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Introduction: Martian atmospheric aerosols affect 

the spectral radiance properties of icy/dusty surfaces 

measured by remote VNIR-SWIR spectrometers and 

produce artifacts in spectral slope, albedo, and absorp-

tion strength of spectral data. Additionally, the un-

known scattering properties of these icy surfaces add 

complexity to deciphering the radiance contributions 

from surface and atmosphere. This work demonstrates 

that rigorous atmospheric-surface corrections influence 

interpretations of surface properties in analyses of 

VNIR-SWIR data from CRISM at the north polar re-

gion of Mars, specifically of the North Polar Residual 

Cap (NPRC) and North Polar Layered Deposits 

(NPLD). We have assessed the sensitivity of single-

scattering albedo (SSA) and reflectance retrievals, 

from discrete-ordinate radiative transfer modeling 

(DISORT), under different aerosol and surface scatter-

ing parameters to answer the following: 

 What is the approximate surface scattering behav-

ior of the ice cap? 

 How do untreated aerosols affect spectral charac-

teristics and interpretation of the surface through 

typical analyses such as H2O Index parameters and 

Hapke mixture modeling? 

 How does assuming Lambertian versus non-

Lambertian scattering affect spectral characteris-

tics and interpretation of the surface? 

Background: CRISM full-resolution targeted 

(FRT) observations (18 m/pixel) have the potential to 

retrieve spatial and temporal variability of ice and dust 

abundance and grain size. However, CRISM FRTs 

have been minimally utilized over the ice cap to quanti-

fy the surface ice and dust [1,2]. This is partly due to 

the complex but necessary correction for the variable 

state of ice and dust aerosols in the atmosphere and 

surface scattering properties of icy and dusty surfaces. 

Previous studies have used band depth parameters, 

such as the H2O ice index [3]. The H2O index uses the 

band depth of the 1.5 µm ice absorption and has been 

used to investigate seasonal ice changes of the NPRC 

[4,2,5]. [2] estimated the H2O index of icy spectra 

changes ~0.01-0.02 due to modest ice aerosol opacities 

for clear atmospheric conditions. However, this error 

estimate did not model the effects of dust aerosols on 

the H2O index or the effects of surface scattering (typi-

cally assumed to be Lambertian to simplify the model-

ing). [6] investigated the effects of treating or not treat-

ing dust aerosols on OMEGA data over the north polar 

region and found that changes in seasonal ice albedo 

are partially controlled by dust aerosols (second to the 

removal of surface dust). Although some previous 

spectral studies have attempted to account for aerosols, 

the sensitivity of the aerosol optical depth and surface 

scattering assumptions in atmospheric radiative transfer 

models has not been well characterized. 

Methodology: Radiative modeling of aerosols and 

surface scattering. We used CRISM observation 

FRT0000BEB8, located at trough site N0 [7,8], 87°N 

96°W (Fig. 1). This image captures a portion of the 

NPRC, the NPLD exposed along a trough wall, and the 

floor of the trough. The observation was acquired 

during optimal instrument operating temperatures (-

152°C), providing high signal-to-noise, and in martian 

northern summer (Ls=108°) to avoid the seasonal CO2 

frost and dusty atmospheric conditions.  

Attenuation and scattering of light due to aerosols 

in the atmosphere and scattering from the surface are 

accounted for using DISORT [9–11]. Atmospheric 

effects from CO2 gas are removed using the standard 

volcano-scan correction before the DISORT modeling 

[12]. Atmospheric aerosols were modeled using the full 

range of viewing geometries covered by the emission 

phase function (EPF) observations for the CRISM data 

(phase angles range from 45°-120°). We also model 

variations in incidence and emergence angles.  

Four parameters were adjusted within DISORT: 

atmospheric dust (τd) and water ice optical depths (τi), 

fraction of forward scattered light off the surface (c), 

and the width of the scattering lobe (b). We adjusted 

these parameters until the retrieved SSA at a given 

wavelength is constant for the same targeted point on 

the surface regardless of the viewing angle. We 

deemed the set of parameters closest to meeting this 

criterion as the best SSA retrieval. Within DISORT, 

surface scattering is defined by the Hapke bidirectional 

reflectance function and two-term Henyey-Greenstein 

Figure 1. A true color image of the 

CRISM scene, not map projected, 

used in this study (FRT0000BEB8). 

The rainbow inset is a 2,000 pixel 

spatial subset used in spectral 

analysis after DISORT due to the 

computational expense of applying 

Hapke non-linear unmixing to the 

entire scene. 
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function, which contains b and c, which we use to re-

trieve surface SSA at every wavelength and CRISM 

pixel. These variables were varied to test the effects of 

wide vs. narrow backscattering and forward surface 

scattering assumptions (Table 1). Additionally, 3 dif-

ferent aerosols optical depths were assessed. The dust 

optical depth (τd) for #3 parameters was estimated from 

the Mars Climate Database [13] for the date, time, and 

location that the image was acquired* (Table 1).  

The DISORT and SSA retrieval process produced 

denoised SSA image cubes [14] that were then con-

verted to reflectance using the Hapke radiance coeffi-

cient equation [15]. The reflectance data were used to 

calculate H2O index maps of each correction. The SSA 

data were used to solve for abundance and grain sizes 

using a non-linear unmixing model assuming intimate 

mixtures of water-ice [16], dust and palagonite [17,10]. 

Results: For this CRISM observation, the best SSA 

estimates are retrieved under a broad, modestly-

forward surface scattering behavior (i.e., particles with 

moderate internal structure), using the MCD τd esti-

mate, and τi of 0 (Table 1; #3). When a narrow forward 

scattering assumption is applied, the SSA retrievals are 

> 1.0 in the visible, thus an unrealistic scattering be-

havior for the polar ice cap. Additionally, when a τi of 

0.05 is used, the retrievals at ice absorptions are below 

0.0. Therefore, it's best to assume negligible ice aero-

sols in this scene. 

 Leaving dust aerosols untreated causes ice absorp-

tions to be weaker and spectral slope redder (Fig. 2), 

resulting in underestimation of the H2O index values up 

8% for the ice-rich NPRC (Fig. 3). Uncertainty in the 

true τ value at the time of data acquisition, as assessed 

through #5 and #6, results in negligible variation in 

both the H2O index and non-linear unmixing results, < 

3% and < 2% (Fig. 3). 

Changing the surface scattering parameters affects 

the spectral albedo (Fig. 2), but not the absorption 

strength (Fig. 3). This is expected since b and c are 

independent of wavelength in DISORT. The scattering 

parameters also affect the relative ice abundance from 

non-linear unmixing. The maximum ice difference is 

8% for DISORT runs #2 and #4, while the maximum 

ice difference exceeds 20% between the best DISORT-

SSA retrievals and the Lambertian/no-aerosols data. 

Conclusions: Dust aerosols cause significant 

changes in retrieved surface spectra. Left untreated 

they can lead to error in analysis and interpretation of 

reflectance and SSA data. Future studies, especially 

those investigating seasonal changes of the NPRC, 

should prioritize corrections for the variable state of 

aerosols in the atmosphere to minimize uncertainty. 

Error due to τd uncertainty is minimal as long as the 

estimated τd is within ~0.05 of the true τd.  

Although surface scattering behavior does not af-

fect interpretations of H2O index, accounting for the 

appropriate surface scattering behavior is needed to 

retrieve the most accurate SSA and reflectance values, 

decreasing errors in estimated abundances and grain 

sizes via non-linear radiative transfer modeling. 
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Figure 3. Horizontal profiles of ice abundance (bottom) and 

H2O index values (top) from the spatial subset (Fig 1). Y-axis is 

the difference between the results from each parameter set and 

the #3 parameter set (most accurate SSA retrieval). For legend, 

refer to Fig 2 or Table 1. 

Figure 2. Ave. SSA spectral plots from the NPRC and NPLD Left: 

showing the spectral effects of assumed scattering behavior. Grey 

spectrum is from the simplified 'lambert-aerosols not treated' 

data. Right: effects of ice and dust aerosols versus no aerosols. 
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