cm of the ice and the light coating of snow (<2 mm)
on some areas of the sea ice. Very few measurements of the
transmission or penetration of UV–blue light into sea ice have
been reported[63,73–77]. Fig. 9 is a plot of extinction coeffi-
cient,k(λ) (reciprocal of thee-folding depth) versus wavelength,
λ, for the penetration of UV and blue light into sea ice that has
been reported by various groups and includes our data from
Fig. 2. As can be seen fromFig. 9, our data are consistent with
the first-year ice measurement of Perovich[75] and bounded by
the extrapolated measurements[55] of Grenfell and Maykut[78]
for white ice and melting blue ice. Thee-folding depth measure-
ment versus wavelength in this study appear to have a weaker
dependence on wavelength than the few previous studies. The
wavelength dependence of thee-folding depth is in part deter-
mined by the low concentration absorbing impurities within the
ice, and thus it is not prudent to compare ice samples from differ-
ent polar regions and habitats and expect agreement.Fig. 9also
demonstrates the superior wavelength resolution of our studies
compared with previous band studies.
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T ements
m ed
l by
G

pectral measurements. The error in the depth is negligible
ared with the error in repeatability. The relative error in
epeatability of the spectral measurements for this study
nvestigated by taking multiple spectra at a given depth and
ration time in the same hole in the ice. The error and was f

o be 9–14% but clustered around 10%. The albedo values
alculated using the GER1500 spectrometer and associate
are from the NERC Field Spectroscopy Facility to compare
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-folding depth and sea ice density—something also found w
tudying the optical properties of snowpack[35]. The errors in
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elocity, as shown inFigs. 7 and 8.

There have been many measurements made of sea ice
nd these have been reviewed by Perovich[8,55,56]The albedo
eported here is higher than that normally reported for first-
ea ice and this may be due to the draining of the brine from
g
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ig. 9. A comparison of the extinction coefficientsk(λ) for the first-year sea ic
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renfell and Maykut[78].
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The depth profiles of sea ice actinic flux shown inFig. 4
demonstrate that the sea ice (like clouds and snow) can be split
into two zones based on the behaviour of the actinic flux with
depth. Below∼20 cm in the sea ice the actinic flux,F(λ), decays
exponentially with depth and is essentially diffuse radiation.
This model finding is supported by the experimental data, as
shown inFig. 1. In the top near-surface region of the sea ice,
the direct radiation falling on the sea ice depends on the zenith
angle. Photons in sea ice tend to be forward scattered (asymme-
try factor,g, close to +1) and undergo a small angular change on
each scattering event. A photon entering the sea ice has a higher
probability of leaving the sea ice when at a glancing angle (high
solar zenith angle) than at a large angle to the surface (low solar
zenith angle) because the photon needs to be scattered through
a smaller angle to leave the ice. At high solar zenith angles,
>50◦, the strong forward scattering behaviour of the sea ice leads
to radiation escaping the sea ice and results in shorte-folding
depths (large extinction coefficients) near the surface. At low
solar zenith angles, <50◦, the light is propagated deeper into the
sea ice, the direct radiation is converted to diffuse radiation and
leads to an increase in the actinic flux around 10 cm, as shown
in Fig. 4. The decrease ine-folding depth in the surface region
of the sea ice at high solar zenith angles can be seen clearly
by re-plotting the data inFig. 4 asFig. 10. Fig. 10is a plot of
the logarithm of actinic flux versus depth. The gradient of the

F th in
s plit
i ct and
d
T
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n
c
t
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lines inFig. 10are equal to the extinction coefficient (Eqs.(I)
and(II) ). In the near surface region, for zenith angles >50◦, the
gradients of the lines are larger than in the asymptotic region
equating to larger extinction coefficients and smallere-folding
depths; there is a strong solar zenith angle dependency. In the
asymptotic region the slopes of the lines (extinction coefficients)
are independent of the solar zenith angles. It is in the asymptotic
region that experimentale-folding depths are measured.

The penetration and enhancement of actinic flux in sea ice is
analogous to the situation in snow, which is explained in great
detail elsewhere[32,34,66]. Sea ice, like snow, is an efficient
medium in which to do photochemistry. The enhancements in
actinic flux for a highly scattering low-absorption medium are
shown in Simpson et al.[34]. The enhancement of actinic flux
relative to downwelling actinic flux is due to conversion of direct
radiation to diffuse radiation and the high albedo of the ice,
which almost doubles the diffuse actinic flux near the surface
of the sea ice[34]. The behaviour of actinic flux in the near
surface region can be seen in the measurements of Perovich et
al. [76]. These workers noted that in first-year, blue and green
Arctic ice samples the extinction coefficient in the top layer
of the sea ice was larger than in samples 20 cm lower in the
sea ice, e.g. extinction coefficients of 5.6 m−1 in surface sam-
ples compared to 0.6 m−1 at lower depths. This is exactly the
behaviour expected for large solar zenith angles. Caution should
be exercised when comparing the spherical irradiances inFig. 10
w
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hat work presented in this paper does not discuss the alte
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In previous work[65], it was reported that 85% of photoche
stry in snowpack would occur within twoe-folding depths o
he surface of the snow (multiplying bye−2 will reduce a quan
ity to ∼15% of its initial value). For cold, dry, polar (tundr
now 85% of photochemistry occurs in the top 10 cm of s
65], and for warm, wetter, mid-latitude (maritime) snow 8
f photochemistry occurs in the top 15–60 cm[35]. For the first
ear sea ice studied here, 85% of photochemistry occurs
op 1 m of sea ice. This measure assumes that the concen
nd photochemical efficiency of the chromophore in the se
nd snow are independent of depth.

It is non-trivial to convert the depth integrated photolysis r
nto depth integrated production rates of OH radical from the
ce (as shown by Eqs.(VII) –(VIII) ) because the concentration
itrate in the sea ice is not uniform, but heterogeneous. In a

ce, nitrate is a conservative molecule and is typically pro
ional to the salinity of the ice[79]. As the sea ice becom
older, the nitrate will tend to be found in brine pockets as
ce desalinates[79]. The concentration of nitrate in sea ice m
ured in the field is reported to be depleted with respect to
xpected by the measured salinity, owing to biological proce
79]. However, assuming the photochemistry to be the lim
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factor, the concentration of nitrate within the ice to be a uniform
10�mol dm−3 [80], and using Eq.(VII) , the depth integrated
rates of production of OH radical are 0.06–2�mol m−2 h−1 for
solar zenith angles 85–45◦, respectively. The calculations use
data fromTable 1andFig. 7for a 1 m deep sea ice slab. It must
be stressed that these are approximate upper limits because the
low porosity and microphysical, chemical and photochemical
processes occurring in sea ice may reduce the depth integrated
rate of production. The depth integrated rate of production for
the OH radical has been calculated—this does not imply a flux
of OH molecules from the sea ice to the atmosphere. To the
authors’ knowledge there are no recent measurements of H2O2
in sea ice, however work on snow suggests the H2O2 is incor-
porated into the matrix of the ice[81]. Thus, to estimate a depth
integrated production of OH radicals from photolysis of H2O2 in
sea ice we assume a concentration of H2O2 in polar sea water to
be 0.1�mol dm−3 [82] and using Eq.(VIII) the depth integrated
rates of production of OH radicals are 0.01–0.3�mol m−2 h−1

for solar zenith angles 85–45◦, respectively. There is great
uncertainty in this value, as a reliable value for the concen-
tration of H2O2 in sea ice could not be found. Hydrogen
peroxide concentrations in snowpack have been reported two
orders of magnitude higher as tabulated by Chu and Anastasio
[36].

The penetration and enhancement of actinic flux in the sea
ice can photolyse nitrate and hydrogen peroxide to produce OH
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of the direct and diffuse radiation in the near surface layer
explains the previously experimentally measurede-folding
depths measured near the surface of sea ice.

3) Nitrate photolysis rate constants, to produce OH radical in the
top 10 cm of sea ice, are 3.2× 10−7, 2.8× 10−7, 2.0× 10−7,
0.8× 10−7 and 0.07× 10−7 s−1 for the solar zenith angles of
5◦, 25◦, 45◦, 65◦ and 85◦, respectively. Assuming a uniform
concentration of nitrate in the sea ice of 10�mol dm−3 allows
an estimate of the upper limit of the depth integrated rate of
production OH production of 0.06–2�mol m−2 h−1 for solar
zenith angles 85–45◦, respectively.

4) Hydrogen peroxide photolysis rate constants, to produce OH
radical in the top 10 cm of sea ice, are 4.8× 10−6, 4.3× 10−6,
3.1× 10−6, 1.4× 10−6 and 0.13× 10−6 s−1 for the solar
zenith angles of 5◦, 25◦, 45◦, 65◦ and 85◦, respectively.
Assuming a uniform concentration of hydrogen peroxide
in the sea ice of 0.1�mol dm−3 allows an estimate of the
upper limit of the depth integrated rate of production OH
production of 0.01–0.3�mol m−2 h−1 for solar zenith angles
of 85–45◦, respectively.

5) The TUV-snow model can be used to model coupled sea ice-
atmosphere systems as well as snow-atmosphere systems.
The model can easily be adapted to study atmosphere-snow-
ice systems found in the polar oceans.
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. Conclusions

Several conclusions may be drawn from this work:

) Sea ice is an efficient medium for photochemical react
For solar zenith angles less than 50◦ there is an enhanceme
of actinic flux within the top 10 cm of the ice. Eighty-fi
percent of photochemistry will occur in the top 1 m of a
ice column, assuming that the concentration of chromop
(nitrate or hydrogen peroxide) and photochemical efficie
are independent of depth in the sea ice.

) The actinic flux-depth profiles demonstrates that sea ice
snowpacks) can be split optically into two layers, a n
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