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Introduction: The thermal inertia, roughness, and 

incident solar radiation that a planetary surface receives 

and later re-emits controls its temperature. The compo-

sition of that surface determines the shape of the thermal 

infrared (TIR) emissivity spectrum emitted from it, as a 

function of wavelength, but also viewing geometry and  

surface roughness. At the micron scale, that roughness 

results in scattering and multiple reflections that pro-

duces decreased spectral contrast without significant 

changes in spectral band shape or position [1-3]. A 

roughness to wavelength ratio <0.2 causes the greatest 

effect [3], and the addition of a blackbody to the TIR 

spectrum simulates these effects in spectral deconvolu-

tion modeling [1]. Increasing the viewing angle from 

nadir affects emissivity in a similar way [4-8].  

Routine Off-nadir Targeted Observation (ROTO) of 

the Mars Odyssey spacecraft results in observable 

changes to TIR emissivity spectra that are collected by 

the Thermal Emission Imaging System (THEMIS) in-

strument [8,11]. Additionally, laboratory studies show a 

non-linear trend of increasing emissivity with increas-

ing emission angle [9-11]. The multiple scattering and 

shadowing caused by surface roughness produces com-

plexity beyond the capabilities of simple linear spectral 

modeling [10]. Here, we investigate the fine scale to-

pography of basaltic surfaces with digital stereo photo-

grammetry to both validate TIR emission spectra col-

lected at varying emission angles, and simulate 

THEMIS ROTO data to derive surface roughness.  

Methods: Ropy pahoehoe samples, archived in the 

University of Pittsburgh Image Visualization and Infra-

red Spectroscopy (IVIS) laboratory collection, are used 

for this study. These come from prior field campaigns 

to the Mauna Ulu flow field, Hawaii. A custom-built 

sample stage allows for similar viewing geometries to 

the THEMIS ROTO data [8,11]. Rotating the sample at 

3° increments around the central plane, results in the 

same surface being imaged at all viewing geometries 

over a 1.5 cm spot size. Samples are heated for 30 

minutes using a Dewalt® D26960 heat gun to approxi-

mate directional solar heating. The heat gun is mounted 

at 45-degrees to, and approximately 30 cm from, the 

sample. Emissivity spectra are then acquired of the 

heated basalt surfaces at different angles using a Nicolet 

670 Fourier Transform Infrared (FTIR) Spectrometer. 

3D surface reconstruction using digital stereo photo-

grammetry is performed using 200+ images captured 

with a 36.3 megapixel Nikon d800 full frame DSLR  

 

 

camera and a 50mm prime NIKKOR lens. 3D recon-

struction with cloud densities containing over 46 million 

points are then created with Alice Visions Meshroom© 

software. Commercial sandpaper with a roughness as 

fine as 10µm provides calibration for the 3D reconstruc-

tion approach. Topographic analysis is performed using 

MATLAB®. After detrending samples about a mean 

surface, a moving mean and moving RMS allows calcu-

lations of surface heights and Root Mean Square (RMS) 

heights. Additionally, calculation of cross-sectional 

RMS (xRMS), kurtosis (k), skewness (sk) and hurst ex-

ponent (H) allows for a better quantification of changes 

in roughness (Table1).  

Results: Emissivity spectra show a  measurable de-

creases in spectral contrast between the nadir and off-

nadir measurements (Fig 1A). This is similar to 

THEMIS ROTO data and previous laboratory studies 

examining surface roughness [1,3,8,11,]. 3D mapping 

of the samples, at nadir and off-nadir, reveals differ-

ences in roughness at scales smaller than 50µm. The na-

dir viewing angle shows a 50.23% areal coverage of 

sub-50 µm features, whereas the off-nadir shows 

54.71% areal coverage of the same features (Fig. 1B,C). 

The RMS height of each sample indicates that the ma-

jority of variation occurs below 150µm (Fig1E,F).  

Discussion: Surface roughness and topographic 

slopes produce differences in TIR emission spectra due 

to directional heating and shadowing [1-6,9,11]. Direc-

tional heating prior to analysis produces areas of shad-

owing, similar to what occurs on natural lava flow sur-

faces. A lack of spectral slopes in these data, indicates 

that the surface behaves isothermally. Variation in emis-

sion angle and micron scale roughness explains the ob-

served differences in spectral contrast. 3D surface re-

construction indicates that the off-nadir viewing geom-

etry contains a  4.5% increase in features <50 µm com-

pared to the nadir viewing angle.  

Parameter Nadir Off-Nadir Sandpaper  

xRMS  (μm) 780 832 7.96 

Kurtosis 3.29 2.52 3.04 

Skewness - 0.31 -0.33 0.24 

Hurst 0.97 0.97 0.88 

Areal % < 50 μm 50.20 54.71 99.86 

Table 1) Results of statistical analysis for nadir and off-na-

dir cross sections as well as the 10µm (1000-grit) sandpa-

per used for calibration. 
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Monte Carlo ray tracing shows that an increased 

number of scattering events from a surface occurs as the 

emission angle increases [10]. Statistical analysis com-

pleted on the sample cross-sections analyzed here pro-

vides a better understanding of how this surface effects 

the resulting emission spectra. The higher k values seen 

in the nadir viewing geometry indicate a more leptokur-

tic (spiky) height distribution, increasing the likelihood 

of scattering. A negative sk value indicates a predomi-

nance of “valleys” detected at both viewing angles, and 

the high H value (approaching 1) indicates self-similar-

ity at the cm-µm scale. For isotropic surfaces, emission 

angles below 50° have a negligible effect on emissivity 

[10]. Therefore, an increase in overall emissivity is 

traced to roughness at the micron scale.  

Conclusion: High-resolution, digital stereo photo-

grammetry provides validation of sub-mm topographic 

features, detailed enough to allow direct correlation 

with changes in TIR emission data. A decrease in spec-

tral contrast is traced to an increase in µm-scale rough-

ness where viewing surfaces off-nadir compared to the 

same surface viewed at nadir. Surface roughness on spa-

tial scales below that of orbital data could reveal im-

portant information about formational processes and 

subsequent surface alteration on Mars. TIR emission 

data provided by THEMIS ROTO observations are the 

only means of retrieving this information apart from in 

situ sampling.  
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Fig. 1 A) Nadir and off-nadir emissivity spectra for a pahoehoe sample. B,C) Maps showing average surface heights 

above the mean surface for nadir and off-nadir. Dashed lines indicate the cross sectional path used for statistical 

analysis. D) 3D surface reconstruction. E,F) Maps showing average RMS for nadir and off-nadir pahoehoe sample. 
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