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9 Abstract. A rigorous treatment of the sea ice medium has been incorporated in the advanced Coupled Ocean-
10 Atmosphere Radiative Transfer (COART) model. The inherent optical properties (IOPs) of brine pockets and air
11 bubbles over the 0.25-4.0 um spectral region are parameterized as a function of the vertical profile of the sea ice
12 physical properties (temperature, salinity and density). We test the model performance using available albedo and
13 transmittance measurements collected during the Impacts of Climate on the Ecosystems and Chemistry of the Arctic
14  Pacific Environment (ICESCAPE) and the Surface Heat Budget of the Arctic Ocean (SHEBA) field campaigns. The
15 observations are adequately simulated when at least three layers are used to represent bare (first-year and multi-year)
16 ice, including a thin top layer characterized by low density and high scattering. Two layers can be sufficient to model
17 isolated cases of multi-year ice, and apply well to ponded ice except for shallow ponds over thick ice. The albedo and
18  transmittance of ponded ice in the visible are mainly determined by the optical properties of the ice underlying the
19 water layer used to model the pond. Sensitivity results indicate that the air volume or ice density has the largest impact
20  onthe simulated fluxes. Possible contamination from light-absorbing impurities, such as black carbon or ice algae, is
21  also implemented in the model and is able to effectively reduce the albedo and transmittance in the visible spectrum
22 to further improve the model-observation agreement. The agreement between the observed and modeled spectra
23  validates the parameterization of the sea ice I0Ps, and endorses COART as an accurate tool for radiation studies in
24 the cryosphere.

25 1 Introduction

26  Sea ice is a vital component of the global climate system, since it affects heat and moisture exchange within the
27 atmosphere and ocean, and strongly impacts the surface energy budget (Fetterer et al., 2002; Serreze and Barry, 2011;
28 Kwok and Untersteiner, 2011; Stroeve et al., 2012). A reduction in sea ice cover lowers the albedo and increases
29 shortwave absorption in the ocean, causing more melting in a mechanism known as ice-albedo feedback (Curry et al.,
30 1995; Hall, 2004; Déry and Brown, 2007), which has been quantified as the second main contributor to the Arctic
31 amplification using climate simulations (Taylor et al., 2012; Pithan and Mauritsen, 2014). The interactions between
32 snow, sea ice and solar radiation in most climate models are based on empirical parameterizations that are often just
33 a function of snow depth, sea ice thickness and surface temperature. However, an accurate description of the
34 interaction between sea ice and solar radiation also requires adequate estimations of the multiple scattering processes
35  and the absorption rate within the ice column. To improve our confidence in model projections of sea ice extent and
36 thickness, it is therefore crucial to develop accurate and efficient radiative transfer models. A detailed characterization
37  of the optical behavior of sea ice is even more important since the latter changes dramatically in response to structural
38 variations, as a freezing water surface grows into a stable pack, to then age and undergo possible melting (Grenfell
39  and Maykut, 1977; Weeks and Ackley, 1986, Hunke et al., 2011; Warren 2019). The first stages of sea-ice formation
40 are associated with the phase transition, and are characterized by increasing salinity, viscosity and elasticity (Daly,
41 1994; Dmitrenko et al., 2010). “Young ice” of a thickness up to 30 cm, that can still be fractured by wave motion,
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evolves eventually into more stable first-year ice (FYI) of thickness of up to 2m (Notz et al., 2008). If FY1 survives
the first melting season, it ages into multi-year ice (MY1) which typically exhibits thicknesses up to 3m or more, and
a decrease in density and salinity mainly caused by an increase of air volume and the flushing of brine (Eicken et al.,
1995; Nicolaus et al., 2012). If a bare MY surface is exposed, it commonly exhibits a blue tint because bubbles act
as scattering centers. The reported values of sea ice density vary over a wide range, from 0.72 g/cm? to 0.94 g/cm?®
(Timco and Frederking, 1995).

Field and remote sensing observations of the spectral albedo, spectral transmittance, and extinction coefficients have
been reported for a variety of the ice types mentioned above (Light et., 2008, hereafter referred to as L08; Light et al.,
2015, hereafter referred to as L15; Grenfell and Perovich, 1984; Perovich et al. 2002; Ehn et al., 2006; Untersteiner,
et al., 2007; Nicolaus et al. 2007; Taskjelle et al., 2015). However, simultaneous observations of entire vertical
columns in the cryosphere, including vertical profiles of the sea ice physical properties, have traditionally been sparse.
Notable field campaigns include The First International Satellite Cloud Climatology Project (ISCCP) Regional
Experiment (FIRE) Arctic Clouds Experiment (FIRE ACE, Curry et al. 2000), the Surface Heat Budget of the Arctic
Ocean (SHEBA, Perovich et al. 2002), and the Impacts of Climate on the Ecosystems and Chemistry of the Arctic
Pacific Environment (ICESCAPE, L15). Fortunately, large campaigns such as the recently concluded
Multidisciplinary drifting Observatory for the Study of Arctic Climate (MoSAIC, Nicolaus et al., 2022) and the
planned Arctic Radiation-Cloud-Aerosol-Surface Interaction Experiment (ARCSIX, Schmidt et al., 2021) will provide
large datasets to complement the observations from SHEBA and ICESCAPE with increased instrumentation and
technological capabilities.

Radiation measurements as those collected in the campaigns listed above are critical for the validation of radiative
transfer models. Efforts to simulate sea-ice albedo and transmittance measurements are reported in a few dedicated
studies. Grenfell (1991) employed a four-stream, discrete-ordinate radiative transfer code to investigate light
propagation within sea ice, a model thereafter used by L08 and L15. Briegleb and Light (2007) employed the Delta-
Eddington scheme in a climate model. Jin et al. (1994) developed a broadband multiple-stream, coupled radiative
transfer model to investigate the solar radiation distribution and absorption in the polar atmosphere, sea ice and ocean
system. This model was also used by Hamre et al. (2004) to study short-wave transmission through first-year thin ice.
Taskjelle et al. (2015) applied the derivative AccuRT software (Hamre et al., 2017) to retrieve the properties of newly
formed (very thin) ice. As described in the next section, Jin et al. (2006) developed a Coupled Ocean-Atmospheric
Radiative Transfer (COART) model, which has flexible and high spectral resolution up to 0.1 cm™ to accurately
account for the atmospheric absorptions and has included the surface roughness parameter in the radiative transfer
solution. Here, we extend the previously validated (Jin et al., 2002; 2005) COART model to include the sea ice
medium, in order to rigorously calculate the radiative distribution in the atmosphere-sea ice-ocean system. The sea ice
optical properties are directly parameterized as a function of its physical properties.

The augmented COART model is described in Sec. 2, and its performance is contrasted against ICESCAPE and
SHEBA measurements in Sec. 3, including sensitivity studies with respect to light-absorbing impurities. The
conclusions are presented in Sec. 4. An appendix is also provided to show relevant sensitivity tests.

2 Radiative transfer model

The radiative transfer model used in this study is developed from COART (Jin et al., 2006), a multiple scattering code
for the coupled atmosphere-ocean system based on the discrete-ordinate DISORT algorithm (Stamnes et al., 1988)
but modified to account for the change in refractive index across the air-water interface. The atmosphere and the ocean
each can be divided into an arbitrary number of layers, in order to resolve the vertical variation of physical properties.
Treatment of absorption and multiple scattering by gasses, aerosols, and clouds in the atmosphere and CDOM,
phytoplankton and non-plankton particulates in the ocean is included. The atmospheric absorption database is adopted
from the MODTRAN code and has different available spectral resolutions up to 0.1 cm ™! (Berk et al., 2008). The ice
medium has now been implemented for applications to the cryosphere, with refractive index from Warren and Brandt
(2008). Since reflection and refraction processes (due to the change in refractive index) across the air-ice-water
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interfaces are rigorously taken into account when solving the radiative transfer equation, radiative processes in the
coupled atmosphere-sea ice-ocean system are described consistently and efficiently. The ocean and ice layers are
treated in the same way as the atmospheric layers, but with significantly different optical properties. The same
Gaussian normal distribution used to model the ocean surface roughness (Cox and Munk, 1954) is also used to describe
the slope distribution of the facets forming the ice surface. The surface roughness reduces the surface albedo because
of shadowing, but this effect is non-negligible only for grazing directions of the incident light. The possible occurrence
of melt ponds on top of the ice is also considered, in the form of a pure freshwater layer of any desired depth. Water
absorption data is from the compilation of Pope and Fry (1997) and Smith and Baker (1981). Since COART has
previously been validated for radiation studies in the atmosphere and ocean (Jin et al., 2002; 2005), in this study we
focus on evaluating the performance of the newly implemented model in simulating the radiation field reflected and
transmitted by the sea ice medium.

Absorption by pure ice, and scattering and absorption by brine pockets and air bubbles enclosed in the ice are at the
base of the treatment. The presence of other possible inclusions (BC and phytoplankton) is also considered. The ice
absorption coefficient is based on the compilation of Warren and Brandt (2008). Based on the phase equilibrium
constraints, the total brine and air volumes are determined by the ice temperature, salinity and density (Cox and Weeks,
1983). The inherent optical properties (IOPs) of bubbles are obtained with Mie calculations, using a power-law size
distribution (Light et al., 2003, Grenfell, 1983). Following Light et al. (2003), the bubble number distribution, N(rpu),
is represented as a function of bubble equivalent radius (ruu) as:

N(rpup) = No rb_JzSS (€]

where N is determined by total air volume calculated through the Eq. (14) of Cox and Weeks (1983), that is:
Vair = f;:iix N(rbub) rl?ub drbub (2)

The minimum and maximum bubble radii are set to 0.01 mm and 1.0 mm, respectively, approximately the range
observed (Light et al., 2003, Grenfell 1983). The horizontal cross-sectional area of brine inclusions can also be fitted
by a power-law distribution (Light et al., 2003; Perovich and Gow, 1996). Using the effective radius of equivalent
spheres (ryri) with the same area distribution as in Light et al. (2003), the size distribution of brine pockets is given by
the following power law:

N(rpri) = No 177" ©)

As for the air bubbles (Eqg. 2), the total brine number is determined by the total brine volume calculated from Egs. 4
and 5 in Cox and Weeks (1983) but with the size distribution defined by the Eq. 3. Due to the large size parameter
and the similar refractive indices of brine and ice in the shortwave part of the spectrum, most of the scattered light by
the brine is concentrated in a very small cone around the forward direction. This forward scattering peak can be
considered as “non-scattered” and added back to the incident radiation in the radiative transfer algorithm. Therefore,
the actual scattering coefficient can be scaled down dramatically, which actually reduces the scattering efficiency of
the brine pockets. The equivalent-sphere assumption may become problematic when brine size becomes large, but the
forward scattering also becomes stronger as the size of the brine pockets increases. These factors make the error
resulting from the uncertainties in brine size distribution and brine pocket shape much smaller than might be expected.
As sea ice cools, solid salts may precipitate and be expelled from the brine pockets. However, the solid salt contribution
only becomes significant at ice temperatures below the crystallization temperature of NaCl.2H,O (-22.9°C). There is
no size distribution reported for the salt; however, the cases studied here pertain to sea ice surveyed in the warm,
summer season, so solid salt scattering can be neglected.

Using the size distributions (Egs. 1 and 3), we generated look-up tables with the 10Ps of brine pockets and air bubbles
over the 0.25-4.0 um spectral region. The sea ice IOPs are therefore directly associated with the ice physical properties,
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i.e., the temperature, salinity, and density, in turn used as the input parameters for the COART model. This physically-
based approach provides a sophisticated and complete treatment to study radiative transfer in sea ice.

3 Validation studies

If both the reflection and transmission of ice are correctly modeled, the total ice absorption is correctly quantified.
The spectral albedo and transmittance of sea ice are mostly influenced by its physical structure and by the angular
distribution of the incident light, whereas the effects of atmospheric and oceanic particulates are less significant
(except of course for very thin, optically-finite ice). For this reason, the spectral albedo and transmittance are AOPs
frequently used in validation studies for understanding the radiative transfer in sea ice. We use the standard subarctic
atmospheric profile as a background atmosphere, and open-ocean water properties for the ocean layers beneath the
ice. The Chl-a concentration in seawater is set to 0.1 mg/m?, about the average reported for the arctic ocean (Gordon
and Morel, 1983; Morel and Maritorena, 2001; Morel and Gentili, 2004). We strived to use all available observational
data to determine the input to the model, focusing on two common ice types: bare and ponded ice.

3.1 Bareice
3.1.1 First-year ice

The gray areas in Fig. 1 show the total range of a series of albedo and transmittance measurements collected at each
of two ICESCAPE stations in the Beaufort Sea: the top panels are for the 3 July 2010, and the bottom panels for the
19 July 2011 case. A melting state and the presence of ponds were reported for both these FY|1 surfaces along the
“albedo line” connecting the collection sites, which extends to a length of 200 m. From the series of measurements,
we selected those classified as bare-ice. One observation on 3 July 2010, was excluded since its very low average
albedo in the visible (0.67) suggested the presence of an undetected thin water layer. The Solar Zenith Angle (SZA)
is calculated based on the reported observational time and location latitude and longitude. Another available
information regards the illumination conditions, which were recorded as brilliantly clear on 19 July 2011 (SZA =53°),
and completely overcast (but with visible Sun, SZA = 48°) on 3 July 2010. As shown in the Appendix, overcast
conditions significantly affect the albedo only for very low or very high SZAs. The former never occur at extreme
latitudes, and the SZA on 3 July 2010 (48°) is within the 45°-60° range that allows to neglect the presence of clouds
in the simulations.

The strong spectral dependence of the absorption coefficients for brine, ice, water and organic or other inclusions
(Grenfell and Mayakut, 1977; Perovich and Gow, 1996) is responsible for the nearly constant albedo in the visible
region and the significant decrease in the near infrared region. Timco and Frederking (1995) reported FY1 densities
ranging from 0.84 to 0.91 g/cm? for the ice above the waterline, and 0.90 to 0.94 g/cm? for the ice below the waterline.
Density was only measured on the uppermost 80 cm of the ice core during ICESCAPE and it varied between 0.625
and 0.909 g/cm® for FYI. To model the vertical structure of bare, melting sea ice, L08 and L15 utilize three layers
corresponding to a granular, low-density surface scattering layer (SSL), a denser drained layer (DL), and a high density
interior layer (IL). LO8 identified the SSL, typically 1-5 cm thick, as having the largest scattering coefficient (up to
two orders of magnitude larger than that of the IL). The DL roughly occupies the remainder of ice sitting above the
freeboard, and the IL the rest of the column beneath the DL. The scattering coefficient values for the DL are
intermediate between the SSL and IL. In order to determine the ice absorption, LO8 set the ice density at 0.42, 0.83,
and 0.92 g/cm? for the SSL, DL, and IL, respectively. The results of these simulations indicate that the (highly-
scattering) SSL is critical for the radiative transfer simulation. In these studies, the refractive index is assumed to
change at the SSL-DL interface. Effectively, the SSL is treated as a snow-like, granular ice layer, which has very
different physical and optical properties from the rest of the ice column. The augmented COART model can rigorously
account for snow on top of the ice, and therefore we can provide results that quantify the goodness of such assumption.
We first consider the SSL as the same medium (ice) as the rest of the ice column, but with significantly lower bulk
density (see Fig.1). To mirror the morphology described above and the input of LO8 and L15, we use a 3-layer structure
for the 3 July 2010 (19 July 2011) case with densities of 0.55 (0.60) g/cm? for the thin SSL, 0.85 (0.83) g/cm? for the
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DL, and 0.92 g/cm? for the IL. The thicknesses of the individual layers are set to 1 cm for the SSL, 10 cm for the DL,
while the IL occupies the rest of the total thickness, which is constrained with an average of the thicknesses locally
measured: 118 cm (from the individual measurements of 103 cm, 115 cm, 135 cm) on 3 July 2010, and 152 cm (149
cm, 149 cm, 157 cm) on 19 July 2011. For the salinity, we use the profiles reported from the core analysis of
Polashenski et al. (2015), averaging the available data points in each model layer. Since measurements are not reported
for the SSL (which normally gets destroyed when collecting the core) and the bottom of the ice, we assume the
shallowest and deepest value extend to these remaining portions. Polashenski et al. (2015) also report that the core
temperatures were always between 0°C and -1°C. Our tests show negligible sensitivity of the AOPs to small variations
in temperature. To facilitate the comparison among all simulations, and to be consistent with the expected temperature
at the ice-ocean interface, we chose a uniform temperature profile throughout the ice of -2°C.

To highlight the importance of using at least three layers, we include the results for single- and double-layered ice,
with densities taken as the combinations of those used in the 3-layer model. It is clear that a single layer is insufficient
to adequately reproduce both the albedo and transmittance. The 2-layer model with a low-density SSL yields a lower
albedo in the visible region. Since air bubbles scatter more effectively than the brine pockets, and the air volume is
closely related to the bulk ice density, the sea ice AOPs are more sensitive to the density than to the salinity or the
temperature. The black curve shows the drastic improvement obtained using the 3-layer ice model described above..
Further tuning is generally possible if the number of layers is increased, although in this particular case attempts to
use four layers did not appreciably improve the fit (not shown).

While LO8 and L15 directly adjusted the scattering coefficient values with fixed densities in ice layers to match the
observational albedo, we adjusted the ice density. Because in our approach the ice IOPs are linked to the ice properties,
adjusting density would essentially change all the 10Ps, including the scattering coefficient and asymmetry factor
which is also fixed at 0.94 in L15. Figure 2 shows the impact of density variation in different layers on the albedo and
transmittance. The gray areas correspond again to the range of the albedo and transmittance measurements acquired
on 3 July 2010 (top row in Fig. 1), whereas the solid lines correspond to model results with different density profiles.
Starting from the same optimal profile found in Fig. 1, here represented in black, a moderate increase in SSL density
(red) reduces the albedo, with noticeable effects in the 1.0-1.4 um region. The corresponding increase in transmittance
is negligible. Changes in DL density (green) are most evident at wavelengths <1.0 um, whereas changes in the IL
density (blue) impact the visible part of the spectrum only. Although it remains challenging to simultaneously fit
albedo and transmittance in an optimal way in the absence of completely measured density profiles, these results
demonstrate how the augmented COART model enables a fine tuning of the AOPs.

To evaluate the assumptions made in L15, in Fig. 3 we substitute the ice SSL with a snow layer of equal density (0.6
g/cm®). The snow is composed of spherical grains, whose size determines the albedo at absorbing wavelengths
(Warren 2019). We considered grain size equal to 300 um to represent new snow, and 1000 um to represent aged,
melting snow. Old snow yields a fairly good agreement in both albedo and transmittance (black). Increasing the snow
depth to 2 cm (red) and adjusting the DL ice density (0.89 g/cm?®) improves the agreement in albedo but it increases
the transmittance and has no discernible effect at longer wavelengths (>1.2 um). Since the snow IOPs are assumed to
be independent of the snow density, different combinations of snow thickness and density can produce the same albedo
and transmittance. The albedo curves for the larger grain size are in closer agreement with the observations at
wavelengths <1.2 pm, but consistently lower at longer wavelengths. By refining the ice and snow density profiles
(i.e., increasing the number of layers), the model-observation agreement at shorter wavelengths (<1.2 um) could be
further improved. However, the albedo at longer wavelengths is determined by the thin layer of snow and the grain
size is the dominant factor in this spectral region. The grain size must be reduced to <300 um (green) in order to fit
the albedo at the longest wavelengths, but the observations at middle wavelengths are then drastically overestimated.
Moreover, such small grain sizes are typically associated with pristine snow, not suitable to simulate the “granular”
nature of the SSL. These simulations show that the 3-layer ice model offers superior performance compared to
considering a SSL composed of snow.

The simulations of sea ice albedo and transmittance shown in the previous figures tend to be higher than the
observations in the visible spectrum, which indicates an underestimation of ice absorption. Black Carbon (BC) is the
main component of soot-like, absorbing impurities often found deposited on snow and ice. Clarke and Noone (1985)
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reported soot amounts mostly in the 5-50 nanograms of carbon per gram of snow (ng g~2) range, corresponding to
0.005-0.05 ppm. Doherty et al. (2010) measured BC concentrations around the Arctic (mostly in the top 50 cm of
snow) ranging anywhere from 0.003 to 0.02 ppm, or occasionally even higher, from lower values near the North Pole
to higher values at lower latitudes in the Arctic Ocean. The SHEBA observations show a lower average background
BC of 0.0044 ppm for April snow (Grenfell et al., 2002). Desired concentrations of BC can be included in any layer
of the augmented COART model, with the IOPs given in the Optical Properties of Aerosols and Clouds (OPAC)
software package (Hess et al., 1998). The reduction in albedo caused by BC is a widely known effect (Warren and
Wiscombe, 1980; Hansen and Nazarenko 2003). Figure 4 contains the sensitivity of albedo and transmittance caused
by increasing BC mass mixing ratios (0, 0.02 ppm, 0.04 ppm). These values were calculated to span the range of
average BC concentrations indicated above, uniformly redistributed in the top 10 cm of ice in the model. As expected,
contamination from absorbing impurities such as soot ( red and green curves) reduces the sea ice albedo and
transmittance in the visible part of the spectrum, leading to an improvement in the model-observation comparison.

3.1.2 Multi-year ice

In the model, the difference between FY1and MY 1 is reflected in the values chosen for the total ice thickness (generally
higher for MY]), the salinity and the IL density (both generally lower). Figure 5 shows a fitting attempt for two MY|
cases. The black lines are albedo and transmittance measurements collected during SHEBA with two different
spectroradiometers: a Spectron Engineering SE-590 (dashed) and Analytical Spectral Devices Ice-1 (solid). Typically,
MY has more cavities, due to the flushing of melt water, and is thicker than FY]; therefore, it has higher albedo and
lower transmittance. A very limited number of cores were acquired during SHEBA (D. Perovich, personal comm.),
which were not strictly co-located with the optical measurements. The salinity profiles (1 ppt and 3 ppt) were assumed
in the simulations, covering the mean salinity values reported for MY], at least in the bulk of the ice, (Eicken et al.,
1995).

In the top panel of Fig. 5, the total ice thickness is 218 cm (measured in situ on 21 July, 1998). A few centimeters of
surface granular layer was reported, yet no density measurements were available. As an approximation, we set the
SSL thickness to 2 cm and its density to 0.6 g/cm®. As for the FY| case, a single layer is insufficient to obtain a good
agreement. For this particular case, a fairly good agreement is obtained for both the albedo and the transmittance using
just two layers. A density of 0.915 g/cm? and salinity equal to 3 ppt is used for the lower ice layer (red). It should be
noted that the transmittance through the MYl is very small (all transmittance curves are multiplied by a factor of ten),
implying that its measurement uncertainty is large. Salinity in MY can be very low because of meltwater flushing
(Untersteiner, 1968) and thus we also tested the results with salinity of 1.0 ppt. For this low salinity, a slight adjustment
in the lower layer density (0.910 g/cm?3) yields essentially the same agreement, indicating that the AOPs are less
sensitive to the salinity than to the density (blue).

As done for the FY1 case, we also tested the substitution of the SSL with a layer of snow (middle panel). Similar
model-observation agreement as using ice SSL is obtained for wavelengths <1.2 um with a large grain size (1000
pm). As noted for the curves in Fig. 3, also in this case the grain size has to be reduced to at least 300 pm to fit the
measured albedo at wavelengths >1.4 um.

In the MYT case observed on 31 July, 1998 (lower panel), the total ice thickness is 197 cm and “a few mm of new
snow on surface” was reported. In our modeling, 5 mm of snow with grain size of 200 um were considered. The ice
is divided into three layers, with a 2 cm-thick (15-cm-thick) SSL (DL). The densities for the three layers are 0.80,
0.92, and 0.916 g/cm?, respectively, and the salinity is 3 ppt. If the salinity is lowered to 1.0 ppt, a slight reduction
(0.005 g/cm?) in the middle and lower layer density produces nearly identical albedo and slightly lower transmittance.
Compared with the physically thicker MY in the upper panel, the albedo in the near infrared here is considerably
higher due to the existence of few millimeters of new snow. The results show that the model correctly captures this
aspect.

The systematic overestimation of the observations in the visible region indicates insufficient in-ice absorption
accounted for by the model. Other species can differentially affect the spectral radiation transport within the ice
column. Several observations have shown the existence of ice algae or chlorophyll pigments (Ardyna et al., 2020;
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Massicotte et al., 2020; Assmy et al., 2017). Large seasonal variations of algal pigments (from 0.01 mg/m? in April to
0.5 mg/m? in June) were reported, with higher concentration at the bottom and top ice layers (Perovich et al., 1998).
For the MY case shown in the upper panel of Fig. 5, Fig. 6 shows that the simple assumption of a Chl-a concentration
of 0.3 mg/m?® uniformly distributed across the ice column would significantly lower the transmittance in the visible
(green lines), therefore improving the model agreement. Nevertheless, the effect on albedo is much smaller and that
in the near infrared is negligible. As done for the FY1, we also tested the inclusion of BC particles in the SSL and DL
(upper 18 cm, about the ice freeboard depth) with a concentration of 0.01 ppm. Both the albedo and the transmittance
in the visible spectrum are reduced and the model-observation agreement is improved.

3.2 Ponded ice

The springtime increase in ambient temperature can trigger the formation of water ponds on top of the sea ice surface.
Compared to white, bare ice, the albedo of ponded ice can be reduced dramatically across all shortwave wavelengths.
Melt ponds occur when solar irradiance is largest, and water has much lower reflection and higher transmission than
ice, impacting the solar energy distribution in the atmosphere-sea ice-ocean system. A series of observations, complete
with measurements of pond depth and floor thickness, are available from ICESCAPE. The conditions ranged from
completely overcast and a barely visible solar disk to a visible solar disk and clear skies.

It is reasonable to expect that the accumulation of water on top of ice should annihilate the SSL. Indeed, percolation
theory predicts the ice permeability to undergo a drastic transition when the brine volume exceeds ~5% (Golden,
2001), triggering the flushing of brine pockets through an increase in pore connectivity. Nevertheless, a thin top layer
of so-called “superimposed” or “interposed” ice can still be possible in the presence of refrozen snowmelt. Such
processes temporarily “seal” the ice surface, with appearance effects visible even to the unaided eye (Polashenski et
al., 2015), and lead to top layer thicknesses of up to 10 cm. In absence of complete observational characterization of
the vertical structure, and given the interplay of density and thickness, this physical thickness was chosen to model
the top layer of the cases presented here.

The rows in Fig. 7 correspond to four ICESCAPE observations (black) of ponds with different depths (melt pond
depth and ice thickness are from the observational data). The total ice thickness (pond depth) for the four presented
cases are 112 (8), 94 (11), 70 (20), and 70 (30) cm (top to bottom panels). The two observations for the same 20 cm
pond depth on 3 July 2010 show slight difference in transmittance. The temperature at the water-ice interface at the
bottom of the pond is set to 0°C, and that at the bottom of the ice to -2°C with a linear change through the ice column.
The salinity is also from observational data, and varies from about 0.5 ppt to 3.0 ppt (Polashenski et al., 2015). The
pond water is assumed to be pure freshwater with optical properties based on Pope and Fry (1997) and Smith and
Baker (1981). Based on the reported overcast conditions for 2 July and 3 July (but with visible sun), a stratus cloud
layer is modeled between altitudes of 0.5 km and 1.0 km with optical depth of 1.0. We found that two layers (with a
top layer thickness of 10 cm) are generally sufficient. The ice density of the bottom layer is set at 0.92 g/cm? and the
top layer density is adjusted for each case. For the thick ice with shallow pond (top row) observed on 19 July, a 3-
layer ice model is required for satisfactory model-observation agreement. We use 10 cm (0.83), 70 cm (0.921 g/cm?®),
and 42 cm (0.924 g/cmq) for the top, middle and bottom layer depth (density), respectively.

It should be noted that albedo and transmittance were not measured exactly at the same location. Since the ice core
thickness was reported for the transmittance measurements only, the safest assumption was to use the same thickness
for the albedo simulations. This assumption limits the quality of the fit to the albedo, given the relatively thin nature
of the ponded ice cases analyzed here. However, the results show that using a simple 2-layer ice model (3-layer for
thick ice) the transmittance can be matched across all spectra, and the albedo agreement is satisfactory.. The albedo
between 0.8 and 1.4 um, where the observations are systematically higher than the model, is dominated by the pond
water properties and is not related to small uncertainties in the measurements of ice thickness. If the albedo
measurements in the near infrared are accurate, this fact indicates that some particle scattering might exist in the pond
water, which is missing in the modeling. However, the large model-observation discrepancy in albedo in the visible
spectrum on 3 July, 2010, might arise from inaccurate observational constraints on ice thickness and physical
properties. Both the model and observation in Fig. 7 show that not only the water pond reduces the sea ice albedo, but
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also significantly impacts light transmission. The transmittance decreases with increasing pond depth, even if the ice
thickness decreases.

4 Conclusions

This study presents the extension of a fully-coupled RT model (COART) to include a physically-based description of
radiative processes within sea ice. The scattering properties of brine pockets and air bubbles, including the respective
single scattering albedo and phase function, are calculated based on observed size distributions. The gas and brine
volume are derived from the phase equations (Cox and Weeks, 1983) as a function of density, salinity and temperature.
Therefore, the 10Ps of sea ice are parameterized directly as a function of its physical properties. Light-absorbing
impurities, such as BC and Chl-a, can also be included in any layer of the ice or in the snow above it. This type of
contamination can be immediately extended in the model to any other inorganic particulate or taxonomic species,
provided the relative tabulated absorption spectrum is available. To demonstrate the robustness of this model and its
accuracy in estimating the total absorption in the ice column, its performance is evaluated against albedo and
transmittance observations of FY1, MY, and ponded ice for the visible and near-infrared range of wavelengths.

The model is highly sensitive to vertical variations in ice density, and it is found that a minimum of three layers is
required to adequately simulate the albedo and transmittance for bare FYI, in agreement with previous findings.
This 3-layer structure can be morphologically associated with a granular, low-density surface scattering layer (SSL),
a denser drained layer (DL), and a high-density interior layer (IL). The SSL is required to model the observed albedo
of bare ice in the near infrared. While previous studies used the extinction properties of a snow layer to represent
the SSL (L15), we use a low-density ice layer as the topmost layer of the ice medium. Compared to the snow
approach, this approach produces a higher albedo in the near infrared and thus better overall spectral agreement
with the observations. To fit the albedo at the longest wavelengths (>1.4 um), we show that the snow approach
requires, at least for the examined cases, small grain sizes (<300 um) typical of new snow rather than of a granular
layer. For MYI, an IL with lower density than for FYlis required to obtain satisfactory agreement for both albedo and
transmittance. Sensitivity tests show that lower salinity values, normally associated with MYI, affect the AOPs to a
much smaller extent than density does. For ponded ice, a 2-layer ice model agrees closely with the measured AOPs
for a range of pond depths, with relatively thin ice (<100 cm) beneath the water. For thick ponded ice (>100 cm), a
3-layer ice model is still required for satisfactory simulations. Depending on the pond depth, the albedo
(transmittance) is significantly lower (higher) than that of bare ice, and transmittance increases with pond depth for
similar ice thicknesses below. The albedo is determined by the optical properties of the pond in the near infrared,
and by those of the ice below in the visible. Discrepancies between model and observations in the middle wavelength
range (0.8-1.4 um) suggests the existence of particle scattering in the pond water, which is not included in the model
(assuming the albedo measurements were accurate). For all ice types, when clean ice and pure water are assumed,
there appears to be insufficient absorption in the visible part of the spectrum. In this respect, contamination by
either BC or Chl-a very effectively reduces both the albedo and the transmittance in the visible, providing an
additional degree of freedom during fitting procedures to improve the agreement with the observations.

The fine-tuning of the AOPs of sea ice as a function of the descriptive physical parameters makes the augmented
COART model a valuable tool to represent the complex radiative processes in the cryosphere. From a retrieval point
of view, this forward code can be embedded within an inversion scheme to provide an optimal search for the chosen
set of free parameters. An accurate and efficient radiative transfer model is also required for climate models, which
use simple AOP parametrizations for sea ice. The integration of a suitable form of this engine into the state-of-the-art
NASA GISS ModelE (Schmidt et., 2006) is ongoing, in order to provide accurate estimates of the fluxes reflected
back to the atmosphere and transmitted into the ocean, as well as the radiative absorption within the ice medium that
determines the evolution of its thickness. Light et al. (2003) and L15 demonstrated that this objective could be
achieved with a 3-layer ice (2-layers for ponded ice) model by directly adjusting the ice 10Ps (i.e., the scattering
coefficient in each layer with a fixed scattering asymmetry factor of 0.94 and a fixed density profile). Within our
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approach, the density is used as a tunable parameter since in situ measurements are not always available. Moreover,
density is not a variable simulated by climate models, while temperature and salinity are dynamically computed. Due
to the complex inter-relationships among ice physical properties, IOPs and AOPs, if the IOP parameterization is
physically incorrect it is unlikely to produce simultaneous fits to albedo, transmittance, and absorption across all
wavelengths. Should accurate density profiles be available, the relationships between the 10Ps and the ice properties
can be refined by improving, for example, the parameterizations with respect to the size distribution of air bubbles
and brine inclusions. Through this process, a more robust IOP dependence on the ice physical properties can be
obtained. For these reasons, this and related works advocate the deployment of comprehensive measurement suites
capable of adequate data quality, especially regarding the vertical profiles of density, temperature, and salinity which
are notoriously challenging. A better characterization of impurities, such as soot-like, dust-like and algal particulates
is also desirable, since these contaminants are often present in the ice column as well as in melt pond waters.
Fortunately, a fair share of recent campaigns have targeted this aspect, significantly augmenting available datasets for
further improvements in the parameterization of the ice 10Ps.

5 Data Availability

The data from the ICESCAPE campaign were obtained from the SeaWiFS Bio-optical Archive and Storage System
(SeaBASS) portal (https://seabass.gsfc.nasa.gov/). The data from the SHEBA campaign were downloaded from the
dedicated UCAR portal. More specifically, spectral albedo measurements were sourced at Grenfell, T., & Light, B.
(2007). Spectral Albedo. Version 1.0 (Version 1.0). UCAR/NCAR - Earth Observing Laboratory.
https://doi.org/10.5065/D6765CQ1; transmittance data were sourced at Perovich, D. 2007. Spectral Light
Transmittance. Version 1.0. UCAR/NCAR-Earth Observing Laboratory. https://doi.org/10.5065/D6T1521\W.
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Appendix

A complete report on the sensitivity of albedo and transmittance to the variables in the augmented COART model is
prohibitive for the main body of the paper. For this reason, we decided to collect in this Appendix some results that
justify some of the claims made in the paper. In the figures that follow, we take as reference the 3-layer model used
for the July 3, 2010, case in Fig. 1 (black curve). As specified in the paper, the density of the ice layers is set to
dss|_:0.60, dDL:O.85, and d||_:0.92 g/cm3.

Figure Al illustrates the small sensitivity of the albedo to SZA (increasing for increasing SZA) in the visible, but
measurable differences appear as the wavelength increases. The sensitivity of the transmittance is negligible. It should
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be noted that the clear sky is assumed here. If atmospheric clouds and aerosols are introduced, the sensitivity will be
smaller (see Fig. A3 below).

In Fig. A2 we focus on the sensitivity to temperature at the top of the ice. Again, the reference curve is the case on 3
July, 2010 (black), for which the temperature is set as uniform at -2°C throughout the ice column. The red and blue
curves correspond instead to the temperatures at the top of the ice of -10°C and -20°C. The temperature at the bottom
is kept at -2°C, a value that very closely approximates the temperatures commonly observed at the ice/ocean interface.
The temperature in each layer is the result of linear interpolation between top and bottom temperatures. The sensitivity
is minimal. While using a top temperature of -10°C would slightly improve the fit to the albedo data in the visible for
the cases presented in Fig. 1, the effect on transmittance is opposite. Considering the low sensitivity and for ease of
comparison with the other simulations in the paper, we have therefore adopted the uniform profile with T=-2°C which
also well applies to summer conditions.

Another factor worth considering, and that deals with the illumination conditions, is the presence of cloud cover. Low-
level stratus clouds are very common in the Arctic summer (Curry et al., 2000). In Fig. A3 we consider the presence
of a cloud layer between 0.5 and 1km in altitude, and of variable optical depths (t=0, 1, 10). The cloud properties are
calculated for droplets of effective radius equal to 10 pm (Hu and Stamnes, 1993). While the simulated spectral
transmittance does not vary much (expected for ice as thick as this case, 118 cm), the sensitivity of the albedo to the
different contributions of the direct and diffuse radiances to cloud optical depth is less than trivial. When a cloud is
present (t>0), the sensitivity to the SZA is reduced. Appreciable differences are noted either for very low or very high
solar zenith angles, while for ~40°<SZA<~60° the albedo is essentially unaffected. The explanation of this fact resides
in the Fresnel nature of the surface reflectivity. While the reflectivity for the diffuse component is insensitive to SZA
and cloud optical depth, the specular reflectivity for the direct beam is rather low (and constant) for small angles of
incidence (in this case, the SZA). It then decreases further around the Brewster angle, before exhibiting an almost
exponential increase at grazing incidences, up to the 100% ideal limit of horizontal illumination. For increasing cloud
optical depths, this non-monotonic dependence of the Fresnel reflectance on the SZA causes the albedo to increase if
SZA<~40°, remain unaltered in the Brewster region (~40°<SZA<~60°), and decrease if SZA>~60°. For the
observation on 3 July, 2010, the SZA was 48°, eliminating the need to consider a cloud layer in the model.
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Figure 1: Modeled spectral albedo and transmittance versus ICESCAPE FY| data (gray). The observations took place in
the Beaufort Sea on 3 July 2010 (top panels, Station 68), and 19 July 2011 (bottom panels, Station 129). An ice model
consisting of three layers (black) is needed to obtain an adequate fit. The results for 1-layer (blue and magenta) and 2-layer
(green and lime) models with different combinations of the densities used in the 3-layer model are added for comparison.
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653 Figure 3: As in Fig.2, but for a SSL of the indicated thickness and consisting of spherical snow grains whose density does

654 not vary with depth. Snow thickness and effective radius Rs (in um) used in the model are listed.
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658 Figure 5: Comparison of modeled (colored lines) sea ice albedo (upper lines in each panel) and transmittance (lower lines
659 in each panel) with SHEBA measurements of MY (black curves). For clarity, all the transmittance curves are multiplied
660 by a factor of ten. Top panel: MY on 21 July 1998 (thickness 2.18 m), modeled with 2 ice layers. The red and blue represent
661 two different salinities used in modeling. Middle panel: same as for the top panel, but with the ice SSL replaced by a snow
662 layer For grain size 300 micrometers (blue), the snow thickness is reduced to 1cm. Bottom panel: 3-layer results for MY
663  observed on 31 July, 1998 (ice thickness 1.97 m) with 5 mm of new snow.
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665 Figure 6: Model sea ice albedo and transmittance against SHEBA measurements (black) of MYI. Red: model results with
666 a 2-layer ice model as shown in Fig. 5. Green: same, but with ice algae included ([Chl-a]=0.3 mg/m?). Blue: same, but with
667 0.01 ppm of BC in the top 18 cm of ice. For clarity, all the transmittance curves are multiplied by a factor of 10.
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668

669 Figure 7: Model albedo and transmittance against ICESCAPE measurements of ponded ice. The model (red) is constrained
670 using the measured pond depth and ice thickness, and salinity. The ice underlying the melt ponds is subdivided into only
671 two layers for lower three rows and three layers for the top row, all with top layer depth of 10 cm. See text for more
672  information.
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Figure Al: Sensitivity of the model curves in Fig. 1 (black, corresponding to the July 3, 2010, case) to the Solar Zenith Angle

(SZA =30°, 48°, 60°, 75°). Solid lines are for albedo and dashed lines are for transmittance.
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677 Figure A2: As in Fig. A1, but for a SZA = 48° and temperature variations at the top of the ice (T=-2°C,-10°C, -20°C).
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679 Figure A3: Sensitivity of the albedo nd transmittance to cloud cover of variable optical depth (T=0, 1, 10), and for different
680 SZAs. The three curves for SZA=48° essentially overlap and are all shown with black dashed lines. Note the opposite effect
681 of increasing cloud optical depth on the albedo for low and high SZAs, here set to SZA=20° (solid lines) and SZA=75°

682 (dotted lines).
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