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Abstract

Accurate modeling of cryospheric surface albedo is essential for our understanding of climate change as snow and ice surfaces
regulate the global radiative budget and sea-level through their albedo and mass balance. Although significant progress
has been made using physical principles to represent the dynamic albedo of snow, models of glacier ice albedo tend to be
heavily parameterized and not explicitly connected with physical properties that govern albedo, such as the number and size
of air bubbles, specific surface area (SSA), presence of abiotic and biotic light absorbing constituents (LAC), and
characteristics of any overlying snow. Here, we introduce SNICAR-ADvV4, an extension of the multi-layer two-stream delta-
Eddington radiative transfer model with the adding-doubling solver that has been previously applied to represent snow and
sea-ice spectral albedo. SNICAR-ADV4 treats spectrally resolved Fresnel reflectance and transmittance between overlying
snow and higher-density glacier ice, scattering by air bubbles of varying sizes, and numerous types of LAC. SNICAR-ADv4
simulates a wide range of clean snow and ice broadband albedos (BBA), ranging from 0.88 for (30 wm) fine-grain snow to
0.03 for bare and bubble free ice under direct light. Our results indicate that representing ice with a density of 650 kg m2as
snow with no refractive Fresnel layer, as done previously, generally overestimates the BBA by an average of 0.058. However,
because most naturally occurring ice surfaces are roughened “white ice”, we recommend modeling a thin snow layer over bare
ice simulations. We find optimal agreement with measurements by representing cryospheric media with densities less than
650 kg m as snow, and larger density media as bubbly ice with a Fresnel layer. SNICAR-ADv4 also simulates the non-linear
albedo impacts from LACs with changing ice SSA, with peak impact per unit mass of LAC near SSAs of 0.1-0.01 m? kg™
For bare, bubble-free ice, LAC actually increase the albedo. SNICAR-ADvV4 represents smooth transitions between snow, firn,
and ice surfaces and accurately reproduces measured spectral albedos of a variety of glacier surfaces. This work paves the way
for adapting SNICAR-ADV4 to be used in land ice model components of Earth System Models.

1 Introduction

Glaciers, ice caps, and ice sheets are large contributors to sea-level rise in our warming climate. These ice reservoirs,
along with sea-ice and seasonal snow, regulate the climate by altering the radiative budget through changes in surface albedo.
Moreover, the local response of regional snow and ice to changing meteorology and climate are complicated and non-linear,
making it increasingly important to model snow and ice surfaces using physical principles rather than empirically derived
methods (Box et al., 2012; Budyko, 1969). In the last decade, ice sheets have become the dominant contributor to sea-level
rise due to the increase in surface melt from the Greenland Ice Sheet (GrlS) (Bamber et al., 2018; Rignot et al., 2011; Goelzer
et al., 2020; Hofer et al., 2020; van den Broeke et al., 2017; Rignot et al., 2011). Such surface melt is governed by the albedo
ofthe ice sheet and local meteorology. The albedo of snow and ice varies widely depending on the local atmospheric conditions
(Hofer et al., 2017), the light absorbing constituents (LAC) present on the surface (Boggild et al., 2010; Skiles et al., 2018;
Cook et al., 2020; Flanner et al., 2007; Williamson et al., 2018; Tedstone et al., 2017; Marks and King, 2014; Wang et al.,
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2004; Aoki et al., 2006), and the metamorphic state of the snow and ice (Flanner and Zender, 2006; He and Flanner, 2020;
Warren, 1982; Tedstone et al., 2020; Aoki et al., 2000).

The albedo of the cryosphere varies with the spatial distribution of snow, ice, and LAC, and further evolves with the
melting of snowpack and glacier surfaces through the spring and summer. As the snowline retreats during the melt season,
more bare ice is exposed. This bare ice has a lower albedo and porosity than snow and therefore melts more and allows for
more runoff than snow, firn, and crustal surfaces (Ryan et al., 2019; van den Broeke et al., 2017). This positive feedback has
been referred to as the “snowline-albedo feedback™ and has been found to be the strongest seasonal melt amplifying feedback
on the GrIS (Ryan et al., 2019). As polar regions continue to warm, the length of the melt season is expected to increase,
exposing more ice (Jeffries et al., 2015; Boggild et al., 2010). As the snowpack melts and ice is exposed, nutrients and liquid
water become readily available, allowing darkly pigmented glacier algae to colonize over the ice surface. The annual blooms
of glacier algae during the spring and summer have been found to significantly reduce the albedo of the GrIS and strongly
contribute to surface melt in the southwest ablation zone (Cook et al., 2020; Stibal et al., 2017; Tedstone et al., 2020;
Williamson et al., 2018; Yallop et al., 2012). The spatial and temporal scale of these algal blooms are expanding as higher
summer temperatures result in more bare ice exposure, available surface water, and nutrients for glacier algae (Cook et al.,
2020; Boggild et al., 2010). The ability to accurately model ice albedo and the effects of glacier algae are critical for our
understanding of future melt and sea level rise as (1) surface melt is modulated by albedo, (2) the area of exposed bare ice is
expanding under warmer conditions, and (3) increased bare ice has the potential to further reduce albedo through algal
colonization.

The variations in snow albedo are well represented by models. Snow is composed of small ice crystals with high albedo
ranging from 0.7 to 0.9. The albedo of snow can be influenced by its physical properties, such as the grain size and shape of
the ice crystals, the specific surface area (SSA), and the thickness of the snowpack (Flanner and Zender, 2006; He et al., 2017b;
Saito et al., 2019; Dang et al., 2015). It can also be influenced by environmental variables, such as the angular and spectral
distribution of incident solar radiation, the presence of clouds, and the presence of LAC (Gardner and Sharp, 2010; Dang et
al., 2015; Flanner and Zender, 2006). Snow albedo has been accurately modeled using physical principles to account for both
its physical and environmental properties (Flanner and Zender, 2006; Dang et al., 2019; Wiscombe and Warren, 1980; He and
Flanner, 2020; Warren and Wiscombe, 1980; Gardner and Sharp, 2010). The impacts of LAC, such as dust, black carbon,
volcanic ash, and pigmented snow algae, on snowpack albedo have also been well studied and modeled (Flanner et al., 2007;
Warren and Wiscombe, 1980; Skiles et al., 2018; Cook et al., 2017; Painter et al., 2001; Flanner et al., 2014; Gardner and
Sharp, 2010; Flanner et al., 2021; Marks and King, 2014). Bare glacial ice, on the other hand, which is frequently exposed in
glacial regions, is much darker than snow. Ice is aged and compacted snow with an albedo ranging from 0.8 to 0.1, so it is
more similar to a solid ice medium with air inclusions (Beggild et al., 2010; Dadic et al., 2013; Mullen and Warren, 1988;
Briegleb and Light, 2007; Gardner and Sharp, 2010). The physical differences between snow and ice necessitate distinct
radiative transfer treatments, particularly with regard to Fresnel reflectance and transmittance and scattering by air inclusions.

However, multi-layer glacial bare ice has not been modeled using physical principles to represent the albedo of pure ice and
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the impact of Fresnel reflection and transmission. Rather, ice albedo models are heavily parameterized using empirical data
(Briegleb and Light, 2007; van Kampenhout et al., 2020; van Dalum et al., 2020).

Various methods have been employed to model snow albedo. These methods range from single layer two-stream models
to multi-stream statistical models. Snowpack is generally represented as a collection of independently scattering ice crystals
within an air medium. Snow radiative transfer models (RTMs) utilize the optical properties of ice, the snowpack properties
(density, thickness, and ice grain size and shape), and the local atmospheric conditions to determine the albedo of the entire
snowpack (He and Flanner, 2020; Flanner et al., 2007; Lee-Taylor and Madronich, 2002; Gardner and Sharp, 2010; Libois et
al., 2013; van Dalum et al., 2019). Wiscombe and Warren. (1980) developed a two-stream delta-Eddington snow radiative
transfer model for a homogenous snowpack. Flanner et al. (2007) utilized the two-stream method developed by Toon et al.
(1989) and developed the Snow, Ice, and Aerosol Radiative model (SNICAR), a multi-layer heterogenous snow albedo
radiative transfer model that incorporates the influence of LAC on snow albedo and is used in several Earth System Models
(ESMs), such as the Community Earth System Model and the Energy Exascale Earth System Model. Dang et al. (2019) found
that the Briegleb and Light (2007) delta-Eddington Adding-Doubling radiative scheme calculates the albedo more accurately
than the Toon etal. (1989) solver. The Briegleb and Light (2007) approach also allows for the inclusion of refractive boundaries
between snow-ice transitions. The delta-Eddington Adding-Doubling solution iteratively calculates the reflectance and
transmittance of each snow and ice layer and the refractive boundary to then combine all layers to compute the total column
optical properties (Briegleb, 1992; Briegleb and Light, 2007; Joseph et al., 1976; Coakley et al., 1983). Dang et al. (2019)
developed SNICAR-AD by replacing the Toon et al. (1989) solving method with the delta-Eddington Adding-Doubling
radiative method. Flanner et al. (2021) further developed SNICAR-AD (called SNICAR-ADvV3) by including non-spherical
snow grains, carbon dioxide snow, more types of LAC including snow algae, SZA-dependent surface spectral irradiances, and
extended spectral range (Flanner et al., 2021). However, these models are unable to represent glacier ice and heterogeneous
snow and ice columns because they do not treat scattering by air bubbles, glacier algae, or Fresnel reflectance and transmittance
across snow-ice or air-ice interfaces.

Representations of ice albedo, on the other hand, have historically been heavily parameterized to match empirical data.
This simplification likely stems from the difficulty of representing an internal refractive boundary within a multi-layer multiple
scattering model and explicitly representing the optical properties of pure ice (Briegleb and Light, 2007; Mullen and Warren,
1988). Parameterizations of ice albedo range from spectrally constant approximations in ESMs to extending regional and
offline snow RTMs using large snow grain sizes. For example, in the Community Earth System Model (CESM) ice albedo is
0.6 in the visible and 0.4 in the near-IR (van Kampenhout et al., 2020). Within the polar Regional Atmospheric Climate Model,
Van Dalum et al. (2020) parameterized the representation of bare ice on the GrlS by introducing impurities and increasing the
ice grain size of the snow model to achieve satellite observed albedo values for bare ice. In the offline SNICAR model, Cook
et al. (2017) developed an option to use geometric optics, rather than Mie scattering (BioSNICAR GO), to determine the

optical properties of large snow grains and aspherical glacier algae, as ice grains are much larger than snow and glacier algae
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are more aspherical than snow algae (Cook et al., 2020). These parameterizations do not capture the low albedo of solid ice or
variations in spectral albedo with changing ice conditions.

Some attempts have been made to explicitly simulate bare ice albedo. Mullen & Warren (1988) developed an oftline
model to find the optical properties of lake ice using information about the ice’s microstructure, including the size distribution
of air bubbles within the ice. They apply the delta-Eddington two-stream approximation to find the albedo of a single layer of
lake ice topped with an interface that reflects and refracts light following Fresnel’s laws. Dadic et al. (2013) expanded Mullen
and Warren’s model by adding a tuning parameter, which allowed their model to include the reflective interface when
representing ice but remove it when representing snow. Gardner and Sharp (2010) utilized the 16-stream plane-parallel discrete
ordinates radiative transfer (DISORT) model and applied it to a coupled snow, ice, and atmosphere system. They applied Mie
theory to determine the optical properties of ice grains, air bubbles within ice, and light absorbing carbon. However, Gardner
and Sharp (2010)’s model does not account for Fresnel reflection from ice and is not readily applicable to ESMs as it utilizes
the 16-stream DISORT solver. The two-stream delta-Eddington multiple scattering parameterization developed by Briegleb
& Light (2007) is the default sea-ice radiative transfer model within various ESMs. This model represents a multilayer
heterogeneous snow and ice pack. Similar to the Mullen & Warren (1988) method, the Briegleb & Light (2007) model utilizes
the delta-Eddington approximation but modifies it for any number of layers and incorporates an internal refractive interface.
However, this model utilizes empirically derived inherent optical properties (IOPs) that are specific to sea-ice and not
applicable to glacier ice.

In this study, we combine and extend favourable elements of these previous RTMs to represent glacier ice. We explicitly
represent scattering through the use of air bubbles, as in Mullen & Warren (1988) and Gardner and Sharp (2010), and we apply
internal refraction across snow-ice interfaces, as in Briegleb & Light (2007), though with a more realistic spectrally-resolved
calculation. This model, the Snow, Ice, and Aerosol Radiative Adding-Doubling model Version 4, (SNICAR-ADv4) simulates
a heterogeneous multilayer snow and ice pack by explicitly resolving the microphysical optical properties of snow, ice, and
LAC and performs radiative transfer calculations over the heterogenous cryospheric column. The following section describes
the radiative transfer techniques applied in SNICAR-ADv4. Section 3 evaluates the model sensitivities and the impact of LAC

and compares model outputs to in-situ spectral albedo measurements.

2 Model Description

SNICAR-ADV4 is a single column heterogenous multilayer snow and ice model that explicitly represents the optical
properties of snow, ice, and a range of biotic and abiotic light absorbing constituents. The model utilizes SNICAR’s method
for calculating the layer optical properties (Flanner et al., 2021). It treats snow as a collection of independently scattering ice
crystals within an air medium, thus the bulk refractive index of a snow layer is equal to that of air. Ice is represented as
independently scattering air bubbles within a solid ice medium with refraction that varies spectrally (Picard et al., 2016; Warren

and Brandt, 2008). LAC are included as externally mixed and evenly distributed constituents in the snow and ice layers
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(Flanner et al. 2021). The model applies the two-stream delta-Eddington solution to find the reflectance and transmittance of
a single layer. SNICAR-ADv4 includes a Fresnel layer to account for the changing index of refraction between snow and ice
layers. The Fresnel layer is a radiative layer with no thickness, which accounts for the bending of incoming solar radiation, the
reflection of solar radiation at the refractive boundary, and the reflection and transmission of upwelling radiation beneath the
refractive boundary (Briegleb and Light, 2007; Liou, 2002). The Fresnel layer is automatically placed directly above the first
ice layer in a column. Once the reflectance and transmittance of each layer is known, the Adding-Doubling method is applied
to combine each layer and find the total column radiative transfer solutions. These methods allow SNICAR-ADv4 to simulate

a non-uniform multi-layer snow and ice column (as in Fig. 1).

2.1 Model Parameters

SNICAR-ADvV4 includes various tuneable parameters for representing snow, ice, and LAC. The model includes three H,O
ice refractive index datasets, and the option to simulate CO; ice (Flanner et al., 2021). In this analysis, we utilize the merged
Picard et al. (2016) and Warren and Brandt (2008) H,O ice refractive indices. SNICAR-ADv4 allows for the simulation of a
thin snow layer overlying ice. This granular snow layer, also called a Surface Scatter Layer (SSL), accounts for surface
roughness, as most naturally occurring ice surfaces have some degree of roughness from crustal surfaces or other small scale
irregularities (Briegleb and Light, 2007). A range of LAC are also included in SNICAR-ADvA4. It includes all of the LAC that
are present in SNICAR-ADV3 (four different dust species, volcanic ash, snow algae, and black and brown carbon) (Flanner et
al., 2021) and adds darkly pigmented glacier algae found on the Southwest GrIS (Cook et al., 2020). The user can specify the
concentration of LACs and their vertical distribution within snow/ice layers. This allows for impurities to be concentrated on
the uppermost layers of the column, which is typical of glacier snow and ice impurities, especially glacier algae colonies
(Boggild et al., 2010; Cook et al., 2020).

The model requires inputs regarding the environmental conditions: the Solar Zenith Angle (SZA), downwelling spectral
irradiance, and the spectral albedo of the underlying surface (e.g. bare ground albedo). It also requires information about the
snow/ice column, including the snow grain or air bubble size distribution, the density of the snow or ice layer, and the thickness
of each layer. All model inputs are outlined in Table 1. SNICAR-ADv4 requires all of the same inputs as SNICAR-ADv3 and
adds inputs of the layer type (either snow or ice) and glacier algae properties (concentration, algae length, and algae

width)(Cook et al., 2020). The new inputs specific to this version of SNICAR are indicated with an * in Table 1.

2.2 Radiative Transfer Solution

SNICAR-ADvV4 begins by utilizing the optical properties of each individual constituent (snow grains, air bubbles, or LAC)
within a modeled layer. The mass extinction cross sections (k,), asymmetry parameters (g,), and single scattering albedos
(wy,) for each constituent (n) are developed offline from Mie calculations using the Bohren and Huffman (2004) solving method
(Flanner et al., 2021). The extinction optical depth (z,,) for each constituent is derived from the mass extinction cross section

(1) and the layer mass burden (L) (Flanner et al., 2021). For snow layers, Wsnow»> Ksnow> and gsnow are derived using ice

6
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grain properties within an air medium. The Mie calculations for air bubbles within ice follow the same methodology except
the relative refractive index of the scattering sphere is N,ir/Nice, instead of the inverse (Mullen and Warren, 1988; Gardner and
Sharp, 2010; Dadic et al., 2013). Mullen and Warren (1988) hypothesize that Mie theory may not be generally applicable to
scattering particles in an absorptive medium. However, in the visible part of the spectrum, ice is highly transparent so the
absorbance has little influence, and for wavelengths > 1.4 um much of the light is absorbed before it is able to be scattered by
an air bubble, so the scattering representation is less important at these wavelengths (Mullen and Warren, 1988).

The optical properties for ice layers are derived from the properties of air bubbles within an ice media and the ice
absorptivity. The single scattering albedo (w;..) and the mass extinction cross section (k;..) for ice are calculated differently
than that of snow or LAC because they are specific to the volume of air within a layer. The layer bulk ice density is used to
calculate the volume fraction of air (V,;,-) within each ice layer (Eq. 1), where py,;;, is the model input layer density, or bulk
ice-air mixture density in kg m=, p;. is the density of pure ice (assumed here to be 917 kg m™), we neglect the mass of air in

our calculations as in-situ measurements of density do not include the mass of air.

Vair — Pice”Pblk (1)

Pice

The spectrally varying mass absorption coefficient of ice (B,, in units of m) is found using Eq. 2. Where n; is the spectrally
varying ice imaginary refractive index (Picard et al., 2016; Warren and Brandt, 2008; Flanner et al., 2021).

Baice = % 2

The mass extinction cross sections (k;c., in units of m?kg™") and single scatter albedo (w;.,) are then derived from S, and V,;,

following Eq. 3 and Eq. 4 respectively.

asVai
Ko = ZVair 4 PBa 3)
Pbik Pice
Wi = UsVair( 1 ) (4)
tee Pblk \Kice

Where gy is the volume scattering cross section (units of m2 m-3) determined using Mie calculations for a specific air bubble
size distribution. The volume fraction of air, effective diameter (d.ff) of air bubbles, and the bulk density of the ice layer
determine the specific surface area (SSA, a, units of m? kg™), a measure of the total surface area of ice-air interfaces relative

to the mass of ice:
— 6 Vair
Pbikbeff

®)

If the size distribution of air bubbles is lognormal, as assumed here, the total number concentration (N, units of m=3) of air

bubbles within each ice layer is related to the air volume fraction and effective bubble diameter as:

Vair

NO = Wexp (3&;) (6)
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where 6 is the geometric standard deviation of the lognormal distribution, assumed in this study to be In(1.5). The specific
surface area and bubble number concentration are both included as model outputs. Alternatively, the user can specify the dsf

and SSA or N, from which V,;, is derived.

Once the optical properties of each constituent are calculated, the bulk layer properties (z, w, g) are derived following
Flanner et al. (2021). After the bulk layer properties are calculated, they are delta scaled to account for the strong forward
scattering by snow and ice (Briegleb and Light, 2007; Joseph et al., 1976). The Eddington two-stream solution then utilizes
the delta-scaled bulk layer properties and the environmental model parameters (Table 1) to find the reflectivity and
transmissivity of each layer (Shettle and Weinman, 1970). If the column contains an internal refractive boundary (between
snow or air and the uppermost ice layer), the reflectivity and transmittivity of the refractive boundary are computed using the
Fresnel formulas (Briegleb and Light, 2007; Liou, 2002). The Briegleb and Light (2007) approach neglects the imaginary
component of the refractive index in the Fresnel treatment and parameterizes the diffuse reflection by the layer to be spectrally
constant. We alter the Briegleb and Light (2007) representation of the refractive boundary (Briegleb and Light, 2007, Eq. 22)

to address those shortcomings.

We account for the effect of absorption on Fresnel properties by incorporating the complex refractive index of ice. We
utilize the approach outlined by Liou, (2002, Eq. 5.4.18). Liou (2002) applies the adjusted real and imaginary refractive indicies

to the Fresnel equations and Snell’s Law, where the spectrally varying adjusted real index of refraction (N,.) is
2 [ : 1/2
N, = j{mrez — My ? + 5in?0; + [(Me? — My — sin%6;)% + 4mrezmim2]1/2} @

and m,., and m;,,, are the real and imaginary refractive indices of ice, respectively, and ; is the incident angle. The transmitted

angle beneath the Fresnel layer in terms of the adjusted real refractive index is:

siné;
)

0, = sin™1( -
3

®)

The Fresnel reflection and transmittance coefficients can be written in terms of the real (or adjusted real) index of refraction,

where subscripts 1 and 2 indicate the perpendicular and parallel polarized components, respectively.

__cosf;—NycosO¢ _ 2cosB;
1= ostancost 1= cosoaNcos. ©)

cos 0;+N,-cos 6 cos B;+Nycos 6

__ Nycosf;—cos 6 _ 2cos6;

R, 2 (10)

- Ny cos 6;+cos 6; - Ny cos 6;+cos O¢

We include total internal reflection by the refractive boundary within SNICAR-ADv4 (Briegleb and Light, 2007). Total
internal reflection influences radiation above the interface (in the air — ice transition) and radiation reflected back up on the
boundary (ice — air transition) for SZAs greater than the critical angle of reflectance (6,).

0. = Sin_l Myeice—l Mim,icer 11
¢ (mre,air_i mim,air) ( )
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We expand Briegleb and Light (2007)’s diffuse reflection and transmission by the Fresnel Layer to be spectrally varying.
The spectrally varying diffuse reflection and transmission were developed offline following Briegleb and Light, (2007)’s
method. We use Gaussian integration over a large number (10,000) of angles to integrate over the direct Fresnel reflection and
transmission. We assume isotropic diffuse reflection and take into account the total internal reflection from above and below

the Fresnel layer. The spectrally-resolved diffuse reflection is stored offline to save computing time.

Once the reflectivity and transmittivity of each layer are found, SNICAR-ADv4 then combines each layer using the
Adding-Doubling method and assuming any scattered radiation between layers is diffuse (Liou, 2002; Briegleb and Light,
2007). Finally, the spectral albedo and fluxes are computed from the total column reflectivity and transmittivity. SNICAR-
ADv4’s outputs include the spectral hemispheric albedo, the broadband albedo (BBA), which is the total albedo weighted by
the incoming spectral irradiance, and the solar absorption of each layer and the entire column. A full list and description of

each input and output variable are included in Table 1.

3 Model Evaluation

In this section, we evaluate the model outputs and sensitivities by varying the snow, ice, and LAC properties and utilizing in-
situ spectral albedo measurements. First, we analyse the range of output albedos and the structure of the spectral albedos.

Second, we analyse the influence of LAC. Lastly, we compare the model to snow and ice spectral albedo observations.

3.1 Model Sensitivities

SNICAR-ADV4 simulates a wide range of spectral albedo that are consistent with measurements of snow and ice. Figure
2 shows the range in albedo due to changing effective snow grain radii (panel a) or air bubble radii (panels b-f), where higher
albedo indicates a smaller snow grain or bubble size. Low density media (less than 500 kg m3) are represented as snow, while
high density media (600 kg m™ and above) are treated as ice for the purpose of this comparison and sensitivity analysis. The
albedo of both ice and snow reduces in the visible and near-IR parts of the spectrum as the radius of the snow grain or air
bubble size increases, as smaller ice grains and bubbles scatter light more efficiently. The albedo declines as the density of ice
increases and the volume of air decreases because air bubbles within ice are responsible for the scattering in the visible and
near-IR parts of the spectrum. As the ice density increases, the influence of air bubble radius declines, as we can see in the
reduction of shaded area with increasing ice density (Fig. 2), and the near constant Broadband Albedo (BBA) for changing air
bubble radius (Fig. 2g). As the radius of ice crystals and air bubbles increase, the BBA declines, with less impact as the
grain/bubble size increases past ~1,000 um (Fig. 2b). Nearly pure ice (density of 916.999 kg m- and volume fraction of 1.1x10°
%) has an almost constant spectral albedo around 0.03 (Fig. 2f and g). The reflection by very dense ice is due to the Fresnel
reflection. The ice spectral albedo has a peak at 3.2 um due to the reflectivity of ice at normal incidence based on the spectrally
varying indices of refraction utilized in SNICAR-ADvA4.
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SNICAR-ADvV4 simulates a wide range of BBA. Under the base case model input conditions (Table 1 and A1) we find
range in BBA from a high of 0.88 for small grain (30 um) snow to 0.03 for high density ice (916.999 kg m®) with sparse large
air bubbles (20,000 um) (Fig. 3). Figure 3 shows the BBA as a function of SSA, snow/ice density, and the number concentration
of air bubbles. These ice properties are inherently interrelated as shown in Egs. 1, 5, and 6 and can be described with the SSA
of the snowl/ice. The volume fraction of air can be expressed through the density, air bubble number concentration and size,
and through the SSA. The albedo of ice varies with density (volume fraction of air), air bubble radius, and number
concentration of air bubbles. To maintain a constant density with changing air bubble radius, the number concentration of air
bubbles must change (Egs. 1, 6). The BBA in Fig. 3 corresponds to the spectral albedo ranges in Fig. 2. Each spectrum within
the shaded region of Fig. 2 corresponds to a single BBA and SSA value in Fig. 3. The blue 500 kg m?® density line is represented
as a single semi-infinite snow layer and all other lines are represented as single semi-infinite ice layers, as indicated in Fig. 2.
Figure 3a shows that as the SSA and BBA decrease, the radius of the snow grain/air bubble increases for a constant density.
The left (right) most end of each isopycnal line in Fig. 3a indicates a snow grain/air bubble radius of 20,000 um (30 um). It is
important to note that 20,000 um is not a physically realistic snow grain or air bubble radius, this range of effective radii is
utilized to analyze SNICAR-ADv4’s total possible range in simulated albedo. Because SNICAR-ADvV4 simulates wide ranges
in albedo, it represents the transition between snow, firn, and ice SSAs smoothly (Fig. 3). Figure 3a also highlights that the
SSA of snow and ice surfaces is a direct predictor of the BBA, which was also demonstrated by Gardner and Sharp (2010) and
Dadic et al. (2013). Although Gardner and Sharp (2010) did not account for the Fresnel layer and Dadic et al. (2013) utilized
a single layer column model, we still found a similar one-to-one relationship between BBA and SSA, and indeed it can be
shown that in the geometric optics limit the mass scattering cross-section of bubbly ice (first term of the right-hand side of Eq.
3) scales directly with SSA. Figure 3b shows the BBA achievable for constant densities by varying the ice grain/air bubble
radius and the number concentration of air bubbles. Figure 3c demonstrates the range in BBA for constant air bubble radii.
The black lines in 3c indicate a constant effective radius and the colored dots show the corresponding density (and air fraction)
for a given number concentration. For a constant bubble size, the BBA decreases with decreasing number concentration,
indicating a reduction in the total volume of air. Note, the air bubble concentration is not included on the blue snow line in

figure 3b and snow is not included in 3c, as there are no air bubbles in the snow representation.

The BBA of ice surfaces (p > 600 kg m2) in Fig. 3 is lower than the BBA of snow surfaces with an equal SSA due to the
incorporation of the refractive boundary between air and ice. The Fresnel Layer between the air-ice media alters the modeled
albedo, as it accounts for the light interaction with the refractive boundary as it moves into the ice medium (Fig. 4). SNICAR-
ADv4 simulates a BBA difference of 0.0601 for ice layers with and without the Fresnel refractive boundary (for the particular
model conditions outlined in Table A1, Fig. 4). When attempting to simulate the albedo of ice surfaces (with a density of 650
kg m-3) using snow grains, rather than air bubbles within ice and a Fresnel layer, we found an average overestimation in BBA
of 0.058. For snow and ice surfaces with a constant density and SSA, the difference in BBA ranges from 0.0368 for high SSA
(~40 m? kg'*) snow and ice to 0.0767 for low SSA (~0.16 m? kg) snow and ice. The differences between snow and ice BBA
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(Fig. 3) and ice with and without a refractive boundary (Fig. 4) highlight the importance of accurately representing ice albedo.
It also introduces different options for representing intermediate density firn. Other studies use large snow grains to produce
the albedo of ice surfaces (Cook et al., 2017; van Dalum et al., 2020) or utilize the optical properties of air bubbles within ice
but neglect the influence of the Fresnel layer (Gardner and Sharp. 2010). However, this work indicates that not accounting for

the refraction between air and ice or treating ice as large grained snow may overestimate the broadband albedo of ice surfaces.

SNICAR-ADV4 also allows for the incorporation of an SSL, or thin snow layer, above ice that accounts for natural
roughness of ice surfaces that contain a granular surface (Briegleb and Light, 2007). The thickness of the SSL and the snow
grain size can be used to influence the modeled albedo and simulate columns that are similar to naturally occurring snow and
ice conditions (Fig. 5). An SSL composed of fine grain crystals (100 um), which is typical of freshly fallen snow, will generally
increase the modeled albedo. With an SSL over a semi-infinite ice layer with a density of 850 kg m™ and a bubble radius of
100 um (Fig. 5a), we see the BBA increases with increasing SSL thickness, by up to 0.16 for a 10cm thick layer. However,
when large ice crystals are used (10,000 um),which are more similar to a surface scattering layer or coarse crustal surface, the
SSL reduces albedo (Fig. 5¢). In this case, the thickest SSL (10 cm) reduces the broadband albedo up to 0.07, as larger grain
sizes reduce snow albedo (Flanner and Zender, 2006; Gardner and Sharp, 2010). It is important to note that the change in
spectral albedo due to a thin SSL depends on the ice layer conditions beneath it. The SSL can also be used to represent a coarse
crustal or “rotten” layer of white ice by including a thin layer of snow with a large grain size (Fig. 5¢). Previous work has used
large and aspherical snow grains to represent coarse ice in radiative transfer models (Cook et al., 2017; van Dalum et al., 2020).

However, this work indicates that using snow grains to represent solid ice would generally overestimate the BBA.

We evaluate SNICAR-ADv4’s ability to represent the spectrum of albedo produced by snow, firn, and ice surfaces with
varying ice grain and air bubble sizes, and varying air concentrations. SNICAR-ADv4 simulates a wide range of spectral
albedo that is consistent with measurements of snow and ice. This analysis shows the spectral albedo of snow and ice as a
function of its physical properties, such as density, volume of air in ice, and the radius of snow grains or air bubbles or the
SSA. Firn has an intermediate density and can be treated as snow or ice, allowing for the techniques to be compared for media
with equivalent SSAs. From a modeling perspective, it would be useful to specify a density threshold for representing a layer
as snow or ice, as the model is sensitive to the ice density, and density is more easily measured in the field than other physical
properties. Because ice is represented as air bubbles within snow it could be valid to treat all firn with a density greater than
half that of pure ice (458.5 kg m®) as an ice layer. However, it is unlikely that ice that porous necessitates a refractive boundary.
The transition between firn to ice is where pores between ice grains close and form air bubbles within a solid ice media. The
closing-off of air bubbles occurs at an ice density around ~830 kg m™3 or when ~10% of the ice volume is composed of air
bubbles (Bender et al., 1997; Dadic et al., 2013). Because SNICAR-ADvV4 incorporates numerous parameters, such as the
density, grain size, layer depth, and the inclusion of an SSL, similar spectral albedos can be achieved using different model
parameters (further described in Section 3.3.2). We see greater agreement between model and measurement for layers

represented as ice with densities between 650-700 kg m3 (Fig. 10b) and recommend that users treat media with densities over
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650 kg m as ice layers. To avoid unphysical results, we encourage users to implement an SSL above the Fresnel refractive
boundary and to apply multi-layer schemes with gradually decreasing SSA with depth to ensure the snow/ice column is as

realistic as possible (similar to the scheme outlined in Fig. 1).

3.2 Model LAC

This study also analyzes the impact of LAC on ice albedo. A full list of LAC included in SNICAR-ADV4 is included in
Table 1 and are further described by Flanner et al. (2021). The spectral influence of four types of externally mixed LAC (black
carbon, dust, volcanic ash, and glacier algae) are presented in Fig. 6. Black carbon influences the albedo in the visible spectrum,
with a strong absorption feature between 0.3 to 0.7 um and weak influence between wavelengths 1 to 1.4 ym (Fig. 6a). For
nearly pure ice, black carbon actually increases the spectral albedo by ~0.1 in the visible spectrum. GrlS dust and volcanic ash
have similar effects on spectral albedo (Fig. 6b and c). GrlS dust absorbs more strongly than ash at wavelengths less than 0.5
um and slightly less strongly between 0.5-0.7 um. Dust causes a stronger albedo reduction and flattens the albedo curve at
wavelengths less than 0.4 um. Similar to black carbon, both dust and volcanic ash increase the albedo of dense dark ice in the
visible wavelengths (Fig. 6b and c). Black carbon increases the visible albedo uniformly, while dust and ash increase the albedo
most strongly around 0.7 um (Fig. 6). Glacier algae reduces albedo most strongly in the visible range of the spectrum, with the
most unique absorptance spectra, due to the biotic pigments within the algal cell (Cook et al., 2020; Williamson et al., 2020).

Glacier algae very weakly increases the albedo of the dark ice surface around 0.5 um.

The impact of 100 ppb of black carbon on BBA varies with the density of the snow and ice and the snow grain and air
bubble radius (Fig.7). As the specific surface area of the snow and ice decreases the same concentration of black carbon reduces
the albedo more effectively, reaching a peak around a SSA of 0.1 m? kgt in Fig. 7b. The peak in Fig. 7b, indicates the maximum
impact of 100 ppb of black carbon. Between SSAs of 0.01 and 0.001 m? kg%, we reach a plateau (Fig. 7a). In this SSA range,
the impact of black carbon on BBA is nearly constant for varying ice density and air bubble radius. Once SNICAR-ADv4
reaches an SSA of ~0.0007 m? kg™, black carbon begins to increase the BBA of ice with densities greater than 916 kg m™. We
see an increase of 0.042 in BBA due to scattering by black carbon within dark ice. GrIS dust and volcanic ash have similar
effects on BBA (not shown). Similar to black carbon, we see a peak reduction in albedo and then a near constant influence of
these LAC until the LAC increase the BBA. When 100 ppm of GrlS dust is present, the peak reduction of BBA occurs at a
SSA of 0.3 m? kg*and increases the BBA for ice with a density of 916.999 kg m (V4 of 1x10° bubbles m) by 0.047.
Similarly, 100 ppm of volcanic ash reaches a peak influence around a SSA of 0.25 m? kg and increases the BBA for ice with
a density of 916.999 kg m (Vair of 1x10%) by 0.058.The peak in BBA change due to 1,000 ppb of glacier algae (not shown)
occurs around an SSA of 0.03 m? kg*and only minorly increases the BBA by 0.0023 for a density of 916.999 kg m3 (V4 of
1x10) and an air bubble radius of 20,000 pum. It is important to note that high density ice with large air bubble radii is not

physically realistic, as a large fraction of the total air would be concentrated in few bubbles.
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3.3 Model Evaluation Against Measured Spectral Albedo

In this section, we compare SNICAR-ADv4 modeled albedo to four different sets of spectral albedo measurements of ice
and high-density snow surfaces. The measurements were taken in Greenland, Antarctica, and Washington State. In some
instances, snow and ice properties (such as density, grain size, and LAC concentrations) were also measured. If these variables
were available, then they were implemented within the SNICAR-ADv4 simulations. However, for most of the comparisons,
the exact conditions are unknown. As a result, some of the model parameters are tuned to achieve good agreement between
model and measurement. While the parameter choice might not be an exact representation of the physical and environmental
conditions of each measurement, these results still demonstrate a range of realistic snow and ice albedos that can be recreated

by SNICAR-ADv4. All model parameterizations for the four comparisons can be found in Table Al.

3.3.1 Northeast Greenland Ice Sheet Albedo Measurements

Baggild et al. (2010) obtained spectral albedo for a variety of snow and ice surfaces along the northeast ablation zone of
the GrIS in Kronprinz Christians Land. These measurements are particularly interesting because they span a wide range of
spectral albedos, all observed in the northeast ablation zone, and highlight the importance of robustly simulating a wide range
of snow and ice conditions. The spectral albedo was measured using a spectral radiometer. Bgggild et al. (2010) characterized
the different snow and ice types and the LAC present on the surface. The model parameters used in these runs all had four
layers of varying thickness, density, and snow or ice properties. The model parameters for the uppermost layer are indicated
on each comparison (Fig. 8), all other model parameters are included in Table Al. Because Bgggild et al. (2010) did not
include measurements of the snow and ice properties for each albedo measurement, those model parameters were chosen to
result in the most agreement between model and measurement. Bgggild et al. (2010) measured LAC that were present in the
region. The LAC included in the simulations are roughly based on the Baggild et al. (2010) qualitative descriptions. We see
good agreement for all six different ice types analysed by Bgggild et al. (2010) (Fig. 8).

3.3.2 Southwest Greenland Ice Sheet Albedo Measurements

Cook et al. (2020) took spectral albedo measurements and destructive biological samples in the Southwest GrlS ablation
zone in July 2017. Immediately after the spectral albedo measurements were taken, the surface of the snow or ice was removed
and analysed to quantify the concentrations of glacier algae and dust within the sample site. For the SNICAR-ADv4
comparison runs, we used the measured algal cell concentration and varied the snow and ice properties for a two-layer scheme.
We see good agreement between the modeled and measured spectral albedo for samples with and without glacier algae (Fig.
9). Glacier algae causes a large reduction in the visible part of the spectrum (Fig. 9d), which is replicated by SNICAR-ADv4
using the glacier optical properties developed by Cook et al. (2020). The largest discrepancies between SNICAR-ADv4 and
the Cook et al. (2020) in-situ measurements occur in regions with high algal concentrations (Fig. 9d). SNICAR-ADv4
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underestimates the albedo in the visible for ice with high glacier algae concentrations, these discrepancies are likely due to
uncertainty within the algae optical properties (Williamson et al., 2020; Cook et al., 2020).

3.3.3 East Antarctica Albedo Measurements

Dadic et al. (2013) measured spectral albedo, specific surface area, grain/bubble size, and the density of snow and ice in
Allan Hills in East Antarctica. The optical measurements and recorded physical properties of the snow and ice make this
dataset an extremely useful comparison. Dadic et al. (2013) developed an ice-air bubble model following the methodology of
Mullen & Warren, (1988) to compare to their measurements. Their model and measurements compare nicely. However, it
achieves a smaller total range in albedo, it is only representative of a single layer, and does not include LAC. To compare
SNICAR-ADv4 modeled spectral albedo to Dadic et al. (2013)’s measured spectral albedo, we utilized the measured SSA and
density to find the effective ice grain and air bubble radii to constrain SNICAR-ADv4. The model configuration is two 10 m
layers with properties measured by Dadic et al (2013), but with the bottom layer having almost no influence on simulated
albedo because the top layer is optically thick. For the clean snow and clean firn (Fig. 10a and b) the top layer is snow and for
white and blue ice (Fig. 10c and d) the top layer is ice with no SSL. For the model comparison to firn (Fig. 10b), we used both
snow and ice layers to see which option achieved the best agreement. We found slightly better agreement when we represented
both layers as ice with a visible improvement at wavelengths > 1.2 uym. The model recreates the measured albedo quite
accurately, with small variations occurring in the near-IR wavelengths for snow and visible for ice simulations (Fig. 10). These
results are particularly promising as they highlight SNICAR-ADv4’s accuracy when empirical data on SSA, density, and
bubble size are used to constrain the model.

3.3.4 Mt. Olympus Albedo Measurements

Kaspari et al. (2015) measured spectral albedo and took ice cores to analyse the iron and black carbon concentration from
snow and ice on Snow Dome on the Blue Glacier, Mount Olympus in Washington State. In order to compare SNICAR-ADv4
to Kaspari et al. (2015)’s measured spectral albedo, we utilized their black carbon and iron measurements to include in the
model as black carbon and dust. The other model parameters were estimated to find the best fit between the modeled and
measured spectral albedo. The model configuration is three layers of snow and ice with varying densities and thicknesses. In
all four cases, the top layer is snow, and the bottom two layers are ice, except for the site 4 measurement comparison, where
the middle layer is also snow. The top layer ranges from 1-2 cm in depth, the middle layer ranges from 5-50 cm, and the bottom
layer is 5 m for all four comparisons. We see good agreement between modeled and measured spectral albedo for all four
comparisons with slight deviations between 0.8-1.4 um (Fig. 11). These deviations can likely be attributed to uncertainties in

the snow and ice parameterizations or slight differences in the absorbance spectra of LAC.
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4 Conclusions

Snow and ice surfaces regulate the global climate through changes in surface albedo. We have various advanced methods for
simulating the dynamic albedo of snow surfaces using physical properties. Historically, however, ice albedo representations
in models have been relatively simple and empirically-based. SNICAR-ADV4 is a new snow and ice spectral radiative transfer
model that utilizes the two-stream delta-Eddington Adding-Doubling solution. Key strengths of SNICAR-ADvVA4 are the broad
range of physical properties it draws from to represent the albedo of snow and ice surfaces and the flexibility of the model to
simulate non-uniform multi-layer cryospheric columns (example in Fig. 1). New features we have added to SNICAR-ADv4
that enable more realistic representation of glacier ice albedo include explicit representation of air bubbles, spectrally-varying
Fresnel reflection and transmittance at the ice-snow or ice-air interface, and glacier algae properties representative of those
from Southwest Greenland (Cook et al., 2020). The modeled albedo is dependent on user-specified layer properties, which
include ice density, layer thickness, snow grain sizes and shapes (Flanner and Zender, 2006; He et al., 2017b), air bubble sizes
and number concentrations (Dadic et al., 2013; Mullen and Warren, 1988; Gardner and Sharp, 2010), LAC concentrations
(Cook et al., 2017; Polashenski et al., 2015; Skiles et al., 2017; Flanner et al., 2014; Wolff et al., 2009), and the environmental
conditions, which include the surface spectral irradiance and SZA (Flanner et al., 2021). The new model simulates broadband
albedos ranging from 0.03 (bare, bubble-free ice) to 0.88 (fine-grained snow) (Fig. 2 and 3), with non-linear dependencies of
LAC-induced albedo change on SSA. We compared model simulations to spectral measurements from four studies of widely
varying ice conditions and LAC, finding good agreement in all cases, though ice physical properties were only well-constrained
in one of these studies (Dadic et al, 2013).

Future work needs to be done to analyse SNICAR-ADv4’s performance over crustal or “rotten” ice surfaces, wet ice, and
optically shallow ice. However, measurements of the spectral albedo and snow and ice properties for these surfaces are not
readily available. SNICAR-ADvV4 can also be extended to include weathered snow and ice as closely packed ice structures,
and ponded water above the ice surface (Briegleb and Light, 2007; He et al., 2017a). LAC that are relevant over different
regions can easily be added to SNICAR-ADv4. For example, the optical properties of different dust or ash species that are
common in other snow- or ice-covered regions. Future versions of SNICAR-ADv4 should also include the ability to simulate
snow and ice surfaces with “clumped” spots of high LAC concentrations to more realistically simulate dark spots like
cryoconite holes. It is increasingly important that we are able to simulate the full range of albedo for snow and ice surfaces in
fully coupled global climate simulations to better quantify changes to the radiative budget and sea-level. Because SNICAR-
ADV4 is highly flexible, it is a promising new tool for improving our representation of the radiative properties of global snow

and ice surfaces.
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620 Table 1: Description of each model input and output. The * indicates inputs that are unique to SNICAR-ADv4

Inputs Description
Environmental Direct beam Indicates use of direct beam or diffuse incident flux at the
variables top of the column (values 0 or 1)

Atmospheric profile loads atmospheric profiles from different locations on the

Earth (values 1-7)

Solar zenith angle Cosine of the SZA
Snow and ice Ice refractive index dataset User can choose between 3 different refractive indices
properties (Flanner et al., 2021) (values 1-3)

Reflectance of the underlying
surface

Spectrally varying or constant albedo of the surface
underneath the column (values between 0 and 1, unitless)

Layer thickness

The thickness of each layer in the column (units: m)

Layer type * Differentiates between snow and ice layers (snow layer = 1,
ice layer = 2)

Density The density of each layer (cannot exceed 916.999) (units: kg
m)

Grain size The radius of the snow grain or air bubble (units: um)

(values 10 to 20,000)

Snow grain shape

described in He et al. (2017) 1=sphere, 2=spheroid,
3=hexagonal plate, 4=koch snowflake

Snow shape factor

The ratio of non-spherical grain described in He et al. (2017)

LAC properties

Mixing ratio of uncoated black
carbon

units: ng g*

Mixing ratio of coated black units: ng g*
carbon
Mixing ratio of uncoated brown | units: ng g*
carbon
Mixing ratio of coated brown units: ng g*

carbon

Mixing ratio of dust species

User can specify the size range and species of dust particles
(units: pg g™

Mixing ratio of ash species

User can specify the size range and species of ash particles
(units: pg g™

Snow algae concentration

Units: cells ml!

Snow algae properties

User specifies the radius of the spherical algae cell and the
concentration of pigments present (described in Flanner et al.
(2021))

Glacier algae concentration *

Units: ng g*

Glacier algae properties *

User can specify the length and width of the aspherical algal
cell (units: um)

Outputs

Description

Spectral downwelling flux at
the top of the column

Units: W m?2pm-!

Broadband albedo

Weighted calculations for different spectral regions (solar,
visible, near-IR)

Spectral Solar absorption

Calculated for each layer and different spectral regions
(Units: W m2um™)

Spectral Transmittance

Transmittance through the column (Units: W m2 um™)
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The number and type (snow/ice) of layers are
tunable parameters. If the first layer is an ice layer,
the Fresnel Layer will be the uppermost layer.

Figure 1: Model schematic of an example column of snow and ice.
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Snow layers are represented as ice crystals
within air. The radius of the ice crystals,
density of the snow, and thickness of the
layer are tunable parameters.

The Fresnel layer is modeled as a radiative
layer with no thickness. It is always on top
of the first ice layer to account for the
change in the index of refraction between
air and ice.

Ice layers are represented as air bubbles
within solid ice. The radius of the air
bubble, density of the pure ice, and
thickness of the ice layer are tunable
parameters. The volume of air in a layer
changes with changing density. The
number concentration of air bubbles is
determined by the density of the layer
and the radius of the bubbles.
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Hemispheric Albedo

Figure 2: A-F) Spectral albedo as a function of wavelength, snow or ice density, and the ice volume fraction of air. Shading indicates
the full range of clean snow or ice albedo as a function of snow grain or air bubble radius, and the spectral albedo for an ice grain/air
bubble with an effective radius of 180 pm is indicated by the colored line. Panel a is a snow layer, all the other panels are ice layers.
The radius ranges from 30 pm (the highest albedo curves) to 20,000 upm (the lowest albedo curve). The model parameters are included
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in A with a particular snow grain or air bubble radius.
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Figure 3: A) Broadband albedo as a function of specific surface area, density, and volume fraction of air. The blue 500 density line
is represented as snow, all other constant density lines are represented as ice. Model configuration is the same as figure 2. B)
Broadband albedo as a function of snow and ice density. Number concentration labels indicate the number concentration of air
bubbles within the ice. Black stars indicate a bubble radius of 20,000 pm, black dots indicate a bubble radius of 30 pm, and colored
dots indicate a bubble radius of 180 pm C) Broadband albedo as a function of number concentration of air bubbles. The lines indicate
constant air bubble radius. The colored dots show where each corresponding ice density is reached for the combination of radius
and number concentration.
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Figure 6: Model spectral albedo of various snow and ice surfaces with LAC. Model configuration of LAC-free surfaces (solid

650 lines) is outlined in Figure 2 and spectral curves are for a snow grain/air bubble radius of 130 pm. Dashed lines are the same with
the addition of LAC. A) Spectral albedo of various snow and ice media with and without 100 ppb of uncoated black carbon. B) As
in (A), but with and without 100 ppm of volcanic ash with a radius of 1.25 - 2.5 pm. C) As in (A), but with and without 100 ppm of
GrlS dust species with a radius of 1.25 — 2.5 pm. D) As in (A), but with and without 1,000 ppb of dry glacier algae with a length of
40um and width of 4um (Cook et al., 2020).
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Figure 8: Spectral albedo measured by Bgggild et al. (2010) compared to SNICAR-ADv4 modeled spectral albedo. The model
parameters are loosely constrained based on qualitative descriptions in Bgggild et al. (2010).
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Figure 9: Spectral albedo measured by Cook et al. (2020) compared to SNICAR-ADv4 modeled spectral albedo. Model parameters
are loosely based on qualitative snow and ice properties and quantitative algal cell measurements.
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Figure 10: Spectral albedo measured by Dadic et al. (2013) compared to SNICAR-ADv4 modeled spectral albedo. The model
parameters are tightly constrained with quantitative measurements made by Dadic et al. (2013).
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Figure 11: Spectral albedo measured by Kaspari et al. (2015) compared to SNICAR-ADv4 modeled spectral albedo. The model
675 parameters for snow and ice properties are loosely based on qualitative descriptions and the dust and black carbon concentrations
are tightly constrained by quantitative measurements by Kaspari et al. (2015).
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Figure

Model Parameters

Base case
*all parameters are the same as the
base case unless noted

Incident flux: direct

SZA: 50°

dz: [1,000] m

grain size: [100] um

layer type: [snow (1), ice (2)]

density: [500] kg m3

snow shape: hexagonal plate (3)

LAC: none

atmospheric profile: mid-latitude winter (1)
reflectance of the underlying surface: 0.25
ice refractive index: Picard et al. (2016) (3)

Figure 2A

grain size: [30 — 20,000] um

layer type: [1]
density: [500] kg m

Figure 2B

grain size: [30 — 20,000] um

layer type: [2]
density: [600] kg m

Figure 2C

grain size: [30 — 20,000] um

layer type: [2]
density: [750] kg m™®

Figure 2D

grain size: [30— 20,000] um

layer type: [2]
density: [900] kg m™®

Figure 2E

grain size: [30— 20,000] um

layer type: [2]
density: [916.9 kg m™]

Figure 2F

grain size: [30 — 20,000] um

layer type: [2]
density: [916.999] kg m™3

Figure 3

Same as figure 2

Figure 4

dz: [100] m

grain size: [100] um
layer type: [2]
density: [850] kg m

Figure 5:

dz: [0-0.1, 100]m

grain size: [100-10,000, 100] um
layer type: [1, 2]

density: [600, 850] kg m™®

Figure 6

Same as 2A-F except
A) Uncoated black carbon: 100ppb
B) 100 ppm of volcanic ash
C) 100 ppm of GrlS dust species 3
D) 1,000ppb of dry glacier algae

Figure 7

Same as 6A

Figure 8A

dz: [0.005,0.10.51] m
layer type: [1,2,2,2]
density: [500,520,800,850] kg m
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grain size: [2000,400,500,500] um
GrlS dust species 1: [20,0,0,0] ppm

Figure 8B

dz=[0.010.50.51.0] m

layer type: [2,2,2,2]

density: [700,855,850,900] kg m
grain size: [350,425,600,600] um
glacier algae: [100,0,0,0] ppb

GrIS dust species 1: [10,0,0,0] ppm

Figure 8C

dz =[0.010.50.5 1.0m]

layer type: [2,2,2,2]

density: [650,825,850,900] kg m

grain size: [280,400,600,600] um

GrlS dust species 1: [5,0,0,0] ppm

Sulfate coated black carbon: [500,0,0,0] ppb

Figure 8D

dz:[0.010.10.51.0] m

layer type: [1,2,2,2]

density: [600,855,850,900] kg m™3

grain size: [2500,600,600,600] um

GrlS dust species 1: [10,0,0,0] ppm

Sulfate coated black carbon: [2500,25,0,0] ppb

Figure 8E

dz: [0.0010.10.51.0] m

layer type: [2,2,2,2]

density: [700,850,850,900] kg m

grain size: [180,600,600,600] um

GrIS dust species 1: [400,10,0,0] ppm

Sulfate coated black carbon: [1300,800,0,0] ppb

Figure 8F

dz: [0.0010.10.51.0] m

layer type: [2,2,2,2]

density: [700,850,850,900] kg m

grain size: [600,600,600,600] um

glacier algae: [1000,0,0,0] ppb

GrlS dust species 1: [500,0,0,0] ppm

Sulfate coated black carbon: [1500,1500,0,0] ppb

Figure 9A

dz: [0.008,0.01] m

layer type: [1,2]

density: [400,750] kg m™3
grain size: [120,600] um
glacier algae: [0,0] ppb

Figure 9B

dz: [0.01,0.08] m

layer type: [2,2]

density: [750,900] kg m™3
grain size: [300,700] um
glacier algae: [0,0] ppb

Figure 9C

dz: [0.01,0.05] m

layer type: [2,2]

density: [700,750] kg m™3
grain size: [350,800] um
glacier algae: [7775,0] ppb

Figure 9D

dz: [0.0005,0.05] m
layer type: [2,2]
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density: [650,875] kg m™3
grain size: [300,900] um
glacier algae: [110850,0] ppb

Figure 10A dz: [10,10] m

layer type: [1,2]

density: [460, 894] kg m3
grain size: [211, 525] um

Figure 10B dz: [10,10] m
layer type: snow [1,2], ice [2,2]
density: [668, 894] kg m™®

grain size: snow [575, 525], ice [175, 525] um

Figure 10C dz: [10,10] m

layer type: [2,2]

density: [777, 894] kg m™®
grain size: [160, 525] um

Figure 10D dz: [10,10] m

layer type: [2,2]

density: [866, 894] kg m3
grain size: [200, 525] um

Figure 11A dz: [0.015,.5,5]m

layer type: [1,2,2]

density: [500,500, 900] kg m

grain size: [800,100, 400] um
Sahara dust species 4: [27,0,0] ppm
Uncoated black carbon: [21,0,0] ppb

Figure 11B dz: [0.01,.05,5]m

layer type: [1,2,2]

density: [500,650, 910] kg m

grain size: [1300,400, 550]um
Sahara dust species 4: [62,0,0] ppm
Uncoated black carbon: [72,0,0] ppb

Figure 11C dz: [0.015,0.1,5]m

layer type: [1,2,2]

density: [500,700, 910] kg m

grain size: [1200,400, 550] pm
Sahara dust species 4: [30,0,0] ppm
Uncoated black carbon: [24,0,0] ppb

Figure 11D dz: [0.02,0.1,5] m

layer type: [1,1,2]

density: [500,650, 910] kg m™

grain size: [1200,1500, 550] um
Sahara dust species 4: [24,0,0] ppm
Uncoated black carbon: [17,0,0] ppb

Table Al: Model parameterizations for each run presented in this paper.
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