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Abstract

Carb1o-n'_"ide ice is abundant on the Martian surface, and plays an important role in the
planet’ﬁy budget due to its high reflectivity and seasonal variation. Here, we adapt the
terreStrfarsrow, Ice, and Aerosol Radiation (SNICAR) model to simulate CO, snow albedo
across &E‘Eﬂraviolet, visible, and near-IR spectrum (0.2-5.0 um). We apply recent laboratory
derive@ctive indices of CO; ice, which produce higher broadband CO, snow albedo
(0.93- than previously estimated. Compared with H,O snow, we find that CO, snow
albedom

dependent solar zenith angle, and more susceptible to darkening from dust. A mass
concerﬁ of 0.01% Martian dust reduces visible and near-IR CO, snow albedos by about
60% a

can su ally decrease the surface albedo. Whereas 2.5 cm of H,O snow can completely

uch higher in the near-IR spectrum, less dependent on ice grain size, less

0, respectively. The presence of small amounts of H,O snow on top of CO, snow

mask the impact of underlying CO; ice or the surface, roughly twice as much overlying CO,
snow is ired to mask underlying H,O snow. Similarly, a 10% mixing ratio of H,O ice
emb m CO, snow decreases broadband albedo by 0.18, while 10% CO, ice elevates
H,0O snow broadband albedo by 0.10. We also present comparisons between hemispherical
albedo ced by SNICAR and observations of directional reflectance of Martian polar ice
caps. mperfect, this best-fit analysis provides general ranges of physical parameters in
diffe:&rtian environments that produce reasonable model-observation agreement.

1 Intrgduction

The Martiay atmosphere consists primarily of carbon dioxide, and Martian polar caps are
covered prigparily with carbon dioxide ice [Leighton and Murray, 1966; Herr and Pimentel,
196 on and Fink, 1972; Forget, 1998; Bibring et al., 2005]. H,O ice is also present at

the surface of the perennial ice caps, with small amounts of seasonal deposition in other parts
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of the planet [e.g., Kieffer et al., 2000; Bibring et al., 2004; Brown et al., 2014]. Significant
portions of atmospheric CO; (25-30%) deposit seasonally in each hemisphere, as indicated by
model simulations and surface pressure measurements [Tillman et al., 1993; Forget et al.,
1998; Kieffer and Titus, 2001]. To understand the impact of these ices on the planet’s
cryosphere albedo, it is important to accurately determine the spectral dependence of CO,
snow-{ibodl and influences of properties such as dust content, ice grain size, and snow
thickn@ell as the albedo effects of mixing and layering of CO, and H,O snow.

Our woesksgietcrmines the albedo of CO, snow by extending the Earth-based Snow, Ice, and
Aeros&lﬂadiation (SNICAR) model [Flanner et al., 2007; Flanner et al., 2009], originally
design@ H2,O snow. SNICAR utilizes the multiple scattering, multi-layer two-stream
radiativ. roximation described by Toon et al. [1989], with the delta-hemispheric mean
approan. We extend the current version of SNICAR from 470 bands (over the
Wavele@ange 0.3-5.0 um) to 480 bands spanning 0.2-5.0 um at 10 nm spectral resolution.
We include these extra 10 bands in the ultraviolet (UV) spectrum because of the lack of
ozone Martian atmosphere compared to Earth [Montmessin and Lefévre, 2013],
meani e UV radiation reaches the Martian surface and interacts with snow. A single-
layer mmentation of SNICAR can be operated interactively on the web at:

http: ngin.umich.edu.

Very Tew studies have focused on modeling of Martian CO, snow albedo across the UV,
visiblegzand near-IR spectrum [Warren et al., 1990; Hansen, 1999; Bonev et al., 2008].
Langevin et al., [2007] and Appéré et al., [2011] present modeled near-IR albedo of Martian

cryosp urfaces, as discussed in Section 4. With the availability of more accurate and
spectr olved laboratory measurements of CO; ice complex refractive indices across the
sola m [Hansen, 1997; Hansen 2005], we provide improved and updated spectral

albedoS of carbon dioxide snow with applicability to Martian conditions. The presence of
light-absorldng impurities generally lowers snow albedo. We simulate the impact of Martian
dust [W t al., 2006; Wolff et al., 2009; Wolff et al., 2010] and palagonite [Clark et al.,
199(% et al., 1995] on surface cryosphere albedo. Palagonite is a volcanic rock and

serves as a terrestrial analog for Martian dust [Banin et al., 1997]. We perform multiple
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analyses to determine the sensitivity of cryosphere spectral albedo to the amount and type of
dust, presence of both ices, ice grain size, snow layer thickness, and solar zenith angle. We
also compare our simulations with observed Mars surface albedo derived from Compact
Reconnaissance Imaging Spectrometer (CRISM) measurements, and the OMEGA instrument
[Appéré et al., 2011] (section 4). Apparent albedo, derived by Brown et al [2014] using
CRISH—naJasurements, were provided by Adrian Brown (SETI Institute, personal
comm@'oﬂn), and observations and modeled albedo from the OMEGA instrument were
provi_du omas Appéré (IPAG, Grenoble, personal communication).

-

2 DataWnethodology

Hansen [1997, 2005] made extensive laboratory measurements of the complex refractive
indices lid CO; ice in the spectral range from 0.174 um to 333 um. We apply these data
along ﬁMie calculations to derive optical properties of different lognormal size
distrib of CO; ice particles, reported with effective radius (rer), or the surface area-
weighted mean radius of the size distribution. Our simulations of H,O snow albedo utilize

refractive™sgdices of H,O ice provided by Warren and Brandt [2008]. We use “central

hem st mineral fractions from Balkanski et al. [2007] as a proxy of typical Earth dust.
These mineral abundances are representative of aeolian dust from the Saharan desert.
Refrac dices for this dust mixture are derived using the Maxwell-Garnett mixing
appron, following e.g., Sokolik and Toon [1999], along with measurements of mineral
refractiyggdgdices from various sources. Refractive indices of Martian dust (hereafter Mars
dustﬂovided by Mike Wolff (Space Science Institute, personal communication), and
were el using data from instruments onboard the Mars Reconnaissance Orbiter (MRO),
as desc@by Wolff et al. [2009], and Wolff et al. [2010]. We combine refractive indices of
palagonite from Clark et al. [1990] over the 0.2 um to 0.6 um spectral range and

mea nts from 0.6 um to 5 um made by Clancy et al. [1995] to derive data over the
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solar spectrum. In this study, we divide our broadband (0.2-5.0 um) into two sub-regions:
Visible (0.2-0.7 um) and near-IR (0.7-5.0 um).

We determine the spectrally-varying single scatter albedo (wg), scattering asymmetry
parameter (g), and mass extinction cross-section for all three dust types using Mie Theory
with an assumed gamma size distribution [Hansen and Travis, 1974] with rez=1.5um and
effecmmnce (verf)=0.3 [Wolff et al., 2006]. Figure 1 shows the optical properties for
these es. Mass absorption cross-section (Fig. 1d) is the product of single scatter co-
albedofsmbgm13) and mass extinction cross-section (Fig 1b). We assume the same dust density
of 200&9&13 for both palagonite and Mars dust [Stroncik and Schmincke, 2002], and a dust
densit@?O kg/m® for Earth dust, based on the volume fraction-weighted densities of the

constit inerals [Balkanski et al., 2007].

The bulk optical properties (extinction optical depth (1), wo, and g) for each snow layer are
calculajom the abundances of each constituent [e.g., Flanner et al, 2007], with t
calcul the sum of that associated with each constituent, o as a T-weighted average of
each cment, and g as a scattering optical depth (product of T and wg) weighted average of
the asmry parameter of each constituent. These bulk layer properties are then applied in
the m multiple scattering approximation adopted by SNICAR. We utilize this
extende mework of SNICAR to first simulate the albedo of pure CO, snow across the
visible and near-IR spectrum. We then explore and compare the impacts of Earth dust, Mars
dust angl palagonite on CO; and H,O snow albedo. Finally, we adopt a two layer model (with
the bo;ti)LmF;lyer being semi-infinite) to calculate the impacts of H,O snow presence on top of
CO;s d vice-versa. In all other cases we assume only a single snow layer, either with
semi-inge thickness or varying shallow thicknesses. Here, a layer with thickness of 100 m
is rél'go as semi-infinite. Figure 2 shows simplified diagrams of the various model
conf@!m—tm'ns applied in this paper.

>

<
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ctral optical properties of the Earth dust, Martian dust, and palagonite applied in
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Figuéhemaﬁc of the various model configurations applied in this paper: (a) a single
CO; or H,0 snow layer (with dust) on top of solid underlying surface; (b) CO, snow with
variabl! thickness on top of a semi-infinite H,O snow layer; (c¢) H,O snow with variable

thickneotop of a semi-infinite CO, snow layer; (d) mixed snow layers with dust.

3 Resul

Figu?gws the spectral hemispheric albedo of pure, semi-infinite CO, and H,O snow
with ;pqweTc'al grain effective radius of 100 um and solar zenith angle of 60°. It is evident that
the CQ, isjmore reflective than H,O snow, especially in the near-IR spectrum. Table 1
compar ar broadband, visible and near-IR albedo for both types of snow, where band-
aven@ues are weighted with solar spectral irradiance measurements from Labs and

Neckel [1968]. H,O snow albedo is only about two-thirds of the CO, snow albedo in the near-
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IR spectrum, although this ratio is grain size dependent (section 3.2). With the presence of
both CO; and H,O ices on Martian polar caps, the contrasting reflectivity of these types of
snow could significantly impact planetary shortwave energy fluxes, both at the surface and
top of atmosphere.

1
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Figu=@m@emparison of CO, and H,O snow spectral albedo simulated with the SNICAR
model (Grain size = 100 pum and solar zenith angle = 60°)

Albedo

Table 1 Albedo values for pure, semi-infinite CO, and H,O snow in different spectral bands
(Grain 100 pm and solar zenith angle = 60°)

: pure CO; | pure H,O

Visitudeku2d0.7 pm) 0.991 0.988

Near- Igﬁ.o pm) 0.952 0.609
Broadband (0.2-5.0 um) 0.970 0.787

Snow depends on many physical quantities, including grain size, solar zenith angle,
layer thickness, and type and amount of impurities. We performed a sensitivity analysis to
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understand the effect of these parameters on carbon dioxide snow albedo, and describe this
analysis below. We assume an effective grain size of 100 um and solar zenith angle of 60°
for all analyses, unless stated otherwise. For comparing CO, and H,O albedo, we also assume
identical pore volume fractions for each type of ice. A typical bulk density of settled snow on
Earth is 200 kg/m® (e.g., EN 1991-1-3). Because the bulk densities of H,O and CO, ice are
assumﬁ-ie-l)e 917 kg/m® and 1500 kg/m?®, respectively, we therefore assume H,O and CO,
snow o@of 200 kg/m?® and 327.15 (= 200x1500/917) kg/m®, respectively.

3.1 Soléjnith angle

We see TMtlle effect of solar zenith angle on CO, snow albedo (Fig. 4). The broadband albedo
only cw from 0.98 to 0.96 over the 80° change in zenith angle. This compares with H,O
snow m which varies from 0.75 to 0.82 for the same set of parameters. Variability in
albedo

near-1A), but for CO, snow the variability is small in the parts of the spectrum containing

most omolar energy.

1

ne

0.8

solar zenith angle is greater in more absorptive parts of the spectrum (i.e., the

0.7 |
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o
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Figure 4: Variation of CO, snow albedo with solar zenith angle
3.2 Grain Size

We simulate a monotonic decrease in snow albedo with increasing effective grain size (Fig.
5). With larger grain size, ice volume per surface area increases, resulting in greater
absow light, as also occurs with H,O snow [e.g., Wiscombe and Warren, 1980]. The
broadb ear-IR) albedo of CO, snow drops from 0.98 to 0.93 (0.96 to 0.89) for grain size
increasmﬂm 50 pum to 1500 um. This is also smaller variability than exhibited by H,O
snOV\7, whose broadband (near-IR) albedo changes from 0.82 to 0.65 (0.66 to 0.37) over the

same raEg: In effective grain size. CO, snow albedo varies less with grain size because CO;

ice is tly less absorptive in the near-IR than H,O ice. Consequently the incremental
increagf® Y ybsorption associated with increasing photon path length within larger ice grains
is smal CO; snow than H,0 snow.
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3.3 Snow thickness

Figure 6 shows the combined impacts of snow thickness and grain size on CO; and H,O
broadband snow albedo, for snow overlying a surface with spectrally constant albedo of 0.2
(model configuration shown in Fig. 2a). For a given grain size, CO, snow albedo has a larger
variation over the entire thickness range compared to H,O snow albedo. CO, snow albedo is
almost™independent of grain size when the snow layer is thick, and consequently all curves
saturat similarly high albedo ranging from 0.93-0.98. However, H,O snow albedo has

greaterssmendence on grain size, as each curve saturates at a different albedo ranging from

0.65-0.&-—

We deuaturation thickness” as the snow thickness needed for the broadband albedo to
differ than 0.01 from its semi-infinite value. Once the snow layer thickness exceeds
the saturation thickness, the impact of the underlying surface becomes negligible as an
insignif amount of light penetrates through the snow to interact with the underlying
surfac note, however, that the penetration depth of radiation in snow depends strongly
on Wamth, with multiple scattering leading to much deeper penetration and influence of
underlmubstrate at wavelengths where the ice absorbs weakly [e.g., Wiscombe and
War 0]. The saturation thickness also depends on snow density, with higher density
produci wer saturation thickness. Table 2 presents the saturation thickness required for
different grain sizes for both types of snow. The saturation thickness is grain size-dependent,
increaﬁom about 6 to 100 cm, and from about 5 to 83 cm as grain size increases from 50
m

to 150 E for CO, and H,O snow, respectively. With other factors equal, CO, snow has

higher tion thickness than H,O snow because CO, ice is less absorptive than H,O ice,
espe;mthe near-IR region, enabling multiple-scattered photons to penetrate deeper in
the ™Also the difference in saturation thicknesses increases with larger grain size

beca&'s!ﬁo"less dependency of CO, snow albedo on grain size compared to H,O snow
(section 3.28 Finally, we note that studies on optical properties of ice particles have found
that the ering asymmetry parameter is generally smaller for non-spherical ice particles
than@lume/area ice spheres [e.g., Fu, 2007; Libois et al., 2013; Raisanen et al., 2015].
An implication of this is that saturation thickness will be smaller for non-spherical ice
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particles than values reported here, as photons are scattered less preferentially into the

forward direction.

Table 2: Saturation snow layer thickness with various grain sizes for each type of snow. CO,

and H,O snow densities are 327.15 and 200 kg/m®, respectively.

Graim CO, snow saturation thickness | H,O snow saturation thickness
50 6.5cm 5.0cm
100 10.9 cm 8.9cm
250 24.0cm 18.8 cm
500 43.1cm 33.7cm
1000 73.8cm 59.4 cm
1500 100.2 cm 83.2cm
—
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constant albedo of 0.2. The snow density is 327.15 kg/m* and 200 kg/m* for CO, and H,0

snow, respectively.
3.4 Dust type

The snow albedo impacts of different types of dust depend on their optical properties, and in
partiw their mass absorption cross-section. Here we compare the impacts of Earth dust,
Mars m palagonite on semi-infinite snow albedo (Fig. 7). Again, identical size
distrib

) o . .

input tg Mie calculations. Mars dust has the greatest albedo impact of the three between
waveleEBaof 0.5 and 2.5 um, which contains most of the incident solar energy, while
palagoMy

e assumed for each type of dust, and only the refractive indices are varied as

s the least. Mars dust is relatively dark due to the presence of higher amount of
iron 0 Bell 111 et al., 1990; Bell 111, 1996; Christensen et al., 2000; Christensen et al.,
2001a;_Christensen et al., 2001b], combined with its large mass extinction cross-section.
Althou rage Earth dust has a lower near-IR single-scatter albedo than the Mars dust, it
also hmer mass extinction cross-section across the spectrum, due to its larger density,

leadin wer absorption per unit mass of dust, expressed via the mass absorption cross-

sectio 1d).

We er “mass mixing ratio” as the mass of impurity divided by the mass of ice in which
the E is mixed. Table 3 presents the effective CO, snow albedo in the presence of
0.01% mass mixing ratio of dust (kg of dust / kg of ice). Dust causes a larger albedo drop in
the visMgion (~0.6) compared to the near-IR region (~0.3) because all three types of dust
have v w single scatter albedo in the blue and green spectra while ice grains scatter very
efficiermthese wavelengths (Fig. 1). Furthermore, the drop in albedo in the blue spectrum
(~0.8) & much higher than the drop in the red spectrum (~0.3), helping explain the planet’s
red awce even in its cryospheric regions. Although palagonite is less absorptive than

Mars dﬁe spectral variations in albedo impacts of the two species are similar.

<
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Figuregpact of different types of dust on CO; snow albedo, with dust mass mixing ratio
of 0.0me assumed snow grain size is 100 um.

TablEact of different types of dust on CO, broadband snow albedo (grain size of 100
, Wi

pm) st mass mixing ratio of 0.01%.
pure CO, | Earth dust | Mars Dust | Palagonite
VisiMZ-O.? pum) 0.991 0.429 0.395 0.477
0.952 0.718 0.616 0.779
(0.2-5.0 pm) 0.970 0.583 0.513 0.637

Near@!.?-&o pm)
Broadb

Table 4: Impact of different types of dust on H,O broadband snow albedo (grain size of 100

pum), WSSt mass mixing ratio of 0.01%

pure H,O | Earth dust | Mars Dust | Palagonite
Vi (0.2-0.7 pm) 0.988 0.450 0.415 0.494
Near-IR (0.7-5.0 um) 0.609 0.551 0.503 0.599
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Broadband (0.2-5.0 um) 0.787 0.504 0.461 0.550

Table 4 presents the effective H,O snow albedo in the presence of 0.01% mass mixing ratio
of dust. Pure H,O snow is relatively absorptive in the near-IR spectral region (Table 1, Table
4), so dust has little impact on near-IR albedo, or in the most absorptive portions of the
spectrynm, itgeven increases albedo (Fig. 8). Fundamentally, this occurs because the single-
scatter o of dust exceeds that of H,O ice grains at wavelengths longer than about 1.5
pm. Sﬂ CO; snow, the drop in albedo is large in the visible region for H,O snow.
HowBVET T the near-IR region the change is less than 0.1, leading to smaller broadband
albedo ts of dust on H,O snow albedo than on CO, snow albedo. These differences
indicat(;h} dust can have greater impact on Martian cryosphere albedo than Earth

cryospmlbedo due to the higher abundance of CO, ice compared to H,O ice.
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Figure Samihpact of different types of dust on H,O snow albedo, with dust mass mixing ratio

of 0.0 e assumed snow grain size is 100 pm.

3.5 Dust Cohcentration
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Figure 9 shows the effect of varying amounts of Mars dust on CO, snow albedo (Fig. 2a). It
is obvious that albedo decreases with increasing amount of dust, except in the strong
absorption bands of CO; ice (e.g., near 1.4 um, 1.9 um, and 2.7 um). Again we see maximum
impact in the visible part of the spectrum. Saturation of the albedo from this type of dust is
evident with dust mixing ratios exceeding 0.01%, with almost no difference in albedo
betweii-edmrios with 0.1% and 1% dust. Also, the strong absorption features of CO, snow
at varirﬂvelengths disappear with high dust concentrations.
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Figure@pact of various amounts of Martian dust on CO, snow albedo. Snow effective

grairﬂs 100um.

3.6 quanu of both H,O and CO; ice
3.6.3Separate layers

H,0 » ice interact quite differently with radiation in the visible and near-IR portions
of the s m and also exhibit different sensitivities to different physical parameters. These

ice types are also known to co-exist on the surface of Mars [e.g. Byrne et al., 2008; Brown et
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al., 2014]. Here, we explore the albedo effects associated with thin slabs of one type of ice
overlying the other, building on sensitivity studies conducted by Warren et al., [1990]. Figure
10 shows spectral albedo of surfaces with H,O snow on top of CO, snow (scenario shown in
figure 2c), and figure 11 shows albedo with the reverse situation (scenario shown in figure
2b).

Albemases markedly with the presence of thin slabs of H,O snow on top of CO, snow.
This @' occurs more rapidly with increasing thickness of H,O ice than the rate of
albedosmensease that occurs with increasing thickness of CO, snow overlying H,O snow. For
a grair‘Lias-of 100 pum, about 2.5 cm of H,O snow is required to completely mask out the
albedoffeffeqt of CO, snow (Table 5), whereas about 5.5 cm of CO, snow is required to
completelygmask out the albedo effect of underlying H,O snow (Table 6). Again, differences
are mOWnounced in the near-IR spectrum (e.g., Fig. 3, Table 1), where the contrast in
absorptivityybetween CO, and H,O ice is greater (Tables 5 and 6). Rows marked with an
asterisk (*) correspond to saturation thickness. In summary, very little H,O snow is needed to
mask ﬁesence of underlying CO, snow, whereas a larger thickness of CO; snow is

neededeent underlying, more absorptive H,O snow from effecting surface albedo.

War ., [1990] determined that the presence of H,O snow on top of CO, snow will
increase net surface albedo, contrary to the analysis presented here. The CO; ice
refractive Indices applied in that study, however, were measured using unpurified commercial
dry ice [Egan and Spagnolo, 1969], and data in the 1.0-2.5 um spectral region were
extrap(%from the 0.3-1.0 pum spectral region. The higher quality measurements on pure
COzi ided by Hansen [1997, 2005], and applied here, indicate that CO, ice is much
less amﬂ'/e than previously assumed, leading to our opposite conclusion.

E
<
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Table 57 Broadband albedos of surfaces with H,O snow layers on top of CO, snow
Hzoéickness Vis | Near-IR | Broadband

0.991 | 0.952 0.970
1 mm 0.991| 0.739 0.857
Con 0.991 | 0.639 0.804
2 m* 0.987 | 0.618 0.793
0.990 | 0.610 0.787
0.988 | 0.609 0.787

*Satmickness (section 3.3)

Tabl eumiididband albedos of surfaces with CO, snow layers on top of H,O snow

CO, IaE\ickness Vis | Near-IR | Broadband
Q 0.988 | 0.609 0.787
{n 0.988 | 0.703 0.837
0.989 | 0.869 0.925
5.52 cm* 0.989 | 0.934 0.960
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10 cm 0.990 | 0.943 0.965

100 m 0.991 | 0.952 0.970

*Saturation thickness (section 3.3)

Figure 12 shows the broadband net surface albedo dependence on layer thickness for
different snow types. The black lines indicate the saturation thickness (section 3.3) for the
two MS discussed above. To further explore the behavior of albedo with layer
thickn@e_divide each curve into two regions: with thickness lesser and higher than
saturgtignthickness. Table 7 lists the slopes of albedo per layer thickness for these two
regionmtop layer thickness less than saturation thickness (first region), higher slope (in
absolufg®* v&ues) of data shown in Fig. 12a than 12b substantiates the conclusion that H,O
snow is(é:er to mask out compared to CO, snow. However, for the second region with
thickn her than saturation thickness, the scenario with overlying CO, snow (Fig 12b)
demon higher absolute slope than the reverse situation. This indicates that H,O snow is
less sem to thickness variation (once a minimum threshold is reached), owing to its more

absorpfve nature in the near-IR spectrum compared to CO; snow.
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H,0 sn yer on top of a semi-infinite CO, snow layer, and (b) a CO, snow layer on top of
a sersfinite H,O snow layer. The black line indicates the saturation thickness for each
case rain size is assumed to be 100 um in both cases.

Table ts.l.npes of albedo per change in layer thickness for the two scenarios shown in figure
12

H,0 snow layer on top of | CO, snow layer on top of

ickness regime ) _
CO; snow layer (Fig 11a) | H,O snow layer (Fig 11b)
Le saturation thickness -7.10m™ +3.14 m*

Higher than saturation thickness -5.54x10° m* +1.05x10* m*

3.6.2 Mixed layers

In a 0 the possibility of different snow types being present as separate layers, both

types of snow can also become mixed together on the surface of Mars [e.g. Brown et al.,
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2014]. In this section, we explore the net surface albedo changes caused by one snow type
becoming mixed with the other snow type. In practice, this is simulated by treating the less
abundant ice type as an externally-mixed “impurity” with specified mass mixing ratio
(scenario shown in figure 2d), analogous to the treatment of dust described earlier. Figure 13
shows the net surface albedo when H,O snow is present as an impurity within CO, snow, and

figuresjedmelbws the net surface albedo for the reverse situation. We assume a semi-infinite
snow I effective grain size of 100 pm for both snowpacks.

Broaslbesmesnear-1R) albedo drops by ~0.18 (~0.34) for an associated increase of H,O snow
from OL-ia-iLO% within CO, snow. However, broadband (near-1R) albedo increases by ~0.10
(~0.18)in tf§e reverse situation. This is consistent with our earlier findings that H,O snow is
relative rker (especially in the near-IR region) compared to CO, snow, hence causing
larger mt on net surface albedo. 0.01% of H,O snow is sufficient to reduce the net
broadb@bedo of the mixture by 0.03, while 1% of CO, snow is required to increase the

net surface broadband albedo of the mixture by same amount.
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Figure 13: Spectral albedo of surfaces with H,O ice present as an impurity within CO, snow.

Effective grain size for both snow types is 100 um and the layer is semi-infinite.
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Figure T4:Spectral albedo of surfaces with CO, ice present as an impurity within H,O snow.

4 Comparison with observed Martian albedo

In thisLﬁﬁan, we compare our simulations with some observations of surface reflectance in
the Mryosphere and try to identify parameter combinations that produce reasonable
agreemert between the modeled and observed data. We first note that SNICAR produces
directidal-hemispherical albedo, whereas the CRISM and OMEGA observations evaluated
here wdjaumaddirectional reflectances. ~ This discrepancy renders the model-observation

compmimperfect, but the analysis does have some usefulness in illustrating broad

agree etween modeled and observed spectral reflectance features, and in identifying
gen ges of physical parameters that produce reasonable modeled spectra in different
environments.
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4.1 Comparison with CRISM measurements

We obtained spectral reflectance data for one location in the Southern Hemisphere [point A,
Fig. 3 of Brown et al., 2014] identified to have a majority of CO, ice (hereafter location S),
and one location from the Northern Hemisphere [point B, Fig 4c of Brown et al., 2012]
identified to have mostly H,O ice (hereafter location N). The observed reflectance were
obtained using radiance measurements from CRISM in the 1-4 um spectral range. Therefore

we onl¥.cogipare our simulations in this spectral range.

Since the reflectance data display a time dependency, we choose two of the least noisy end-
member (i.g., most different) observed spectra for each location. Then we determine the best
fit for@location by minimizing the weighted RMSE between each of the identified
spectraffrgfigctance curves and our hemispheric albedo simulations, which span a wide range
of the parameter space described earlier. Spectral weighting for the RMSE calculation is done
with t e solar spectral irradiance measurements [Labs and Neckel, 1968] applied
throug is study. Therefore, reflectance values for longer wavelengths are weighted less
stronglmconsequently do not fit as well with observations. We also note that reflectance

measu s at wavelengths longer than 2.5 pum are not very reliable (on Earth too) because

therggl little incoming solar energy at these wavelengths.
Tabét fit parameter combinations for each Mars location. The H,O ice at Location S

is simulated as a mixture within the CO, snow, as opposed to a distinct layer.

5.— Location S Location N
' Ls=276 | Ls=337 Ls=13 | Ls=65
COMaafrain size 1000 um | 3000 pm | H.O ice grain size | 100 pm | 500 um
H,Qeree=grain size 100 yum | 200 um | CO; ice grain size n/a n/a
A f H,O ice 0.024% 0.07% | Amount of CO; ice n/a n/a
of dust 0.0042% | 0.003% Amount of dust 0.06% | 0.01%
RMSEﬁr weighted) 0.06 0.07 RMSE 0.055 0.057
Table S the best fit values of various parameters along with spectrally-weighted RMSE

valuﬁoth locations. The presence of any CO; ice tends to increase the RMSE at

location N. This happens because observations from location N occurred during early spring
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to mid-summer in that hemisphere, when there is likely no CO, ice present on the surface
[e.g. Brown et al., 2014]. Location S needs about an order of magnitude less dust amount as
compared to location N for optimal fitting. One reason for this is that Location S is deemed to
have some coincident H,O ice, which functions as a competing impurity to dust because H,O
snow substantially darkens albedo in the near-IR spectral region. For location S, changing
CO; ﬂ-gﬂn size does not have any significant impact on RMSE, while the H,O ice grain
size h&ificant impact on RMSE for location N. This is consistent with our results
described In section 3.2.

Figure?ﬂ'and 16 show the observed spectral reflectance curves along with simulated
albedoq usigg parameter values shown in Table 8. We observe an outlier point at 2.7 um
wavele in the observed data for both locations and at all times. Reflectance values at this
wavelemre uncharacteristically higher than at nearby wavelengths, whereas both CO, and
H.O sn@ave very high absorptivity at this wavelength (Fig. 3). This leads us to suggest
that thegaigl observed reflectance at this wavelength are spurious, and may be due either to
an art:&f the measuring spectrometer (CRISM), atmospheric anomalies associated with
dust o ds [Brown et al, 2010], and/or a calibration issue in the retrieval of surface
reflectance at that wavelength. We also emphasize again that the low intensity of sunlight at
this wa gth renders the reflectance measurements less certain than at shorter

wav

Author Ma

This article is protected by copyright. All rights reserved.



0.7 T T T T T

— 2. 7pum [ - - - - Ls=261

- - - -Ls=276
Ls=286

- - - -Ls=297 .

-Ls=312

Ls=319

-Ls=325

-Ls=334

-Ls=337

SNICAR (Ls=276)

SNICAR (Ls=337)

(O] ]
<
&
2
@ i
o
\f
Y v o~ \;' {“\}]
T \|
!
0 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4
Wavelength (pm)
Figure 15: Observed reflectance for location S (dotted curves) along with modeled albedo
using parameters (solid blue curve). The black vertical line at 2.7 um indicates the
outli bed in the text.

=
S
=
>
<

This article is protected by copyright. All rights reserved.



0.7 T T T T T
— 2. 7m
0.6 |- _
- — —-Ls=3
- — - -Ls=13
Ls=46
— — — -Ls=65
0.5p — — — -Ls=89 .
SNICAR (Ls=13)
SNICAR (Ls=65)
Jo4a ) :
o
© 1
iv] i
@ ol
= -~ [ )
2o3f \‘ g -
1 ;
d i
]
0.2 =
0.1 .
0
1 1.5 2 2.5 3 3.5 4

Wavelen.gth (pem)
Figure T6: Same as fig. 15 but for location N

.2 Comparison with OMEGA measurements

We ained spectral reflectance for Observation 2621 1 from the OMEGA instrument
[see Fig. 18 from Appéré et al., 2011; shown later here], and modeled spectral reflectance of
snow rmure simulated with a different radiative transfer model developed by Douté and
Schmit 8].

As sho Table 9 and Fig. 17, Appéré et al., [2011] achieved good agreement between
Lﬁar-lR snow reflectance and OMEGA observations of a CO,-rich deposit by
assurmirmme® mixed CO,/H,O snow configuration with a CO, grain size of 7 cm, which
interes? is much larger than what is deemed to be realistic under most conditions [Barr
Milkovich, 2008]. We also achieved a reasonable fit (spectrally-weighted RMSE of

sim

and

This article is protected by copyright. All rights reserved.



different mass fractions of dust and H,O (Table 9; Fig. 17), though admittedly the fit is not
quite as good as that obtained by Appéré et al. [2011]. It is plausible that the better agreement
obtained by Appéré et al. [2011] is due to their use of a directional reflectance radiative
transfer model [Douté and Schmitt, 1988], which provides a more consistent comparison with
the measurements. Uncertainties in the observations, however, are described by Appéré et al.
[201Mroughly 20%, indicating that both sets of modeled spectra are within the range of
uncert@rl;inally, we note that the quality of our fit ceases to change much with larger

grain sizes of CO; ice.

Table &lﬁeinparison of best-fit parameters between SNICAR and Appéré et al., [2011]

U SNICAR Appéré et al., [2011]
CO, ic@ size 3000 pm 7cm
Amoumoz ice 99.83% 99.75%
H,0 icasgath size 100 um 200 pm
Amou 20 ice 0.16% 0.19%
Dust grain size 1.5 um 13 pm
Amou ust 0.0094% 0.06%

RME weighted) 0.027 0.016

Author
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=

5 Conclusions

We haL-iimulated the spectral albedo of CO, snow using an enhanced 480-band version of
SNIC hich was previously developed for terrestrial snow. We explored CO, snow
albedo across the entire solar spectrum, including UV, visible and near-IR wavelengths. Our
anal s significant differences between H,O and CO, snow albedos. H,O snow is
aboutmfbiiades more absorptive than CO, snow in the near-IR region, and 7 times more
absorp eraged over the entire solar spectrum. CO, snow albedo shows very little
depengn solar zenith angle and a weaker dependence on grain size than H,O snow. The
broa albedo of CO, snow decreases by only 0.064 as effective grain size increases from
50 to 1500 Hm.
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The presence of thin snow layers exposes underlying surfaces to incoming radiation, hence
impacting the surface albedo. The saturation thicknesses for CO, snow and H,O snow range
from approximately 6.5 — 100 cm and 5 — 83 cm, respectively, for effective grain sizes
ranging from 50 to 1500 pm, though we caution again that these thicknesses may be smaller
with non-spherical ice particles. Non-spherical grains scatter less strongly in the forward
direciMreby decreasing the penetration depth of solar radiation. Thicker CO, snow is
require@;?ate the impact of underlying surface because CO, ice grains scatter more
stron_gl than H,O ice grains, especially in the near-IR spectrum. The presence of 0.01% dust
reducegm_ebroadband albedo of CO, snow by about 50%, with Martian dust being the
darkestgtymg of dust explored here, followed by typical Earth dust and palagonite. The
spectrath?e of albedo changes caused by palagonite, which is often used as a Martian dust
analogwly follow those of Mars dust, but palagonite is not as absorptive as Mars dust.
The imﬂf dust on CO; snow albedo saturates after its mass mixing ratio exceeds roughly
0.1%.

Becaumhe contrasting properties of H,O and CO; ice in the near-IR spectrum, different
layeri mixing configurations of these types of snow can have substantial impact on net
surfacmo. With an effective grain size of 100 um, only about 2.5 cm of H,O snow is
needEsk the influence of underlying CO, snow on net surface albedo (Table 5), while
mor uble this amount of CO, snow is needed to mask the influence of H,O snow
(Table 6). Such effects are relevant for the perennial H,O ice caps of Mars, and where water
vapor Lm-ihe atmosphere condenses on top of CO, ice in other areas of the planet. When
both s@pes are present as a mixture rather than separate layers, 0.01% of H,O snow
reduces the broadband albedo of CO, snow by 0.03, while 1% of CO; snow is required to

incr roadband albedo of H,O snow by the same amount.

With the 1dentification of optimal snow parameter combinations, our results show a decent
agreement ptween modeled spectral albedo and observed reflectance of the Martian polar ice
caps in thos#—4 um spectral range. The CRISM data exhibit anomalously high reflectance at
2.7 ﬁh cannot be explained with presence of either CO, or H,O ice, as both media are

highly absorptive at this wavelength. SNICAR also provides realistic best-fit parameters for
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matching OMEGA near-IR observations, though the spectral fit is not as good as that
achieved previously with a directional reflectance model [Appéré et al., 2011]. Simulations
presented here could potentially be used in combination with observed data to refine the
calibration of surface albedo retrieval algorithms. Model results can also be used to
interpolate measurements to higher spectral resolution. The new spectrally resolved albedos

for Oq-ehdv presented here have potentially wide applicability to any planet or system with

CO, icaIIy Mars.
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