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Abstract. The Conical-Conical Reflectance Factor (CCRF) has been calculated, as an alternative to, the Bidirectional Re-
flectance Distribution Function (BRDF)has-been-caleulated-, for three types of bare sea ice with varying surface roughness

(0 = 0.1-10em) and ice thicknesses (50-2000 cm) over an incident solar irradiance wavelength range of 300-1400 nm. The
comprehensive study of the BRDE-CCREF of sea ice presented here is paramount for interpreting sea ice measurements from
satellite imagery and inter-calibrating spaceborne-space-borne sensors that derive albedo from multiple multi-angular mea-
surements. The calculations performed by a radiative-transferradiative-transfer code (PlanarRad) show that the BRBE-CCRF
of sea ice is sensitive to realistic values of surface roughness. The results presented here show that surface roughness cannot
be considered independently of sea ice thickness, solar zenith angle and wavelength. A typical BRDE-CCREF of sea ice has
a quasi-isotropic reflectance over the hemisphere, associated with a strong forward scattering peak of lightphotons. Surface
roughness is crucial for the location, size and intensity of the forward scattering peak. As the surface roughness increases, a
spreading of the BRE-CCRF peak is observed. The hemisphere was split in to 216 quadrangular regions or quads. The peak
remains specular for the smaller surface roughnesses (o = 0.001 m-to o = 0.01 m), whereas for larger surface roughness fea-
tures (above o = 0.05m), the peak spreads out over multiple quads with a lower intensity than for smaller roughness features,
and the highest value is displaced further out on the solar principal plane. Different types of sea ice have a similar pattern with
wavelength, the BRF-inereases-by-29-5CCRF increases by 30% from first-year sea ice to multi-year sea ice at 400 nm and up
to 630-7631% at 1100 nm, 3+-532% from melting sea ice to multi-year sea ice at 400 nm and a maximum of 97798% at 900
nm, and ++-311% from melting sea ice to first-year sea ice at 400 nm and up to 86:286% at 800 nm. As-a-speeific-example;for
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5-689—Fhe BRBF-The CCREF calculations presented in this study form the first set of complete BRBF-vaties-CCRF values as
an approximation of the BRDF for bare sea ice with a wide range of configurations.
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1 Introduction

Knowledge of the surface albedo of sea ice and its temporal variability is essential to understand the energy budget of polar re-
gions, that strongly affects the Earth’s climate system (e.g. Curry et al., 1995; Qu and Hall, 2005; Flanner et al., 2011). Sensors
aboard Earth Observing satellites allow the synoptic observation of expansive areas with regular repeat coverage, providing
an ideal tool for the monitoring of albedo at high latitudes (e.g. Bacour et al., 2020; Qu et al., 2015). However, the scattering
of lightsolar photons from the surface of sea ice is not isotropic (e.g. Buckley and Trodahl, 1987) and therefore calculations
of spectral albedo rely on the knowledge of viewing and illumination angles. Most satellite sensors are only able to measure
reflected energy over a small number of viewing angles and spectral bands. Indeed, only a limited number of satellite systems
currently provide near-simultaneous multi-angular measurements (Gatebe and King, 2016) and satellite sensors commonly
used to derive surface albedo such as MODIS (Moderate Resolution Imaging Spectroradiometer), are constrained to collecting

multi-angular measurements over several orbits. Therefore, knowledge of the angular distribution of the reflected radiation of

sea ice is necessary to accurately derive surface albedo and provide climate models rwith-with reliable inputs. The Bidirectional

function that maps its contribution of incident irradiance from a direction to the reflected radiance in another direction
Nicodemus et al., 1977). Strictly the quantity, BRDF, cannot be measured and often other directional reflectance measurements

are undertaken as an alternative or approximation of BRDF te-g:

(Schaepman-Strub et al., 20006).
There is a large of terms in the literature for quantities that are measurable alternatives to BRDF that may not have been used

uniformly and will be described herein as directional reflectance. Directional reflectance models exist for seaice (e.g. Qu et al.,
2016b; Mishchenko et al., 1999)Fhe-effect-of light-abserbingimpurities-on HPRFE(e-gKhan-et-al5 2047 i-and Zhou; 200

covered sea ice has also been measured or modelled (e.g. Arnold et al., 2002; Li and Zhou, 2004b), but the characterisation
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of the BRBF directional reflectance of bare sea ice in the literature remains scarce. Jin and Simpson (1999) calculated the
Anisotropy Reflectance Factor (ARF) for bare sea ice. The ARF is equivalent to the ratio of the isetepie-isotropic albedo to
measured albedo and is a measure of the similarity (or not) to an isotropic reflected radiation field (Jin and Simpson, 1999). Jin
and Simpson (1999) showed that sea ice has a larger reflectance anisotropy in the forward observation direction and presents-a
high-sensitivity-is sensitive to solar elevation and surface roughness. However the study was limited to 2 spectral bands at 580—
680 nm and 725-1000 nm and a single type of multi-year sea ice with parameters obtained from Weeks and Ackley (1994).
Schlosser (1988) measured the angular reflected radiance of laboratory grown sea ice for varying ice thicknesses between 6
mm and 11 cm, showing a strong dependanee-of BRDBF-dependence of directional reflectance on ice thickness and structure.
Arnold et al. (2002) and Gatebe and King (2016) described airborne BRPF-directional reflectance measurements acquired
for a variety of natural surfaces over 13 wavelength bands from 502 nm to 2289 nm, including polar snow and sea ice. The
BRDFdirectional reflection of snow-covered sea ice, melt-season sea ice and snow-covered tundra were reported for a limited
number of solar zenith angles, showing quasi-isotropic reflectance outside an enhanced forward scattering peak. Stamnes et al.
(2011) modelled the BRDF-directional reflection of snow covered and bare sea ice, using a coupled atmosphere-snow-ice-
ocean radiative-transfer model. Using sea ice inherent optical properties (IOPs), Stamnes et al. (2011) computed the BRDBE
directional reflectance for a range of sea ice types between the wavelengths of 300 and 4000 nm. The theoretical computations
relied on a smooth interface between the media however, and to represent surface roughness, the authors used a fixed 10°
Gaussian beam, that did not take in account varying surface roughness effects which have been shown to significantly affect
BRDFE-(Jin-and-Simpsen;1999)directional reflectance (Jin and Simpson, 1999). Owing to its complex nature, the optical and
physical properties of sea ice vary spatially and temporally, altering the solar radiation reflected from the surface (Perovich,
1996). Previous studies have demonstrated a strong dependence of albedo on the type of sea ice (e.g. Perovich et al., 2002;
Marks et al., 2015). LightreflectionReflection and transmission are sensitive to changes in the thickness of the sea ice (Per-
ovich, 1996), and surface roughness has been shown to significantly affect the angular pattern of reflectance at larger viewing
angles for snow (Warren et al., 1998; Ball et al., 2015) and sea ice (Jin and Simpson, 1999). Yetto-the-authors™knowledge;

stadies-comprehens vely-characterising-the BRDFE-of bare-seaiee-have-been ed-out-previousty—Thus, a sys-

tematic study of the dependanee-of-the BRDE-dependence of the directional reflectance of multiple types of bare sea ice to
changing surface roughness conditions and varying thickness is requireduseful.

In this work, the radiative-transfer model PlanarRad (Hedley, 2008, 2015) was used to model the BRBF-CCRF (conical-conical
reflectance factor) of three different types of sea ice from 300 to 1400 nm with varying thicknesses as a function of surface
roughness in two steps. Firstly, the BRDF of three different types of sea ice with a thickness large enough to be optically thick
was modelled with an increasing surface roughness. Secondly, the calculations performed in the first step were repeated, but

the optically thick thicknesses were replaced with fixed thicknesses of 50 cm and 100 cm for each type of sea ice. The optical

roperties of the three types of bare sea ice are chosen to represent multiyear sea ice, first year sea ice and melting sea ice and
will be described in detail in the methodology .
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2 Methods
2.1 Definitions

BRDF is commonly used to represent the reflective properties of a surface by describing the angular distribution of the scat-
tering of tight-incident radiation from the surface (Nicodemus et al., 1977). The spectral BRDF describes the relationship
between the irradiance incident from a given direction relative to its contribution to the reflected radiance in another direction
(Nicodemus et al., 1977), which can be expressed mathematically by:

r(9i7¢i;9r7¢r§>\)
dE;(0;,¢i;7)

where 0 and ¢ are the zenith and azimuth angles respectively in a spherical coordinate system, ) is the wavelength of tightthe
radiation, L is radiance, E is irradiance, i refers to incident directions and r to reflected directions (Nicodemus et al., 1977;
Schaepman-Strub et al., 2006). The angles used to define BRDF are shown in Figure Ala. BRDF requires the irradiance to
be in the form of a collimated beam and the radiance to be measured with an infinitesimal solid angle. Thus, BRDF cannot
be measured directly (Schaepman-Strub et al., 2006). In order to facilitate comparison with the literature and field studies, the
BRDF computed-in-this-stady-was-may be converted to the unitless Bidirectional Reflectance Factor (BRF). BRF is defined by
the ratio of the reflected radiant flux, d®, from a surface area to the reflected radiant flux, d®'*™" from an idea-ideal Lambertian
reflector under identical viewing angles and single direction illumination (Schaepman-Strub et al., 2006). Therefore, BRF is
expressed as:

d¢7‘(9i7¢i;97'a¢’r'§ /\)
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The BRDF of an ideal Lambertian reflector is % (Nicodemus et al., 1977; Schaepman-Strub et al., 2006). Hence, the BRBDE
caleulated-by-PlanarRad-a BRDF may be converted to BRF by multiplying by .

2.2 Model description

The calculations of the BRDE-CCREF, as an alternative to BRDF, of sea ice were performed using PlanarRad (Hedley, 2015),
a radiative-transfer model that computes the radiance distributions and derived quantities for homogeneous scattering and ab-
sorbing media (Hedley, 2008). The model is an open-source implementation of the invariant imbedded numerical integration
technique for radiative-transfer, based on the algorithm described by Mobley (1994). PlanarRad has previously been used for
reflectance computations in marine environments (Lim et al., 2009; Hedley et al., 2012) and is functionally similar to the com-
mercial software Hydrolight (Mobley, 1989).

In PlanarRad, radiance is calculated as the average radiance over finite solid angles, defined by a discretisation of the surface of
a sphere divided into two hemispheres (Figure A1b). The lower hemisphere corresponds to the upwelling radiance (exiting the
surface), whereas the upper hemisphere corresponds to the downwelling direct sky radiance. The discretisation is determined
by bounding lines of constant zenith () and azimuth (¢) angle, forming quadrangular regions, commonly called "quads". The

two hemispheres are divided into 9 by 24 segments each, forming a total of 432 quads over the whole sphere. The directionally
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averaged radiance is computed by PlanarRad within each quad. The input irradiance is set to a single quad with a fixed azimuth,
¢; and a variable zenith, 6;, the model being rotationally invariant. Radiance is constant over the solid angle subtended by each

segment of the angular discretisation, both for upwelling and downwelling radiation and the directional reflectance is evaluated
as conical-conical or biconical (geometry equivalent to case 5 in Table 2 of Schaepman-Strub et al. (2006). For the rough sur-

face constructed from randomly oriented surfaces used in this study, only the relative azimuth angle between ¢; and ¢, is
required. The incident irradiance was fixed at a constant value for the purpose of this study. The azimuth angles corresponding
to the quad centres are located every 15° from ¢ = 0° to ¢ = 345°and the zenith angles corresponding to the quad centres are
located at # = 0, 10, 20, 30,40, 50,60, 70,80 and 87.5°. Out of convention, the incident azimuth angle, ¢; was set to 180°, the
quarter-sphere from 270 to 90° azimuth representing the forward scattering of tight-photons and the quarter-sphere from 90 to
270° azimuth representing the backward scattering. Thus, the solar principal plane is defined as ¢ = 180-0°. Figure A2 shows
a typical 2D polar plot of a PlanarRad output for optically thick (as described in Sect. 2.3) first-year sea ice, with a solar zenith
angle, §; = 60° and a roughness parameter of ¢ = 0.01 m-(described below).

The absorption coefficient, a, attenuation coefficient, «, scattering phase function, complex refractive index of sea ice, complex
refractive index outside the sea ice, surface roughness and thickness of the sea ice were used in the radiative-transfer calcula-
tions. The parameters are presented in Sect. 2.3. The calculations presented here assume that no atmosphere is present and that
the sea ice is floating on an optically thick body of sea water that has a wavelength independent diffuse reflectance of 0.1.

A roughness parameter effecting the statistical distribution of surface slope was implemented in a similar way to that described

in Mobley (1994). The roughness parameter, o, describes the standard deviation of the height relative to the horizontal distance,

and is therefore unitless. For example, if &=-1;-the-slope-between-pointslocated-tmm-aparthas-aog = 0.5, two points located
2 mm apart would have their heights drawn from a normal distribution of mean zero and standard deviation of +-mmlmm.

As the system is considered spatially consistent, the overall BRBE-CCRF and the effect of o is scale invariant. The surface
was modelled as a grid of equilateral triangles and the height of the vertices was set randomly using o. The procedure is the
same as the one applied to water surfaces in Mobley (1994), except there ¢ is derived from windspeed and the triangles are
not equilateral to account for directional dependancy of water waves. The light-transfer-transfer of photons across the realised
surfaces was modelled using Monte Carlo ray tracing, over the discretised sphere described previously. In the work presented
here, 5 modelled surfaces were generated with an elevation standard deviation, o = 0.001, 0.005, 0.01, 0.05 and 0.1 (Figure
A3)and visualised in Figure A3. The surfaces were generated using 10 rays per quad (4320 rays in total) with results averaged
over 2000 surfaces. The roughness model being scale invariant, and the relative amplitude defined as 1 meter, the scale height

of the roughness is 0.1, 0.5, 1, 5 and 10 cm.

Sea ice roughness shows significant spatial variability, with vertical features ranging from the millimetre-scale to_the
meter-scale (e.g. Manninen, 1997; Peterson et al., 2008). The larger surface roughness features are generally caused by the
deformation of the sea ice, forming rubble fields and pressure ridges that can reach 10 to 20 m in height (Tucker et al,, 2013).
At a smaller scale, brash ice, ridged blocks or frost flowers can create roughness with a standard deviation of a few millimetres
to centimetres. To cover a wide range of conditions, a selection of five surface roughness parameters, defined by the standard
deviation of the height of the surface were picked, with a standard deviation of 1 mm to 10 cm relative to two surface points



1m horizontally apart . The range of surface roughness is in agreement with observations reported in the literature for small
scale roughnesses (e.g. Tucker et al., 2013).
Random surface realisations were generated to calculate the surface roughness in the model, which is rotationally invariant,
160 figure A3. Therefore, Planarrad produces a random surface roughness, that has no specific structure or pattern. Specific
complicated shapes present in sea ice, such as pressure ridges were not modelled.

2.3 Calculation of the BRF-CCREF of 3 types of sea ice with different roughness parameters

The BRFE-CCREF of three types of sea ice were modelled: first-year ice, multi-year ice and melting ice. The selected optical and

physical parameters were based on field studies and cover a wide range of observed values (Lamare et al., 2016; Marks and King, 2014, 201
165 . A base amount of black carbon was added to the model to be more representative of natural sea ice, as small quantities of

black carbon deposited from the atmosphere in polar regions (e.g Doherty et al., 2010) are likely to be found in sea ice. The

mass absorption coefficient of black carbon was calculated using Mie theory, using refractive indices from Chang and Char-

alampopoulos (1990), and following the method described by Flanner et al. (2007). A mass-ratio of 1 ng g~ of black carbon

was added to the sea ice, by combining the mass absorption coefficients of sea ice and black carbon. The attenuation coefficient
170 of sea ice was calculated using the scattering cross-sections and densities described by Lamare et al. (2016) and Marks and

King (2014), as:

a(A) =a(N)+s(\); s(A) = ¢s0s, 3)

where « is the attenuation coefficient of sea ice, a is the absorption coefficient of sea ice with an added mass-ratio of 1 ng
g1 of black carbon, s is the scattering coefficient of sea ice, ¢, is the scattering cross-section and o is the density. According
175 to Light et al. (2004), the fractional volume of ice is larger than the fractional volume of brine, and the absorption coefficient
of ice is similar to the absorption coefficient of brine, hence the absorption coefficient of sea ice may be set equivalent to pure
ice. Therefore, the refractive index of pure ice (Warren and Brandt, 2008) was used for sea ice and a refractive index value
of 1.0 was used above sea ice. To describe the directionality of the scattering of the sea ice, the Henyey-Greenstein phase
function (Henyey and Greenstein, 1941) was used, with a fixed, wavelength independent asymmetry factor g of 0.98 (Lamare
180 et al., 2016). In this work, the asymmetry parameter, g, and the attenuation coefficient, a were held constant, and the scat-
tering coefficient, s was varied to simulate different sea ice configurations, according to the methods outlined in Lee-Taylor
and Madronich (2002). The optical and physical parameters of the selected sea ice types are summarised in Table A+A1. The
scattering coefficient was fixed with wavelength (Malinka et al., 2018; Lamare et al., 2016).
The BRBFE-CCREF of the three different types of sea ice were subjected to solar radiation with a wavelength from 300 to 1400
185 nm with a 100 nm interval, as a function of surface roughness and ice thickness. The solar zenith angle was varied in 10 steps
corresponding to the centre of the quads, from 6; = 0° to #; = 87.5°, and the surface roughness parameterisations described in
section 2.2 were used, providing a wide range of configurations.

In some of the experiments described here, the sea ice was defined as optically thick, to allow for a direct comparison be-
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tween the different types of ice and with studies present in the literature. An optically thick sea ice as defined in this study
as a sea ice with a thickness for which the underlying medium (i.e. seawater) does not affect the surface reflectance. The

Previously sea ice was considered to be optically thick between—at 3 to—-5—e-folding depths, i.e. where over 95% of the

ineident-tight-diffuse incident radiation is attenuated (France et al., 2011)—, in the work described here 5 e-folding depths
Le. where over 9% of diffuse incident radiation is attenuated, was used as an over cautious approach because unlike previous
studies, Lamare et al. (2016); Marks and King (2014, 2013); Redmond Roche and King (2022), the study described here was
of sea ice is not asymptotic. An optically deep thickness of 1.85 m for first-year sea ice, 3.75 m for multi-year sea ice and 20
m for melting sea ice were picked, based on values compiled by Lamare et al. (2016). In a second step, sea ice thicknesses
of 50 cm and 100 cm were selected for the three different types of sea ice. The two thicknesses were chosen to examine and
inter-compare the effect of the sea ice thickness and roughness on the BRBFE-CCREF of different sea ice types rather than model
representative values. Nevertheless, the model can produce results for a range of thicknesses, from the centimetre scale to

optically thick thicknesses.

3 Results

3.1 NadirBRF-The variation of CCRF with roughness and sea ice and-forward-seattering-peakthickness

The-nadir-BRF-of-CCRF of first-year sea ice, multi-year sea ice and melting sea ice with thicknesses 50 cm, 100 cm and

the optically thick thicknesses are shown in Figure A4. The plotted data were obtained from the nadir quad of PlanarRad,

with a surface roughness of ¢ = 0.01m, and a solar zenith angle 8; = 60°. Fer-the-three-types-ofsea-icethe BRE-isstrongly

The BRF-deereases-by20-6nadir CCRF decreases by 21% when going from an optically thick first-year sea ice to a 100 cm
thick first-year sea ice and 47-447% from optically thick to 50 cm. For multi-year ice the decrease in BRE-CCREF is 3% from

optically thick to 100 cm and +2:813% from an optically thick thickness to 50 cm. Melting sea ice shows the largest change in
BRF-nadir CCREF relative to thickness with a decrease in BRF-of-72:9nadir CCRF of 73% between an optically thick thickness
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and 100 cm and 83:684% between an optically thick thickness and 50 cm. Melting sea ice is more translucent than first-year or
multi-year sea ice, therefore more light-penetrates-photons penetrate the sea ice deeper and is-are absorbed by the underlying
seawater, explaining the larger reduction in BRE-CCREF at nadir. On the contrary, with sea ice types that scatter fight-photons

more efficiently, less lightpenetrates-the—-ee-photons penetrate the ice deeply and the proportion absorbed by the seawater
under the ice is less.

311

To investigate the influence of surface roughness on the location of the dominant directional scattering of tightphotons, hereafter
referred to as forward scattering peak, the BRF along the solar principal plane is presented. Knowledge of the intensity and size
of the forward scattering peak are essential to reliably calculate the energy budget of the sea ice, and correct for the fluctuations

in temporal remote sensing data .g. Leroy and Roujean, 1994; Li et al., 1996;

. Figure A5 shows the effects of surface roughness on the forward scattering peak of the BRE-CCRF of optically thick, first-
year, sea ice with a solar zenith angle, §; = 60°. The results are also representative of multi-year and melting sea ice. Figure
Ab5a displays the intensity, shape and position of the BRE-CCRF peak on the forward solar principal plane (¢, = 0°). As the
surface roughness increases, a spreading of the BRE-CCRF peak is observed. Indeed, the peak remains specular for the smaller
surface roughnesses (0 = 0.001 m-to o = 0.01m), whereas for larger surface roughness features (above o = 0.05m), the peak

spreads out over multiple quads with a lower intensity than for smaller roughness features, and the highest value is displaced

further out on the solar principal plane.Figu

3.2 TheBRF-ofseaiee-with-varyingsurface roughness

3.1.1 BRF-and thickness

Figure A6 shows the BRFE-CCREF of first-year, multi-year and melting sea ice with a solar zenith angle, 6; = 60° and at a
wavelength, A = 500 nm. The BRE-CCRF was modelled for three thicknesses as a function of surface roughness: 50 cm, 100
cm and an optically thick layer. The modelled BRE-CCREF pattern is similar to snow (e.g. Dumont et al., 2010) and consistent

with the literature for sea ice (e.g Arnold et al., 2002), showing a quasi-isotropic reflectance apart from a strong forward
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scattering peak. The surface roughness plays an essential role in the BRE-CCREF of sea ice, by controlling the location and size
of the forward scattering peak, as shown previously in Figure AS5. Indeed, the peak is mostly specular and located in a single
quad for a surface roughness of o = 0.001 m-and spreads out over multiple quads and moves tower-on-the-hemisphere-to larger
viewing zenith angle with a larger surface roughness. As a specific example, for first-year sea ice at A = 500 nm and ¢; = 60°,
the BRE-CCREF of an optically thick layer with surface roughness of o = 0.001 m-is 0.543 at nadir. The forward scattering
peak is spread over a single quad located at ¢, = 0°, 8, = 60°, that has a BRE-CCRF of 9.748. For the same configuration with
surface roughness of o = 0.1m, the nadir has a BRE-CCREF of 0.549 and the forward scattering peak is spread over 18 quads,
located between ¢, = 345° and ¢, = 15°, 6, = 40° and 6,. = 87.5° with values between 0.776 and 5:0895.09. Furthermore,
the effects of thickness and surface roughness on the BRE-CCREF of sea ice are inter-dependantinter-dependent. For smaller
surface roughness parameters, an increase in the thickness of the sea ice mainly changes the intensity of the quasi-isotropic part
of the BRECCREF, affecting the forward scattering peak much less. For the first-year sea ice with the configuration described
above and a roughness parameter of o = 0.001m;-the-BRE, the CCRF of the quad with the highest value in the specular peak
increases by 2:422% from a 50 cm layer to an optically thick layer whereas the BRE-CCRF at nadir increases by 45:5746%. For
larger surface roughnesses, a change in sea ice thickness affects the specular peak strongly, as well as the quasi-isotropic part
of the BRE-FThe BRF-CCRFE The CCRF of the first-year sea ice described previously with a surface roughness of o = 0.1 m
changes-by-81-66changes by 82% at nadir and between 3-27%-and-69-:073% and 69% in the forward scattering peak between a
layer of 50 cm and an optically thick layer. Thus, the distribution and values of the BRE-CCRF over the azimuth, ¢ and zenith,

0 are sensitive to the thickness and the roughness. For small roughnesses (o < 0.01 ) the quasi-isotropic part of the CCRF is
affected by a changing thickness and for large roughnesses (o > 0.01) the forward scattering peak is also affected.

3.1.1 BRF-and-solar-zenith-angle
3.2 The variation of CCRF with roughness and solar zenith angle

Figure ASb shows the effect of surface roughness on the position of the CCRF peak on the solar principal plane under different

illumination conditions (¢; = 0 to 87.5°). For the smaller roughness features (o = 0.001 to o = 0.01), the position of the peak

on the solar principal plane is specular and therefore matches the solar zenith angle. A roughness of o = 0.05 affects the
position of the CCRF peak at low sun angles (0; = 60 to 87.5°), moving the peak to a lower position on the hemisphere and
0, = 80° and for 6; = 80° and 87.5°
higher viewing zenith angles than the solar zenith angles, except for 9; = 10 and 20°, where the angle of the forward scattering.

eak equals the angle of incident illumination.
Figure A7 shows the BRE-CCRF of optically thick first-year, multi-year and melting sea ice at A = 500 nm, with an in-

0, = 87.5°. With a surface roughness of o = 0.1, the forward scattering peak is located at

creasing surface roughness for three solar zenith angles, 6; = 50°, §; = 70° and 6; = 80°. Note that the scale of the colour bar

varies for the different illumination angles in order to visualise clearly the BRF pattern in figure A7. The results for 8; = 60°

can be found in Figure A6 for comparison. Low illumination angles (large solar zenith angles) are presented in this study, as
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they are representative of conditions observable in polar regions. The location and intensity of the forward scattering peak are
strongly influenced by the incident zenith angle, whose effects are inter-dependantinter-dependent of surface roughness. For a
small surface roughness of o = 0.001m, the highest value of the forward scattering peak is equal to the incident illumination
angle over the range of solar zenith angles, however the intensity of peak increases with 6;. For first-year sea ice, the peak
BRE-CCRF increases from 5.01 for 6; = 50° to 28:92-28.9 for 6; = 70° and to +43-16-143 for §; = 80°. The forward scattering
peak diffuses with larger solar zenith angles, from 1 quad at 6; = 50° to 3 quads at #; = 80° for all three types of sea ice.
With surface roughnesses of o = 0.005 m-and o = 0.01 m, the forward scattering peak increases in intensity with increasing
solar zenith angles, however the peak remains spread over a similar number of quads between 6; = 50° and 6; = 80°. For
larger surface roughnesses of o = 0.05 mand o = 0.1m, although the intensity of the wide forward scattering peak increases
with larger solar zenith angles, the intensity is lower than for small roughness parameters. For first-year sea ice with a surface
roughness of o = 0.1m, the highest BRF-vatue-is+366-CCRF value is 1.36 for 6; = 50° and 54-27+-54.3 for 6; = 80°. More-
over, the forward scattering peak is distributed over a larger number of quads for higher incident illumination angles. At large
solar zenith angles, typical of polar latitudes, the isotropic part of the BRE-CCRF remains similar with an increasing surface
roughness, whilst the forward scattering peak diffuses and moves to larger viewing zenith angles than the incident illumination

angles.
3.2.1 BRF-and-wavelength
3.3 The variation of CCRF with roughness and wavelength

The-BRF-For the three types of sea ice, the nadir value of the CCRE is strongly wavelength dependent due to the value of the
absorption coefficient of ice increasing rapidly with wavelength and starting to change the interplay between scattering and
absorption beyond 700 nm, and significantly lowering the CCRF. Although the different types of sea ice have a similar pattern
with wavelength, the CCRE increases by 30% from first-year sea ice to multi-year sea ice at 400 nm and up to 631% at 1100
nm, 32% from melting sea ice to multi-year sea ice at 400 nm and a maximum of 98% at 900 nm, and 11% from melting sea
ice to first-year sea ice at 400 nm and up to 86% at 800 nm._

However, the CCRE does not decrease uniformly over the hemisphere with an increasing wavelength. The CCRE of optically

thick first-year sea ice, multi-year sea ice and melting sea ice with increasing surface roughness, for a solar zenith angle
0; = 60° and for wavelengths of A = 400 nm, 800 nm and 1300 nm is shown in Figure A8. The results for A = 500 nm can
be found in Figure A6 for direct comparison. As partly shown in Figure A4, the BRE-CCREF of sea ice is strongly wavelength
dependent. At nadir, the highest BRE-CCRF values are found in the near ultra violet and visible wavelengths, decreasing
rapidly between 500 and 900 nm. Beyond 900 nm for first-year and melting sea ice and 1000 nm for multi-year sea ice, the
BRE-CCREF tends to zero, owing to the absorption by the sea ice. Howeverthe-BRFE-deesnot-decrease-uniformly-over-the
hemisphere-with-an—inereasing-wavelength—The quasi-isotropic part of the hemisphere follows the same trend as the nadir,

whereas the forward scattering peak conserves high BRF-CCRF values, independently of the wavelength. The behaviour is

valid for the entire range of roughness parameters. For optically thick first-year sea ice with a solar zenith angle, 6; = 60°,
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the nadir BRE-CCRF decreases by 99.92% from 400 nm to 1300 nm for a surface roughness of o = 0.001m, and by 99.90%
for a surface roughness of o = 0.1m. However, the change within the forward scattering peak with wavelength differs for
different amounts of surface roughness.
surface-roughness-of-o==0-001-m;-deereasesby13-94%For the same conﬁguratlon with a surface roughness of o = 0.1m,
the wider forward scattering peak decreases non-uniformly and reduces in size. Within the 18 quads of the forward scattering
peak located between ¢, = 345° and ¢, = 15°, 6, = 40° and 6, = 87.5°, the highest BRE-CCREF value (¢, = 0°,60,, = 87.5°)
decreases by +4:9215%, but the lowest BRE-CCRF value (¢, = 15°,0,. = 40°) decreases by $3-6583% between 400 and 1300

nm. The same behaviour is observable for multi-year and melting sea ice. For small roughnesses (¢ < 0.01m) the intensity
of the forward scattering peak that does not change in size varies little with wavelength compared to the quasi-isotropic part
of the BRECCRF. For large roughnesses (o > 0.01m) the forward scattering peak decreases strongly around the edges with
wavelength, whereas the centre quads vary by a small amount as with smaller roughnesses. Furthermore, the quasi-isotropic

part of the BRE-CCREF behaves in the same manner than for smaller surface roughnesses.

4 Discussion
4.1 The effects of surface roughness on the BRF-CCREF of sea ice

As shown in Sect. 3, surface roughness plays a paramount role in the BRE-CCRF of bare sea ice. Not only does surface
roughness have an effect on the reflected radiance, particularly in the forward scattering peak, it also modifies the behaviour
of the BRE-CCRF with other controlling parameters such as thickness, solar zenith angle or wavelength. Surface roughness
alone principally changes the specular forward scattering peak by diffusing it around the specular point and outwards to a
larger viewing zenith angle. Indeed, a smooth surface reflects the incident light-photons specularly, whereas reflection from
a roughened surface is composed of the specular reflection of the angled facets in multiple directions as well as a diffuse
component from the multiple reflections among the facets (Torrance and Sparrow, 1967). A reduction in thickness of a sea
ice layer with a small amount of surface roughness mainly decreases the BRE-CCREF in the quasi-isotropic part, having little
effect on the specular peak (Figure A6). Indeed, with a thinner sea ice layer, a number of the scattered photons are absorbed by
the strongly absorbing underlying layer (reflectance of 0.1) instead of exiting the medium upwards. Most of the lightseattered
forwards-exits-photons scattered forwards exit the sea ice in the same manner as for an optically thick layer, explaining the
smaller reduction in BRE-CCREF for the forward scattering peak. When surface roughness is included, the forward scattering
peak is more sensitive to a changing thickness. With an increasing solar zenith angle, the BRE-CCRF with a smaller roughness
parameter shows a decrease in intensity of the BRF-CCRF over the whole hemisphere apart from the specular peak that
increases and moves in a specular manner relative to the solar zenith angle. With a higher solar zenith angle (lower sun on
the horizon), the photons travel less deep into the sea ice than for a lower solar zenith angle and go through fewer scattering
events due to the shorter path length and the relative angle between the incident light-path and the surface. Therefore, the
lightis-photons are less scattered in multiple directions (lower BRE-CCRF over the hemisphere) and more lightis-photons are

scattered forwards (stronger specular peak). However increasing the surface roughness introduces more scattering events, as

11



355

360

365

370

375

380

the tightis-photons are reflected at different angles off the features. Less photons travel directly in a specular manner, reducing
the increase in the forward scattering peak with an increasing solar zenith angle, and the larger number of scattering events
lead to a smaller reduction in the BRE-CCREF of the remaining hemisphere.

Miao et al. (2020) also noted forward scattering of tight-photons was strongly affected by “ice surface condition”. The BRF
directional reflectance of sea ice is strongly wavelength dependent owing to the light-photons scattering and absorption by the
ice. At shorter wavelengths (366—966-300-900 nm), sea ice is highly scattering, whereas from 9660—1406-900-1400 nm the
absorption by the ice dominates, with a nadir BRE-CCREF close to zero (Figure A4). For a small amount of surface roughness,
the BRE-CCREF exhibits the same wavelength dependence over the hemisphere, bar the specular peak (Figure A8). Indeed,
at longer wavelengths, the photons that are scattered in the sea ice are more likely to be absorbed than the photons quickly
exiting the medium in a specular direction, creating a strong anisotropy. With increased surface roughness, a similar trend to
the smaller surface roughness is observable, however the size of the forward scattering peak decreases with wavelength. The
reduction may be caused by the absorption of photons at larger wavelengths that would otherwise have exited the ice in a
forward direction after a low number of scattering events within the roughness features at lower wavelengths.

In the literature, a similar behaviour of the response of BRE-CCREF to an increasing roughness was observed by Jin and
Simpson (1999), when modelling the anisotropic reflectance factor of sea ice with three different roughnesses. Jin and Simpson
(1999) also modelled the effects of a varying solar zenith angle on the anisotropic reflectance factor of sea ice for a fixed
roughness, showing that the reflectance anisotropy is much larger for a solar zenith angle of 60° than for 45°. The effect of
the solar zenith angle on the angular reflectance of sea ice was confirmed in the work presented here, additionally showing
that surface roughness modulates the intensity and width of the forward scattering peak. Arnold et al. (2002) presented &-an
airborne case measurement of BRF for melt-season ice with a solar zenith angle 6; = 55°. Their measurement of BRF shows
no significant departure from uniformity across the hemisphere, apart from a forward scattering peak spread widely forward
of the specular peak, suggesting large surface roughness. The BRF pattern ;—as—weH-as-the BRFE-reported in the principal
plane for melt-season sea ice are in agreement with the modelled BRF-pattern of the CCRF presented here. However, the
results from Arnold et al. (2002) are not directly comparable with the modelled BRECCREF, as the irradiance for the BRF
measured with the Cloud Absorption Radiometer instrument is composed of a direct and a diffuse component, whereas the
illumination in the modelling conducted here is direct only. Although not bare sea ice, Manninen-etat(2621)-noted-there is
some benefit in the comparison with the effect of surface roughness on the BRF of snow. Manninen et al. (2021) modelled
the BRF of snow and found surface roughness inereased-of snow increased the back scattering at large solar zenith angles
and-Carlsenet-al(2020) found MODIS-MCD43-underestimate-anisotropy-of surfacerefleetion—angle. Carlsen et al. (2020)
measured the HDRF of Antarctic snow surfaces in the wavelength band 490-585 nm using a 180 degree fish-eye camera in
an airborne platform whilst retrieving the surface roughness using an airborne laser scanner and found that the backscatter
is enhanced over rougher surfaces concluding that shadows and changing the effective angle of incidence were responsible.
Accepting that snow and sea ice are different materials with some similar optical similarities the findings presented here are
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4.2 Model limitations

As described in Sect. 2.2, Planarrad computes the BRBF-CCRF over a hemisphere discretised into quads, and the calculated
radiance leaving the surface is averaged over each quad. The input irradiance was set to a single quad in this study. Therefore the
angular resolution of the model is limited to the quad size. Any differences in radiance within a single quad cannot be resolved,
which results in a loss of definition for features smaller than the size of a single quad. Furthermore, in this configuration, the
radiance for a quad containing the forward scattering maxima is lower than the radiance of a specular peak if it is smaller than
a quad. Ideally the solid angle of the illumination source, as well as the solid angle of the quads should tend to zero. However,
increasing the discretisation necessitates a considerable computational effort, which led the authors to the current choice of
angular resolution representing a balance between resolution and computational resources. Computational time scales roughly

The radiative-transfer equation was computed without an atmosphere, providing a surface BRBFE-CCRF product, whereas
the radiance measured by satellite sensors at the Top-Of-Atmosphere (TOA) is a function of the properties of the surface and
the atmospheric conditions at the time of the measurement. The purpose of the study was to characterise and quantify the
intrinsic BRBF-CCRF of sea ice as a function of roughness and thickness that can be incorporated in radiative transfer models
by the community. Therefore, to obtain a direct comparison with remote sensing products that have not been corrected for
atmospheric effects, the results of this study have to be propagated to the TOA using an additional radiative-transfer model
considering direct and diffuse illumination(e.g. Kotchenova et al., 2008).

In this study, the sea ice was modelled as a single homogeneous slab with defined optical properties. The model does not
presently allow for the study of multiple layers with different optical properties. However, PlanarRad allows the input of a

BRDF as a lower boundary condition, therefore calculations for a layer of snow on the sea ice are possible. The work presented

13



420

425

430

435

440

445

here focusses on a comprehensive characterisation of the BRBF-CCRF of bare sea ice which is lacking in the literature, and
adding a layer of snow on the sea ice would have added too much complexity. Thus snow was not considered in this study.
For the BRBF-CCREF calculations described here, black carbon was assumed to be the only external absorber present in

the ice. As described in Sect. 2.3, a base mass-ratio of 1 ng g—!

algae, soot, HUEIS-HUmic-Llke Substances (HULIS) (Beine et al., 2012; France et al., 2012; Voisin et al., 2012) or mineral

dust have an effect of the radiative forcing of sea ice, other light-absorbing impurities other than black carbon were not

was added to the modelled sea ice. Although organic debris,

examined in this study. Additionally, further investigation related to the effects of a varying mass-ratio of light-abserbing
light-absorbing impurities on the BRE-CCRF of sea ice is required.

5 Conclusions

TFhisstady-The study presented here provides a large dataset parameterising the BRDE-CCRF of bare sea ice, accounting for
varying surface roughnesses. The BRBF/BRFE-CCREF of three different types of sea ice was modelled, for a wavelength range
of 306—1400-300-1400 nm. The effects of surface roughness were investigated as a function of thickness, solar zenith angle
and wavelength. Radiative-transfer calculations show that surface roughness has a significant effect on the BRBF-CCRF of
sea ice, controlling the anisotropy through the forward scattering peak. Furthermore, the surface roughness is inter-dependent
of other parameters that determine the BRBF-CCREF pattern of sea ice, such as thickness, solar zenith angle and wavelength.
As predicted by the model, the BRDE-CCREF of sea ice exhibits a strong forward scattering peak surrounded by a quasi-
isotropic response. For small amounts of surface roughness, a reduction in sea ice thickness decreases the quasi-isotropic part
of the BRBECCREF, affecting the forward scattering peak very little-the-. The forward scattering peak changes consistently in a
specular manner with a varying solar zenith angle while the intensity of the peak increases;-and-the-, The forward scattering peak
is much less wavelength dependant-dependent than the surrounding quasi-isotropic part of the hemisphere. For larger amounts
of surface roughness, a decrease in ice thickness affects strongly the entire BRBECCREF, including the forward scattering
peak;-the-. The intensity of the forward scattering peak increases and moves to larger viewing zenith angles than the solar
zenith angles as the latter increase but remains overall lower than for smaller amounts of surface roughness;-and-the-. The size
of forward scattering peak is strongly wavelength dependent. Beeause-As the surface roughness is inter-dependent of other
physical parameters, it is essential to account for roughness in the theoretical calculations of the radiation budget of sea ice.
The study provides a wide range of BRDF-CCREF for sea ice that cover a diversity of conditions encountered in nature. The

data generated here is expected to facilitate the development of more accurate radiative-transfer models used to derive albedo

products by the remote sensing community;-as-weh-asreduce-tneertaintiesinglobat-elimate-models—,
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Figure Al. a) Diagram of the incident and viewing configuration defining BRBFCCRF. FE; is the irradiance from the azimuth angle ¢; and
the zenith angle 6;. L, is the radiance in the azimuth angle ¢, and zenith angle 6r. In this study, ¢; was fixed to 180°, the model being
rotationally invariant. b) Diagram of the directional surface discretisation scheme used by PlanarRad to compute BRBECCRF. Adapted from

Hedley (2008).
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1 O 270°

5

CCRF

Backward scattering Forward scattering

Figure A2. Polar plot of the BRE-CCRF of optically thick first-year sea ice, with a solar zenith angle, # = 60° and a roughness parameter
of 0 = 0.01m. The solar azimuth angle ¢; is located at 180°, consequently the left half of the hemisphere between ¢ = 90° and ¢ = 270°
represents the backward scattering component and the right half of the hemisphere between ¢ = 270° and ¢ = 90° represents the forward
scattering component. In this case, a strong specular forward scattering peak can be observed centred over the quad located at ¢, = 0° and
0, = 60°. A nonlinear colour bar was used to capture the large values around the scattering peak whilst showing the pattern in the quasi-
isotropic part of the BRECCRF.
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a) o =0.001

Figure A3. Visualisation of example random surface roughness input parameters, controlled by the standard deviation (o) of the elevation of

the surface. In this study, 5 surface roughnesses of a) o = 0.001, b) o = 0.005, ¢) o = 0.01, d) 0 = 0.05 and e) o = 0.1 meters-were generated.
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Figure A4. Nadir BRE-CCREF for first-year, multi-year and melting sea ice, from 300 to 1400 nm in 100 nm steps with a solar zenith angle,
6 = 60° and a roughness parameter of o = 0.01m. The BRE-CCRF of the different types of sea ice is plotted for an optically thick layer
(185, 375 and 2000 cm), 100 cm and 50 cm. For each optically thick layer of sea ice, the nadir BRE-CCRF is plotted for surface roughnesses
of o = 0.001 m-and of o = 0.1m. The different sea ice parameters defined in this study are reported in Table 2?A1. The changes in nadir

CCRF owing to changes roughness are hard to discern, especially relative to changes in thickness.
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Figure AS. The effects of roughness on the forward scattering peak of the CCRE. (a) CCRF in the forward solar principle plane (¢ = 0°) of
optically thick first-year sea ice, modelled with a solar zenith angle 6; = 60° as a function of surface roughness, (b) Location of the CCRE
surface roughness parameters.
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Figure A6. BRF-CCRF of 50 cm, 100 cm and optically thick first-year sea ice, multi-year sea ice and melting sea ice with an increasing

surface roughness.The incident angle is ; = 60°, and the results are reported for A = 500 nm.
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Figure A7. BRE-CCRF of optically thick first-year sea ice, multi-year sea ice and melting sea ice with an increasing surface roughness
at A = 500 nm. The incident angles are §; = 50°, 6; = 70° and 6; = 80°. Note that the scale of the colour bar varies for the different

illumination angles in order to visualise clearly the BRF pattern. 22
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Table Al. Sea ice parameters used as input parameters for the PlanarRad model, based on literature values and detailed in the work of

Lamare et al. (2016).

Sea ice type Sea ice den- | Sea ice scat- | Seaice asym- | optically Thickness
sity (kg m %) | tering coeffi- | metry param- | thick thick- | modelled
cient (m~1) eter g ness (cm) (cm)
First year sea ice 800 120 0.98 185 50, 100, 185
Multi-year sea ice 800 600 0.98 375 50, 100, 375
Melting sea ice 800 24 0.98 2000 50, 100, 2000
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