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a b s t r a c t 

Global lunar topographic data derived from ranging measurements by the Lunar Oribter Laser Altime- 

ter (LOLA) onboard LRO mission to the Moon have extremely high vertical precision. We use detrended 

topography as a means for utilization of this precision in geomorphological analysis. The detrended to- 

pography was calculated as a difference between actual topography and a trend surface defined as a 

median topography in a circular sliding window. We found that despite complicated distortions caused 

by the non-linear nature of the detrending procedure, visual inspection of these data facilitates identifi- 

cation of low-amplitude gently-sloping geomorphic features. We present specific examples of patterns of 

lava flows forming the lunar maria and revealing compound flow fields, a new class of lava flow complex 

on the Moon. We also highlight the identification of linear tectonic features that otherwise are obscured 

in the images and topographic data processed in a more traditional manner. 

© 2016 Published by Elsevier Inc. 

1. Introduction 

Topography has always been an important tool in geomorpho- 

logic analysis, both terrestrial and planetary. During the last two 

decades new topographic data with exceptionally high vertical 

precision has become available: airborne lidar data (e.g., Tarolli, 

2014 and references therein) for the surface of the Earth and or- 

bital laser altimeter data for the Moon ( Smith et al., 2010a, 2010b ), 

Mars ( Smith et al., 2001 ), and Mercury ( Zuber et al., 2012 ). These 

data have revolutionized Earth and planetary geomorphology. 

Despite great advances in computer data processing, visual 

inspection remains the main analysis tool in geomorphology. Laser 

altimeter data are, in a sense, too precise for easy visual percep- 

tion. For example, the ranging precision of the Lunar Orbiter Laser 

Altimeter (LOLA) ( Smith et al., 2010a, 2010b ) onboard the Lunar 

Reconnaissance Orbiter (LRO) mission to the Moon is about 10 cm, 

and the topographic amplitudes on the Moon reach ∼10 km, which 

gives an impressive dynamic range of ∼10 5 . Since the human eye 
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distinguishes only a few tens of shades of grey, it is obvious 

that without special effort the accuracy of the data could remain 

unused. There are many approaches to topography visualization. 

For example, a widely used approach, a combination of simulated 

shadowing and color-coding, allows good visual perception of 

both large-amplitude large-scale features and smaller steep to- 

pographic features; however, such visualization still leaves some 

topographic information, most specifically, low-amplitude gently 

sloping features, beyond the limits of visual perception. Another 

class of approaches to the analysis of topography is based on data 

filtration; such methods make features of certain spatial scale 

visually perceptible at the expense of features of larger and/or 

smaller spatial scales. Removal of information about large spatial 

scales is referred to as “detrending”, and the result is a “detrended 

topography”. 

In order to fully actualize the great potential of the LRO LOLA 

data, we apply a particular detrending algorithm to the LOLA 

topographic data for the Moon. This technique provides important 

new information on previously unrecognized lava flow textures 

and "stealth" tectonic structures in the lunar maria. We found that 

for features with the smallest spatial dimension of a kilometer 

and larger, detrended topography supersedes analysis of images 
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obtained at low Sun illumination (for example, near the lunar 

terminator; e.g., Lloyd and Head, 1972; Head and Lloyd, 1971, 

1972a, 1972b, 1973 ), which has long been used for analysis of 

low-amplitude gently sloping morphologic features. The same 

detrending algorithm has been successfully applied to martian 

topography by Kreslavsky and Head (2002), Head et al. (2002) , 

and Head and Marchant (2003) . 

In this paper we first describe the source data used, the 

detrending algorithm, and the rationale for its choice; we then 

consider the nature of the product, and illustrate the types of 

artifacts that can appear in the data and that, if not considered, 

can lead to misinterpretation. We conclude by showing selected 

examples of textures and features revealed in the detrended LOLA 

data. 

2. Source data 

As source data for detrended topographic maps, we use LRO 

LOLA data in the form of raster topographic maps available from 

the Planetary Data System (PDS), the so-called Gridded Data 

Record - GDR in the PDS terminology. The data are available in 

simple cylindrical projection for the entire lunar surface, and in 

polar azimuthal stereographic projection for both high-latitude re- 

gions. The PDS contains two versions of the data, where elevation 

for each grid element (pixel) is represented by either integer (with 

0.5 m quantization) or by floating-point number. We used the 

latter version to fully employ the high ranging precision of LOLA. 

Elevation at each pixel had been calculated as an average of all 

individual elevation measurements within the pixel; pixels with 

no measurements were derived by interpolation between nearby 

pixels ( Smith et al., 2010a ). 

There is a range of maps with different discretization (pixel 

size) in the PDS. Higher spatial resolution, which requires finer dis- 

cretization, is desirable for interpretation; however, pixels obtained 

by interpolation become dominant at very fine discretization. For 

the simple cylindrical projection map we found the 64 pixels per 

degree product to have the optimal discretization, the finest dis- 

cretization, under which the majority of pixels do have data (21% 

of all pixels had been obtained by interpolation in the data release 

we used). This discretization corresponds to a 474 m pixel size at 

the equator. 

3. Detrending algorithm 

The detrended elevation at each pixel was calculated as a dif- 

ference between its actual elevation and the median elevation of 

all pixels within a circular window centered at this pixel. The win- 

dow radius defines the spatial scale of the features that are consid- 

ered as a global trend and thus are subject to removal. Small win- 

dows favor detection of the weakest small-size features, however, 

the amount of information removed from the data is huge and the 

amount of remaining information is tiny. For larger windows, the 

retained amount of information is greater, but features of interest 

may become obscured by clutter. We produced maps with a 5, 10, 

and 15 pixel window radii, which is equivalent to about a 5, 10, 

and 15 km diameter window at the equator. In our calculations the 

window radius was the same in pixels for the whole map and thus 

prone to map projection distortion. The impact of this distortion 

on visual perception of the map is minor, except for high latitudes; 

the high latitudes, however, are covered by the polar stereographic 

maps that have small distortion. 

In a sense, the filtering algorithm used here is similar to 

widely used high-pass linear filters. The difference is that we take 

the median, while the linear high-pass filter takes the weighted 

arithmetic mean in the sliding window. Any reasonable detrending 

algorithm, including both our median-based and the traditional 

Fig. 1. Artificial topography consisting of seven similar parabolic domes rendered 

as artificially shaded relief (a), illumination from upper left, and results of the ap- 

plication of the linear high-pass filter (b) and median detrending procedure (c) ren- 

dered in a grayscale map, brighter shades denoting higher elevations. The grayscale 

stretch is the same in (b) and (c). White circle between (b) and (c) shows the de- 

trending window. 

linear filters, perfectly filters out topographic features much larger 

than the window, preserves topographic features much smaller 

than the window, and inevitably distorts features comparable to 

the window in size. In a sense, for features somewhat smaller 

than the window, the median-based detrending produces less 

distortion, than the linear filter, as illustrated in Fig. 1 . This makes 

the result of the median-based detrending much better for visual 

perception than the result of a linear high-pass filter. This was the 

principal reason for our choice of the median-based detrending 

approach. 

The essential advantage of the median-based detrending is ac- 

companied by several shortcomings. Due to the non-linear nature 

of the procedure, distortions of window-scale features produced 

by the median-based detrending are more complicated; for exam- 

ple, unlike in the case of the linear high-pass filter, in this case, a 

gentle tilt of the whole surface may alter the appearance of some 

features. The median is more computationally intensive than lin- 

ear averaging, and computational feasibility requires careful imple- 

mentation of the algorithm. 

4. Key to interpretation of the detrending results 

Artificial examples of the detrending results are shown in 

Figs. 1 c and 2 . Fig. 3 shows location of several examples of de- 

trended topographic maps on the Moon. The maps themselves 

are shown in Figs. 4 , 5 , 7 and 8; Figs. 6 and 9 shows low-Sun 

photomosaics for the areas shown in Figs. 5 and 8 for comparison. 

Grayscale rendition is the most suitable approach for visual 

analysis of the detrended topographic maps. We use a linearly 

stretched grayscale with brighter shades denoting topography 

above the trend surface, and darker shades denoting topographic 

lows. The use of inverse, “negative” coding is also possible and 

might be useful in order to improve visual perception for some ap- 

plications, as well as a non-linear stretch. 
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