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 Introduction: Left untreated the effects on spectral 

radiance from martian atmospheric aerosols to visible to 

near-infrared (VNIR) remotely sensed data of icy/dusty 

surfaces lead to artifacts in spectral slope, albedo, and 

absorption strength, and thus erroneous interpretations 

of surface properties. We demonstrate that rigorous 

atmospheric and surface scattering corrections influence 

interpretations of surface properties in analyses of 

VNIR data from the Compact Reconnaissance Imaging 

Spectrometer for Mars (CRISM) at the north polar re-

gion of Mars, specifically of the North Polar Residual 

Cap (NPRC) and North Polar Layered Deposits 

(NPLD). 

 Background: It is hypothesized the NPLD's distinct 

layers record variations in relative abundances of water-

ice and atmospherically deposited over the past <1-4 

Myr [1–3]. Despite decades of investigations, the com-

positional variability between the layers and climate-

driven accumulation processes remain ambiguous. The 

interpretation of the recorded processes is complicated 

by the superimposition of redistributed surface dust and 

ice from modern aeolian processes, which modify the 

surface composition [4,5]. Correlating spectrally inter-

preted composition with spatially resolved layering can 

aid in deconvolving these superimposed processes and 

constrains the accumulation history.  

 Presently, the ratio of water-ice, dust, and other ice 

impurities of specific layers of the NPLD are 

unconstrained by both radar [6,7] and VNIR data. 

CRISM full-resolution targeted (FRT) observations (18 

m/pixel) have the potential to retrieve spatial and tem-

poral variability of ice and dust abundance and grain 

size in the NPRC and the exposed NPLD layers. How-

ever, CRISM FRTs have been minimally utilized over 

the ice cap to quantify the surface ice and dust. 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. Volume abundances and effective grain 

sizes of the surface components have been sought after 

by only a few for the NPRC [8,9] and have yet to be 

done for the exposed layers of the NPLD.  

 Previous studies have used band depth parameters 

and (H2O) ice indices, which give empirical estimates of 

ice grain size and presence. The H2O index uses the 

band depth of the 1.5 µm absorption and has been used 

to investigate seasonal ice changes of the NPRC [10–

12]. [11] estimated the H2O index of icy spectra chang-

es ~0.01-0.02 due to modest ice aerosol opacities for 

clear atmospheric conditions. However, this error esti-

mate did not model the effects of dust aerosols on the 

H2O indices or the effects of surface scattering. Surface 

scattering behavior is typically assumed to be Lamberti-

an in order to simplify the modeling. Therefore, we 

must first account for the state of the atmosphere and 

surface during image acquisition. We have quantified 

the uncertainty that is propagated into the commonly 

used H2O index values and non-linear spectral unmixing 

model results (Hapke) from atmospheric effects under 

different aerosol and surface scattering assumptions. 

 Methodology: Radiative modeling of aerosols and 

surface scattering. We used CRISM observation 

FRT0000BEB8, located at trough site N0 [13,14], 87°N 

96°W. 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 (observation year 2008), and in 

martian northern summer (Ls=108°) to avoid the 

seasonal CO2 frost and dusty atmospheric conditions.  

Attenuation and scattering of the solar radiation 

from aerosols in the atmosphere and scattering of light 

from the surface are accounted for using discrete-

ordinate radiative transfer modeling (DISORT) routines 

optimized for the martian atmosphere [15–17]. Atmos-

pheric effects from CO2 gas are removed from the 

CRISM data using the standard volcano-scan correction 

before the DISORT modeling. Atmospheric aerosols 

were then modeled using DISORT for 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. Within DISORT, 

surface scattering is defined by the Hapke bidirectional 

reflectance function and two-term Henyey-Greenstein 

function (HG2) to retrieve surface single-scattering al-

bedo (SSA) at every wavelength and CRISM pixel. 

Two Hapke surface scattering parameters in the HG2 

function (fraction of forwarding scattering (c) and scat-

tering lobe asymmetry (b)) were varied to test the ef-

fects of wide vs. narrow backscattering and forward 

surface scattering assumptions (Table 1). The DISORT 

and SSA retrieval process produce denoised and pro-

jected SSA image cubes [18] that were then converted 

to reflectance using the Hapke radiance coefficient 

equation [19]. The reflectance data were used to calcu-

late and produce H2O index maps of each correction. 

We then use the SSA data to solve for abundance and 
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grain sizes using a non-linear unmixing model assuming 

intimate mixtures of water-ice [20] and dust [21,16]. 

The dust optical depth (τd) was estimated from the 

Mars Climate Database [22] for the date, time, and lo-

cation that the image was acquired (Table 1). The ice 

aerosol optical depth was set to 0 to focus on the effects 

that dust aerosols have on the H2O index and Hapke 

model results. We used the most common atmosphere / 

surface assumptions for our standard correction (#1). 
Table 1. Correction τd (@ 9.3 µm) b c 

#1 lambert, aerosols not treated - 0 - 

#2 wide backscattering 0.124 0.1 0 

#3 broad forward scattering 0.124 0.25 0.6 

#4 narrow forward scattering 0.124 0.5 0.8 

 Results and Discussion: Effects from dust aerosols. 

Results show that the spectral slope and H2O indices are 

significantly affected by the presence of dust aerosols, 

specifically for the NPRC, due to its higher albedo and 

greater spectral contrast than the mean NPLD spectra. 

When dust aerosols are left untreated, we find the spec-

tral slope is lower, and the H2O index is 0.07 lower than 

the three corrections that account for dust opacity for 

the NPRC (Fig 1). [11] calculated the H2O indices for 

the NPRC from spring to the onset of autumn. They 

observed a decrease in the H2O index from ~0.73 in the 

summer to 0.5 in early autumn. The change was inter-

preted to be due to deposition of fine grained water ice. 

However, 30% of the observed change is likely caused 

by an increase in atmospheric dust from summer to au-

tumn over the cap, as suggested by [23].   

Effects from surface scattering. Changing the sur-

face scattering parameters significantly affects the albe-

do and spectral slope (Fig. 2), but not the H2O index 

(Fig. 1). This is expected since although the scattering 

behavior changes the spectral albedo, it does not affect 

the spectral slope and spectral contrast significantly as a 

consequence of dust opacity varying as a function of 

wavelength. 

Uncertainty propagated into Hapke unmixing re-

sults. Figure 2 shows the average SSA taken from the 

NPRC and NPLD (solid) and the forward modeled 

spectral mix from the Hapke mixture model (dashed). 

For the NPRC spectra, an increase in the H2O index and 

steepness of the spectral slope is correlated to both 

changes in the ice-to-dust ratio (Δ~3% ice) and 

decreased estimates in modeled ice (Δ150-500µm) and 

dust particle size (Δ20-50µm). There is no correlation 

between albedo and Hapke model results. 

As for the NPLD spectra, we found that the increase 

in albedo and steepness of the spectral slope is 

correlated to decreased estimates in modeled dust 

particle size (Δ50µm), but not the ice-to-dust ratio. 

Although there is no correlation between albedo, 

spectral slope, or H2O index with modeled ice-to-dust, 

the ratio estimates vary by Δ2-6%. 

 
Fig 1. H2O indices versus each correction averaged from >6,000 

CRISM pixels for the region of interest. The plot shows the average 

and +/- standard deviations from the average. 

 
Figure 2. Spectral plot showing the model fits between average SSA 

spectra (solid; extracted from the same two regions of interest as 

Fig. 1) and the forward modeled spectra (dashed) from the Hapke 

results. Reference Table 1 for color legend. 

 Conclusions: Dust aerosols cause significant 

changes in retrieved surface spectra and left untreated 

can lead to significant error in analysis and 

interpretation of reflectance data. Future studies of the 

NPLD or seasonal changes of the NPRC should priori-

tize corrections for the variable state of aerosols in the 

atmosphere. 

Although surface scattering behavior does not affect 

interpretations of H2O index, it is important to model 

the appropriate scattering behavior to retrieve optimal 

SSA values. This is necessary for estimating abundanc-

es and grain sizes with the associated error via non-

linear radiative transfer modeling. The uncertainty in 

grain size and abundance estimates range between 20-

500µm and <10% across the four corrections. 

In our companion abstract, we discuss the evaluation 

of spectral endmembers along the trough walls in order 

to estimate their relative abundances, effective grain 

size, and the associated error from the surface scattering 

assumptions using the DISORT processed CRISM data.  
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