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a b s t r a c t 

The Lunar Reconnaissance Orbiter Camera (LROC) system consists of a Wide Angle Camera (WAC) and 

Narrow Angle Camera (NAC). NAC images ( ∼0.5 to 1.7 m/pixel) reveal details of the Luna-21 landing site 

and Lunokhod-2 traverse area. We derived a Digital Elevation Model (DEM) and an orthomosaic for the 

study region using photogrammetric stereo processing techniques with NAC images. The DEM and mosaic 

allowed us to analyze the topography and morphology of the landing site area and to map the Lunokhod- 

2 rover route. The total range of topographic elevation along the traverse was found to be less than 

144 m; and the rover encountered slopes of up to 20 °. With the orthomosaic tied to the lunar refer- 

ence frame, we derived coordinates of the Lunokhod-2 landing module and overnight stop points. We 

identified the exact rover route by following its tracks and determined its total length as 39.16 km, more 

than was estimated during the mission (37 km), which until recently was a distance record for planetary 

robotic rovers held for more than 40 years. 

© 2016 Elsevier Inc. All rights reserved. 
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1. Introduction 

Luna-21 landed on 16 January 1973 and deployed the roving

vehicle Lunokhod-2 ( Researches of the Moon, 1975 ). The goals of

the mission were to study the topography, geology, and morphol-

ogy of the lunar surface, in particular, the transition between mare

and highlands. Luna-21 touched down in Le Monnier crater, lo-

cated on the eastern margin of the Serenitatis Basin; the lava that

filled Mare Serenitatis also flooded the floor of this 61 km diameter

crater ( Fig. 1 ). 

After an initial reconnaissance of the surrounding area

( Fig. 2 a), the Lunokhod-2 vehicle ( Fig. 2 b) descended to the lu-

nar surface and started its journey and scientific experiments. Soon
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fter landing the first panoramas and navigation images were

aken and transmitted to Earth showing the surroundings, in-

luding the landing module ( Fig. 3 ). Rover instruments, as well

s equipment mounted on the first Soviet rover, Lunokhod-1

 Vinogradov, 1971; Barsukov, 1978 ), were to determine the physi-

al and mechanical properties ( Leonovich et al., 1971 ) and chemical

omposition of the lunar regolith ( Viktorov and Chesnokov, 1978 ).

unokhod-2, similar to Lunokhod-1, carried an X-ray telescope

 Beigman et al., 1978 ), radiation detector ( Vernov et al., 1971 ), and

aser reflector for geodetic ranging experiments ( Kokurin et al.,

978 ). As with Lunokhod-1, Lunokhod-2 was remotely controlled

rom the ground station in Crimea (Simferopol), but had a high

egree of autonomy to enable it to operate for extended periods of

ime in the extreme conditions on the lunar surface ( Kemurdzhian,

993 ). 

Lunokhod-2 survived for five lunar days and explored an area of

pproximately 180 km 

2 (estimated using a rectangle surrounding

http://dx.doi.org/10.1016/j.icarus.2016.05.021
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.05.021&domain=pdf
mailto:i_karachevtseva@miigaik.ru
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Fig. 1. Map of crater Le Monnier with Luna-21 landing area. Background: WAC global mosaic ( Scholten et al., 2012 ). 

Fig. 2. (a) Landing area of the Luna-21 mission and landing module, LROC NAC M122007650L (NASA/GSFC/ASU)); and (b) a model of Lunokhod-2 in The State Museum of 

the History of Cosmonautics named by K.E. Tsiolkovskiy (Kaluga). 

Fig. 3. Archive lunar panorama (#6-372) taken by Lunokhod-2 cameras on the first lunar day: the image, showing the Luna-21 landing module, is looking to the south; 

massifs of Le Monnier crater (left) are visible on the horizon ∼10 to 15 km to the east. 
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the entire route). Onboard camera systems ( Selivanov et al., 1971 )

provided more than 90 panoramas ( Fig. 3 ) and 80,0 0 0 navigation

images. 

On April 20, Lunokhod-2 drove into a relatively small but steep-

sloped crater. During an attempt to exit the crater the solar panel

accidently contacted the crater wall and scooped up and deposited

soil onto the spacecraft radiator. On May 10, the temperature in-

side the spacecraft became critical and operation was stopped. Ra-

dio contact with the rover was lost a day later (May 11), due to

overheating of the vehicle body ( Dovgan, 2015 ). The mission was

officially terminated 3 June 1973 ( Huntress and Marov, 2011 ). 

High-resolution images obtained by the Lunar Reconnaissance

Orbiter Camera (LROC) Narrow Angle Camera (NAC) ( Robinson

et al., 2010 ) have renewed interest in this historic rover mission.

The Luna-21 lander and the rover can clearly be identified in

the NAC images and rover wheel tracks along the traverse can

be studied ( Table 1 ). Recently, interest in the accomplishments

of Lunokhod-2 was renewed when the length of the traverse of

the Mars rover Opportunity exceeded the Lunokhod-2 record of

39.22 km in April 2014, a record that was held for more than 40

years by Lunokhod-2. 

In this paper, we report mission details and the Lunokhod-2

traverse measurements based on the NAC images and associated

ephemeris. 

2. Lunokhod-2 

2.1. The rover construction and equipment 

Construction of Lunokhod-2 ( Fig. 2 b) was similar to that of

Lunokhod-1, and consisted of the same self-propelled chassis

and the sealed instrument compartment containing the scientific

equipment. The total mass of Lunokhod-2 was 836 kg compared

to 756 kg of Lunokhod-1 ( Kemurdzhian, 1993 ). The top of the in-

strument compartment was equipped with a thermal radiator that

could be covered by a large retractable lid during the night to re-

duce heat loss ( Elenov et al., 1971 ). The bottom side of the lid

was equipped with solar arrays to supply power during the day.

The solar cells were augmented with a combination of batteries

and a polonium heat generator. New gallium arsenide solar arrays

were deployed (instead of the previous siliceous photoelectric cells

( http://www.laspace.ru/rus/luna21.html ), providing a total capacity

of 250 Ah (Lunokhod-1 had 200 Ah). 

In addition to the scientific equipment available on

the Lunokhod-1, Lunokhod-2 had notable improvements

( Kemurdzhian, 1993 ), as follows: 

- a third navigation camera that allowed the operator crew to

better focus on lunar surface ( Dovgan, 2015 ); 

- a spectrometer RIFMA-M (Roentgen Isotopic Fluorescent

Method of Analysis) that was used to determine the chemical

composition of the lunar regolith ( Kocharov and Viktorov, 1974 )

and had been modified in comparison to RIFMA on board

Lunokhod-1 ( Kocharov et al., 1971 ); 

- a ternary ferromagnetometer, mounted on a remote arm (1.5 m

length), that was to measure the magnetization of individual

targets on the lunar surface ( Dolginov et al., 1976 ); 

- an astrophotometer for measuring the luminosity of the

sky at visible and ultraviolet wavelengths ( Severny et al.,

1975 ). 

Lunokhod-2 had eight wheels, four on each side of the rover

body. Each wheel consisted of three titanium rings (510 mm in di-

ameter) and 16 spokes wrapped in a metallic mesh. The wheels

were 200 mm wide, and the spacing between wheels (track gauge)

was 160 0–170 0 mm ( Anisov et al., 1971 ). On soft surfaces the

wheels were observed to penetrate deep into the regolith, and the
heels formed pronounced tracks along its traverse. The average

pecific pressure of the wheels on the ground (at a nominal depth

n the regolith of 30 mm) was 0.05 kg/cm 

2 ( Leonovich et al., 1978 ).

he Lunokhod tracks are easily observed in the NAC frames be-

ause the grousers on the wheels significantly disturbed the soil.

his disturbance is in marked contrast to the wheels of the Apollo

unar rover vehicles that did not have grousers and whose tracks

re difficult to observe outside of the descent stage blast zones

 Clegg et al., 2014 ), despite the fact that the wheel loading was

imilar. 

Lunokhod-2 moved at two distinct speeds: 0.8 km/h and

.0 km/h ( Kemurdzhian, 1993 ). Turning of the vehicle was achieved

y varying the rotation of the wheel on the right and left sides,

espectively, and by changing the direction of their rotation. The

urning radius of the rover in motion was typically 3 m with

heels turning at different speeds ( Kemurdzhian, 1993 ). However,

he rover could also turn in place (with its left and right wheels

urning in opposite directions) within a radius of 0.8 m. Areas

here the rover turned in place are detectable in the NAC images

see below Fig. 15 a) and on archive images obtained by Lunokhod

ameras (e.g. in Fig. 16 a left). 

The rear of the instrument compartment contained the heat

ource (polonium 210), the lifting and lowering mechanism for the

id ( Kemurdzhian, 1993 ), as well as an experiment with a pene-

rator, PROP (Russian abbreviation from PRibor Otsenki Prokhodi-

osti, an instrument to measure trafficability) for assessments of

hysical and mechanical properties of the regolith ( Cherkasov and

hvarev, 1975 ). Lunokhod-2 had an improved system of automatic

ocks that reacted in the event that the rover encountered dan-

erous slippage on steep slopes or excess voltage in the onboard

ower system. 

Lunokhod-2 was equipped with a laser reflector, consisting

f a block of 14 prisms (45 ×20 × 8 cm 

3 ) made of special heat-

esisting glass and protected by multi-layer heat-insulating mate-

ial ( Kokurin et al., 1978 ). Since 1978 regular laser measurements

f Lunokhod-2 carried out at the Crimean Astrophysical Observa-

ory (CrAO) using a 2.6-m telescope provided data on the distance

o the Moon with an accuracy of 25 cm ( Kokurin, 2003 ). Results

rom the Lunar Laser Ranging (LLR) experiment provided important

nsights concerning the dynamics and interior of the Moon ( Dickey

t al., 1994 ). In addition, with the reflector coordinates established

o the cm level, the laser reflector stations mark important geode-

ic reference points that define the currently used lunar coordinate

ystems ( Archinal et al., 2011 ). At CrAO, a total of 1400 measure-

ents were made using the Lunokhod-2 laser reflector; these ob-

ervations were terminated in 1983 owing to cancellation of the

oviet lunar program ( Kokurin, 2003 ). However, the Lunokhod-2

aser ranging was continued from other observatories ( Williams

t al., 2013 ), unlike the case of its predecessor on Lunokhod-1,

hich could not be recovered until its recognition in LRO images

 Murphy et al., 2011 ). For unknown reasons, the return signal from

unokhod-2 is at least five times weaker than that of Lunokhod-1.

ne possible explanation is that lunar dust is obscuring the reflec-

ors ( Murphy et al., 2010 ). 

.2. Lunokhod-2 navigation system 

The number of Lunokhod cameras and their locations were cho-

en to give full view of the surrounding area, including horizon, the

un, the Earth, as well as to provide information about the ground

urface for safe movement. 

Lunokhod-1 had two television cameras for navigation (abbre-

iated as “MKTV” - the Russian abbreviation stands for “small

rame television system”) mounted at a height of 950 mm above

he surface, the average height of a seated person ( Selivanov et

l., 1971 ). At the request of the operator crew ( Dovgan, 2015 ),

http://www.laspace.ru/rus/luna21.html
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Table 1 

Images used for DEM processing and mosaicking. 

Number Image IDs Date and time Pixel Emission Solar Incidence 

of images scale, m angle, deg azimuth, deg angle, deg 

1 . M101971016LE 11.07.2009, 17:02 1 .5 14 .58 183 .64 82 .99 

2 . M101971016RE 11.07.2009, 17:02 1 .5 17 .35 183 .22 83 .23 

3 . M106669064LE 04.09.2009, 02:04 1 .67 17 .64 228 .29 37 .54 

4 . M106669064RE 04.09.2009, 02:04 1 .67 14 .87 226 .38 37 .75 

5 . M106683404RE 04.09.2009, 06:02 1 .5 1 .21 219 .92 38 .79 

6 . M109039075LE 01.10.2009, 12:23 0 .56 15 .00 82 .67 27 .42 

7 . M109039075RE 01.10.2009, 12:23 0 .56 12 .23 83 .06 27 .41 

8 . M119646179LE 01.02.2010, 06:48 0 .56 3 .74 196 .34 59 .43 

9 . M119646179RE 01.02.2010, 06:48 0 .56 0 .92 195 .52 59 .50 

10 . M122007650LE 28.02.2010, 14:46 0 .56 11 .40 220 .83 36 .53 

11 . M122007650RE 28.02.2010, 14:46 0 .56 8 .64 219 .53 36 .59 

12 . M129086218LE 21.05.2010, 13:02 0 .56 1 .64 162 .36 56 .23 

13 . M129086218RE 21.05.2010, 13:02 0 .56 1 .13 162 .51 56 .30 

14 . M131440712LE 17.06.2010, 19:04 0 .56 18 .78 176 .39 80 .26 

15 . M131440712RE 17.06.2010, 19:04 0 .56 21 .60 176 .11 80 .34 

16 . M139707174LE 21.09.2010, 11:18 0 .56 4 .57 249 .57 28 .40 

17 . M139707174RE 21.09.2010, 11:18 0 .56 7 .50 248 .53 28 .42 

18 . M146783727LE 12.12.2010, 09:01 0 .9 1 .68 172 .21 75 .46 

19 . M146783727RE 12.12.2010, 09:01 0 .92 1 .13 172 .20 75 .52 

20 . M165645602LE 18.07.2011, 16:25 0 .5 0 .68 190 .95 70 .12 

21 . M165645602RE 18.07.2011, 16:25 0 .56 1 .13 190 .27 70 .18 

22 . M1680 0 0478LE 14.08.2011, 22:33 0 .5 27 .13 218 .90 47 .61 

23 . M1680 0 0478RE 14.08.2011, 22:33 0 .5 24 .36 216 .81 47 .65 

24 . M172717196LE 08.10.2011, 12:45 0 .57 0 .89 116 .66 30 .03 

25 . M172717196RE 08.10.2011, 12:45 0 .57 3 .66 117 .02 30 .05 

26 . M175070494LE 04.11.2011, 18:27 0 .57 25 .73 154 .18 47 .90 

27 . M175070494RE 04.11.2011, 18:27 0 .57 28 .50 153 .82 47 .94 

28 . M177426582RE 02.12.2011, 00:55 0 .57 23 .63 171 .04 71 .52 

29 . M177433351LE 02.12.2011, 02:48 0 .57 17 .53 280 .48 70 .67 

30 . M177433351RE 02.12.2011, 02:48 0 .57 14 .76 166 .34 70 .73 

31 . M180966502LE 12.01.2012, 00:13 1 .52 1 .78 190 .57 70 .57 

32 . M183325364RE 08.02.2012, 07:28 1 .51 1 .20 206 .51 46 .39 

33 . M185684246LE 06.03.2012, 14:42 1 .4 1 .78 243 .23 27 .22 

34 . M188035994LE 02.04.2012, 19:58 1 .49 6 .19 125 .17 28 .92 

35 . M188035994RE 02.04.2012, 19:58 1 .49 9 .17 125 .58 29 .04 

36 . M188043142LE 02.04.2012, 21:57 1 .49 1 .78 122 .85 28 .65 

37 . M1105709502LE a 24.10.2012, 09:17 1 .36 16 .27 150 .69 45 .29 

38 . M1105709502RE a 24.10.2012, 09:17 1 .36 19 .04 150 .63 45 .49 

39 . M1105723789RE a 24.10.2012, 13:15 1 .36 4 .44 146 .08 43 .95 

40 . M1105723789LE a 24.10.2012, 13:15 1 .36 7 .21 145 .43 43 .78 

41 . M1108074725RE 20.11.2012, 18:17 1 .48 1 .20 166 .77 67 .48 

42 . M1108074725LE 20.11.2012, 18:17 1 .48 1 .77 166 .60 67 .27 

43 . M1113965174RE a 27.01.2013, 22:32 1 .37 6 .51 205 .18 48 .81 

44 . M1113965174LE a 27.01.2013, 22:32 1 .37 9 .27 206 .37 48 .62 

45 . M1113986482RE a 28.01.2013, 04:27 1 .37 29 .72 200 .53 51 .28 

46 . M1113986482LE a 28.01.2013, 04:27 1 .37 26 .95 200 .94 51 .03 

47 . M1118681776RE 23.03.2013, 12:42 1 .26 1 .13 117 .53 27 .11 

48 . M1118681776LE 23.03.2013, 12:42 1 .26 1 .64 116 .90 27 .02 

49 . M1123399010LE 17.05.2013, 03:03 1 .4 1 .64 170 .50 68 .45 

50 . M1126921794RE b 26.06.2013, 21:36 1 .39 3 .84 187 .12 75 .25 

51 . M1126921794LE b 26.06.2013, 21:36 1 .39 6 .61 187 .78 75 .04 

52 . M1126928906LE b 26.06.2013, 23:34 1 .39 1 .36 186 .92 75 .57 

53 . M1126928906RE b 26.06.2013, 23:34 1 .39 4 .13 186 .36 75 .77 

54 . M1126936017LE b 27.06.2013, 01:32 1 .30 9 .79 186 .37 76 .08 

55 . M1126936017RE b 27.06.2013, 01:32 1 .30 12 .74 185 .87 76 .29 

56 . M1129282798LE 24.07.2013, 05:26 1 .39 1 .64 202 .72 52 .45 

57 . M1129282798RE 24.07.2013, 05:26 1 .39 1 .13 201 .77 52 .64 

58 . M1131636702LE 20.08.2013, 11:17 1 .28 1 .64 230 .85 33 .17 

59 . M1131636702RE a 20.08.2013, 11:17 1 .28 1 .13 229 .59 33 .30 

a Images used for DEM production ( Table 2 ). 
b Images used for mosaicking ( Fig. 10 ). 
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unokhod-2 was equipped with a third MKTV-camera mounted

bove the others, that would provide a view of the traverse ahead

rom the height of a standing person. This camera was a sig-

ificant improvement and proved very useful when elements of

he rover’s attitude control system failed after landing. The driver

nd the crew had to navigate the rover based on the positions of

he Sun and prominent relief features ( Dovgan, 2015 ). The aver-

ge speed of Lunokhod-2 was 340 m/h (in contrast to the average

peed of Lunokhod-1 of 140 m/h). The high speed of Lunokhod-2
as obtained because operators benefitted from the experience of

unokhod-1 ( Petrov, 1978; Dovgan, 2015 ), as well as more frequent

closely spaced) navigation frames (approximately every 6 s vs. ev-

ry 20 s for Lunokhod-1), which was enabled by a higher data

ransmission rate ( Kemurdzhian, 1993 ). 

In order to conduct the topographic and morphologic study

f the lunar surface, the rover was also equipped with four

anoramic scanner cameras: one horizontal and one vertical on

ach side ( Selivanov et al., 1971 ). The cameras had a scanning
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Fig. 4. The first Lunokhod-2 panorama taken from the lunar surface looking to the east (#6-368). A small crater and the landing module (right) resting on the flat mare plain 

are seen in the foreground while the highland mountains composing the rim of Le Monnier crater can be seen in the background: (a) image with superimposed coordinate 

grid for tilt measurements; and (b) the same image corrected for horizon curvature. 

Fig. 5. Historic operations map of the Lunokhod-2 traverse, compiled during the mission (Lavochkin Research and Production Association Museum). 
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mirror which made rotational and oscillatory motion to form a

panoramic image of about 30 0 0 lines (180 °) per 500 samples

(30 °) for horizontal view ( Figs. 3 and 4 a) and 60 0 0 lines (360 °)
per 500 samples (30 °) – for vertical view. Stereo images at some

selected sites were obtained by taking panoramas from two po-

sitions of the Lunokhod ( Rodionov et al., 1971 ). Based on stereo

panoramas some topographic maps were obtained, which allowed

to determine the steepness and slopes inside craters ( Fig. 6 b). For

photogrammetric processing and elevation measurements exterior

orientation parameters were derived from views to the Sun, the

Earth and to distant surface objects like the rim of Le Monnier

crater ( Rodionov et al., 1973 ). 

Unfortunately, details on the orientation parameters including

coordinates and tilts of the rover are not available and must be

considered lost. To recover coordinates we implemented a method

( Kozlova et al., 2014 ) that is based on a search for panorama ob-

servation points on LROC NAC images. The Lunokhod tilts have

to be determined iteratively using archive panoramic images. Spe-

cially developed software ( Zubarev et al., 2016 ), including digital
alette ( Fig. 4 a), provides reconstruction of the horizon line with

ifferent values of tilts. After adjusting to the visible skyline on the

anorama, the image is corrected for horizon geometric distortion

 Fig. 4 b). 

.3. Previous reconstruction of the route 

The original operations map of the Lunokhod-2 route

 Fig. 5 ) based on traverse measurements during the mission,

s currently held by the Lavochkin Research and Production As-

ociation Museum ( http://www.laspace.ru/rus/museum.php ). This

ap was compiled using photogrammetry and geodesy techniques

hat were initiated in the MIIGAiK Aerial Survey Department by

oris Nepoklonov in 1966. Later in the frame of navigation tasks of

he Lunokhod-1 mission ( Rodionov et al., 1971 ), the methodology

as improved in the Space Research Institute of the Russian

cademy of Science ( Rodionov, 1999 ). 

http://www.laspace.ru/rus/museum.php
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Fig. 6. Detailed maps of the Lunokhod-2 study area ( Rodionov et al., 1973 ): (a) to- 

pographic map on southwest part with “triple traverse”, where the rover moved 

three times along the same traverse (original scale 1: 50,0 0 0); and (b) relief map 

of one of the small craters (original scale 1: 100): diameter D = 9.5 m; H = 1.4 m. 
Using a combination of individual topographic maps of small

tudy areas derived from operative panorama processing based

n coordinate observations and navigation measurements, various

aps of the Lunokhod-2 route were produced by the Nepoklonov

roup ( Rodionov et al., 1973 ), including a topographic map of the

outhwest part of the route ( Fig. 6 a), a relief map of an inten-

ively studied small crater ( Fig. 6 b), and a topographic sketch map

f the entire working area ( Fig. 7 ); the last of these maps was pub-

ished later ( Kemurdzhian et al., 1978 ). The maps show craters and

epressions, central hills of craters, individual boulders, and areas

ith scattered small rocks along the route ( Lipskiy and Rodionova,

978 ). The landing site, locations where samples were taken for

he chemical analyses of the regolith, selected points for panoramic

nd stereoscopic surveys, rover stop points of RIFMA, and magnetic

xperiments have been marked. For our new analysis these maps

rovided important information (see Tables 6 and 7 ). 

The first geologic map ( Fig. 8 a) based on results of a geomor-

hologic study of the Lunokhod-2 area ( Florensky et al., 1974 ),

s well as the geomorphologic sketch map ( Fig. 8 b) derived from

nalyses of Le Monnier crater ( Florensky et al., 1976 ; see also re-

ent geologic review in Abdrakhimov, 2009 ) were compiled on the

asis of the Lunokhod-2 route map. 

More recently, the Lunokhod-2 study area was investigated us-

ng Clementine UV-VIS images with 100-m resolutions ( Stooke,

007 ) and NAC images ( Abdrakhimov et al., 2011 ). 

. LRO data image processing 

.1. LRO mission 

The Lunar Reconnaissance Orbiter (LRO) was launched on June

8, 2009. After commissioning, LRO moved in a nearly circu-

ar, 50 km, polar orbit during its first year of operation ( Vondrak

t al., 2010 ). For a period of one month this orbit was changed

o a slightly elliptical orbit for low-periapsis passes and higher-

esolution imaging, from approximately 21 km above the mean sur-

ace. With its extended science mission beginning in December

011, LRO transferred to an elliptical (40 ×200 km 

2 ) energy-saving

frozen orbit” (see Keller et al., 2016 ). 

.2. Camera and images 

The LROC WAC obtains images at moderate resolution (100 and

00 m pixel scale) at ultraviolet and visible (321–689 nm) seven-

olor, whereas the two identical NACs provide high-resolution

0.5 m/pixel from 50 km altitude) monochrome images ( Robinson

t al., 2010 ). The NAC images are 50 0 0 pixels wide and typically

2,224 lines long. Using adjacent orbits and with spacecraft tilt,

he NAC acquires overlapping stereo pairs ideally suited to pro-

uce high-resolution DEMs, and geometrically accurate orthoim-

ges ( Oberst et al., 2010; Scholten et al., 2012 ). 

The Lunokhod-2 area as well as other lunar landing sites, such

s Apollo 17 ( Haase et al., 2011 ) and Luna-17 ( Karachevtseva et al.,

013 ) are LROC priority targets, the Luna-21 area has been imaged

any times with varying pixel scales, viewing, and illumination

onditions ( Table 1 ). 

.3. Stereo image processing 

For the DEM and orthoimage production based on photogram-

etric techniques, we used 59 NAC images ( http://wms.lroc.asu.

du/lroc ) of the study area ( Table 1 ). Pre-processing was con-

ucted by means of specially developed software ( Zubarev et al.,

016 ) using preliminary exterior orientation parameters (coordi-

ate position of LROC NAC cameras) ( Mazarico et al., 2012 ), pro-

ided by Spacecraft Position Kernels (SPKs) and temperature cor-

http://wms.lroc.asu.edu/lroc
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Fig. 7. A topographic sketch map of Lunokhod-2 route ( Kemurdzhian et al., 1978 ). 

Fig. 8. (a) Historic geologic map of Lunokhod-2 region, compiled by G.A. Burba. 

When first published ( Florensky et al., 1974 ), unofficial names were used for lunar 

objects in the study area (here in Russian; for English names see panel b). (b) Ge- 

omorphologic sketch map of Lunokhod-2 exploration area ( Florensky et al., 1976 ): 

1–3 – Late, Middle and Early Copernican craters; 4 – Fossa Recta; 5–7 – Late, Middle 

and Early Eratosthenian craters; 8 – Fossa Incospicua; 9 – Le Monnier lava-flooded 

crater floor; 10 – Late Imbrian craters; 11 – Le Monnier crater rim; 12 – tectonic 

scarps; 13 – large crater rims; 14 – hill slopes; 15 – ridges; 16 – geomorphologic 

boundaries; and 17 – Lunokhod 2 route. 
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ected C-matrix Kernels ( Speyerer et al., 2012 ) taken from SPICE

 http://naif.jpl.nasa.gov/naif/data.html ) at the selected time. Using

his same software all images were converted from PDS-format

 

∗.img) to an internal format of the digital photogrammetry system

HOTOMOD ( Adrov et al., 1995 ). 

In the next step, 342 tie-points, covering all images ( Table 1 ),

ere measured based on semi-automatized correlation method

n PHOTOMOD version 5.3 ( http://www.racurs.ru/?page=634 ). The

verage number of measurements for each tie-point, using vari-

us images, is 10 and the maximum is 18. A least-squares bun-

le block adjustment was carried out, resulting in improved posi-

ion and orientation parameters of the NAC images. The PHOTO-

OD implementation of the block adjustment is based on the RPC

odel ( Grodecki and Dial, 2003 ), which is characterized by an ef-

ectively reduced number of adjustment parameters (6 per image)

roviding a numerically stable solution. Considering the average

ixel size of 1.0 m, the coordinate accuracy on the lunar surface

RMS errors) were estimated as RMSx = ± 1.8 m, RMSy = ± 3.9 m,

MSz = ± 4.3 m. 

The NAC typically obtains nadir images (consequently, emission

ngles are close to 1 °, see Table 1 ), however, the spacecraft was oc-

asionally tilted to obtain stereo images for targets of interest (re-

ulting in emission angles of > 10 °) with convergence more than

 °. As images were obtained at different times of the day, illu-

ination varies accordingly, so only 5 stereo pairs obtained un-

er similar lighting conditions, as recommended for automated 3-

 terrain processing ( Becker et al., 2015 ), were chosen for creating

he DEM covering the entire Luna-21 activity area; for each of the

 pairs the difference in solar azimuth and solar incidence angle

mounts to less than 15 °, suitable for image correlation in a single

air. 

We produced the DEM with a resolution of 2.5 m/pixel

 Fig. 9 ) based on algorithms of automatic relief generation using

 semi-global approach ( Hirschmüller, 2005 ), which uses the

terative-deformation method implemented in PHOTOMOD soft-

are ( Sechin, 2014 ). This method takes into account the result

f transformation (deformation) of multiple overlapping elevation

odels produced in several iterations. In the first iteration a

reliminary elevation model H 0 (level 0) is used, interpolated

rom the measured tie-points. In the next steps transformations

re made with various elevation models H ±i looking for maximal

oefficient of correlation between overlapping models during

 -iterations at one level. 

http://naif.jpl.nasa.gov/naif/data.html
http://www.racurs.ru/?page=634
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Fig. 9. DEM of the Lunokhod-2 area with the resolution of 2.5 m/pixel produced from photogrammetric processing of NAC images using PHOTOMOD software (background 

– hillshade relief derived from DEM). 
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Table 2 

Parameters of LROC NAC stereo pairs used for DEM production. 

Number Image IDs Angle of Nominal 

of convergence, elevation 

pairs deg accuracy, m 

1 M1131636702RE–M1113986482RE 32 .2 1 .8 

2 M1113986482RE–M1113965174RE a 38 .6 1 .7 

3 M1105709502LE–M1105723789LE 25 .5 2 .9 

4 M1105709502RE–M1105723789RE 25 .2 2 .9 

5 M1113986482LE–M1113965174LE 39 .3 1 .8 

a Stereo pair used for measurements of the Lunokhod-2 final position. 
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Finally, data with favorable conditions ( Table 1 ) – both with

igh resolution and similar illumination (with small discrepancy

n solar azimuth and incidence angle from images taken from se-

uential orbits; in our case time difference not more than 4 h)

were selected for mosaicking ( Fig. 10 ) for further analysis and

apping. 

The results of the photogrammetric image processing (DEM

nd orthomosaic) provide a consistent coordinate system for

he Lunokhod-2 area derived from an absolute accuracy of ori-

ntation parameters of the NAC cameras in the lunar coordi-

ate system. Using the processed stereo pair M1113986482RE

nd M1113965174RE, the coordinates of the final position of

unokhod-2 in stereo mode have been determined ( Table 3 ). The

erived coordinates are related to the ground surface point un-

er the rover (not to the lid of Lunokhod-2). The nominal (a pri-

ri) accuracy of elevation determination for the selected stereo pair

s 1.7 m. 

Comparing of the Lunokhod-2 final position coordinates ob-

ained in this study from stereo measurements ( Table 3 ) with LLR

erived positions ( Williams et al., 2013 ) shows an average dis-

repancy of ∼118 m. To remove this (absolute) positional error, the

EM and the orthomosaic were controlled to the LLR derived coor-

inates of the final position of Lunokhod-2 by shifting them in lati-

ude and longitude (assuming rotational offsets to be minimal). Us-

ng the transformed data as a basis for the spatial measurements,

ll coordinates of this paper are given in the LLR system (see

ables 6 and 7 ). The remaining errors of the coordinates are as fol-

ows: elevation accuracy is ±3 m derived from maximal value of

ominal elevation accuracy of the DEM (2.9 m, Table 2 ); RMS er-

or of plane coordinates is ±2 m derived from nominal resolution

f images used for orthomosaicking (1.4 m, Table 1 ) and operator

rror (1 pixel). 
t  
. Study of Lunokhod-2 area 

.1. Traverse identification 

The Lunokhod-2 route primarily extends from west to

ast (contrary to Lunokhod-1, which moved south to north),

nd Lunokhod-2 travelled a distance four times longer than

unokhod-1. Hence, several sets of NAC images were required to

over the Lunokhod-2 study area. These images were acquired over

everal different LRO mission phases. 

For track identification we used the highest-resolution NAC im-

ges, taken under complementary illumination conditions, as the

isibility of the wheel tracks strongly depends on solar azimuth

nd incidence angle, similar to crater identification ( Florensky et

l., 1978; Basilevsky et al., 2012 ). In high Sun illumination, the

racks are very difficult to identify ( Fig. 11 a), whereas with low Sun

big solar incidence angle), the tracks are clearly visible ( Fig. 11 b).

or the analysis of the traverse we used an orthomosaic ( Fig. 11 c)

hat includes images with best visibility of the track (81% of the
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Fig. 10. (a) Orthomosaic of the Lunokhod-2 area with a resolution of 2.5 m/pixel produced from NAC images and DEM using PHOTOMOD software; and (b) NAC image 

mosaic with annotation showing the traverse route as traced on individual images. 
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Table 3 

Comparison of stereo measurements (this study) and Lunar Laser Ranging ( Williams et al., 2013 ) for final position of Lunokhod-2. 

X , m Y , m Z , m Longitude, deg Latitude, deg Elevation, m 

Lunokhod-2 coordinates (LLR) 1339388 .601 802309 .554 755849 .750 30 .9221056 25 .8323282 −2761 .338 

Lunokhod-2 coordinates (LROC NAC DEM) 1339294 .5 802303 .9 755918 .3 30 .92371 25 .83558 −2807 .1 

Differences 94 .1 5 .6 −68 .6 −0 .00160 −0 .00325 45 .8 

Fig. 11. Lunokhod-2 route on various LROC NAC images with different illumination conditions: (a) poor visibility of traverse with high Sun (image M109039075LE, solar 

incidence angle 27 °); (b) good visibility of traverse with low Sun (image M177433351RE, solar incidence angle 71 °); ( с ) orthomosaic with high quality visible track, produced 

to identify the route (equidistant cylindrical projection with center at study area – main meridian 30 °40 ′ , standard parallel 25 °50 ′ – is used for all maps in the paper). 
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osaic is covered by images with pixel scales of ∼0.5 m and 19%,

bout 1.0 m). 

The Lunokhod-2 traverse was digitized using ArcGIS 10.3

 http://www.esri.com/ ) and in ISIS3 using the program Qview

 Anderson et al., 2004 ). To obtain the most accurate posi-

ions for the traverse we used two different methods and soft-

are implementations: (1) 3D-stereo measurements in original

tereo images, using PHOTOMOD, and (2) 3D-measurements in

rcGIS using the DEM. 
t  
After the identification of the traverse, the lengths of individ-

al parts of the Lunokhod-2 traverse, from different lunar days,

ave been determined ( Table 4 ). The total length of the traverse

as measured to be 39.1 km (average from both techniques), sig-

ificantly longer ( ∼2 km) ( Table 4 ) than the previously published

esult of 37 km, which was based on the onboard odometer mea-

urements ( http://www.laspace.ru/rus/luna21.html ). 

The discrepancy between historic and modern distance mea-

urements ( Fig. 12 ) probably has multiple causes: (1) lost naviga-

ion equipment after landing; (2) accumulated errors along path;

http://www.esri.com/
http://www.laspace.ru/rus/luna21.html
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Table 4 

Lunokhod-2 route measurements. 

Lunar 

day 

Date Description New distances measured in 

GIS (this study), m 

Distances measured by Lunokhod-2 9th wheels 

during Luna-21 mission ( Dovgan, 2015 ), m 

1 16.01–24.01.1973 Lunokhod-2 moved to the southeast 1299 1148 

2 08.02–22.02.1973 Lunokhod-2 moved to the south. Study of crater with a 

diameter of 720 m. Turn to east 

10,034 9919 

3 09.03–21.03.1973 Lunokhod-2 moved east. Crossed the depression width 

400 m, depth 27 m. Turned to the northeast 

17,622 16,533 

4 08.04–22.04.1973 Lunokhod-2 moved to the southeast - to southern tip 

of Fossa Recta. Traversed around Fossa Recta from the 

south to the north 

9136 8600 

5 08.05–10.05.1973 Lunokhod-2 moved to the north along Fossa Recta 1014 880 

Total � 39,105 � 37,080 

Fig. 12. Differences between Lunokhod-2 route, digitized in GIS (white), and the route from transformed historic map (black): (a) operative schema produced during Luna-21 

mission; and (b) topographic schema, produced as result of analysis and mapping after mission (maximal discrepancy is about 80 m). 
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Fig. 13. Topographic profile of Lunokhod-2 route: (a) elevations along the route (vertical exaggeration = 20); (b) portion of route with maximum elevation; and (c) portion 

of route (near Fossa Recta) with lowest elevation and the maximum slope. 

Fig. 14. Slope map for the Lunokhod-2 area computed using NAC DEM on a baseline of 5 m. 



116 I.P. Karachevtseva et al. / Icarus 283 (2017) 104–121 

Table 5 

Slope analysis for the Lunokhod-2 area. 

Slopes, deg Area, km 

2 % 

0–7 209 .9 81 .7 

7–15 29 .0 11 .3 

15–25 15 .3 6 .0 

> 25 2 .6 1 .0 

Total 256 .8 100 

Table 6 

Lunokhod-2 overnight positions, measured in GIS. 

Lunar Date Longitude, Latitude, Elevation, 

night deg deg m 

1 25.01.1973–07.02.1973 30 .43749 25 .97351 −2678 

2 23.02.1973–08.03.1973 30 .47531 25 .76436 −2657 

3 22.03.1973–08.04.1973 30 .84048 25 .82145 −2736 

4 22.04.1973–08.05.1973 30 .91493 25 .82212 −2769 
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been noted. 

L

(3) mistakes based on odometer measurements (9th wheel); and

(4) differences between two methods of measurements (odometer

and digitizing tracks). Despite the differences, two old maps man-

ually referenced to tracks digitized in GIS show a good correlation

between various data, demonstrating the excellent navigation work

that was done during the Luna-21 mission ( Fig. 12 ). 

4.2. Morphometric analysis 

Based on the DEM and the digitized track, morphometric pa-

rameters of the Lunokhod-2 route were analyzed. We extracted a
Table 7 

unokhod-2 points of interest, measured in GIS. 

No. Lunar Date Description 

day 

1. 1 16.01.1973 Landing site: First panoramic images taken

2. 1 16.01.1973–18.01.1973 The first panorama obtained from the luna

3. 1 16.01.1973–18.01.1973 Panoramic images near Luna-21 landing m

4. 2 09.02.1973 RIFMA experiment and the first special ma

Panoramas 6-386–6-393 

5. 2 11.02.1973–12.02.1973 RIFMA experiment 

6. 2 12.02.1973 RIFMA experiment 

7. 2 12.02.1973–16.02.1973 RIFMA experiment 

8. 2 19.02.1973 Maximum elevation on the route 

RIFMA experiment 

9. 3 12.03.1973 The second special magnetic experiment 

RIFMA experiment 

Panoramas 6-416–6-424 

10. 2, 

3 

19.02.1973, 13.03.1973 South point of tripled traverse, crater with

RIFMA experiment 

Panoramas 6-410–6-415 

11. 3 14.03.1973 North point of tripled traverse 

RIFMA experiment 

12. 3 15.03.1973 RIFMA experiment 

13. 3 16.03.1973 RIFMA experiment 

14. 3 18.03.1973 RIFMA experiment 

15. 3 21.03.1973 RIFMA experiment 

16. 4 11.04.1973–15.04.1973 West side of Fossa Recta graben – start poi

RIFMA experiment 

Panoramas 6-4 4 4–6-4 47 

17. 4 10.04.1973–15.04.1973 West side of Fossa Recta graben – end poin

18. 4 15.04.1973–16.04.1973 Minimum elevation on the route 

19. 4 16.04.1973–20.04.1973 East side of Fossa Recta graben – start poin

RIFMA experiment 

Panoramas 6-448–6-450 

20. 4 16.04.1973–20.04.1973 East side of Fossa Recta graben – end poin

21. 5 10.05.1973 Final position of Lunokhod-2 

a ID of panoramic images based on Russian State Archive metadata. 
b Comparison of Luna-21 landing site position with the coordinates obtained by ( Wagn

et al., 2014 ) shows good results. 
opographic profile ( Fig. 13 ) and computed slopes along the tra-

erse ( Fig. 14 ). 

The highest point of the traverse is −2629 m ( Fig. 13 b), located

n the so-called Tangled Hills (or Encounter Hills), visited by the

over on the second lunar day of its journey. The lowest point

–2773 m) was encountered on the western side of Fossa Recta

uring the fourth lunar day ( Fig. 13 c). Here, the rover encountered

aximum slopes at an angle of 20.3 ° measured on a baseline of

 m. The total range of elevations along the Lunokhod-2 traverse is

44 m. 

The slope analysis for the Lunokhod-2 area has been done us-

ng the DEM ( Table 5 ). For spacecraft landing safety, a rather flat

rea was chosen for the Luna-21 module near the south rim of

e Monnier crater. Most slopes do not exceed 7 ° (about 82%);

lopes of 7–15 ° are infrequent ( ∼11%); areas with steep slopes

15 up to 25 °) are rare (7%), and high slopes almost never occur

1%). 

Using the crater catalog for a small portion of the Lunokhod-2

rea near Fossa Recta and the high-resolution DEM, a detailed

orphometric study and analysis of degradation of small impact

raters on the lunar mare was made by Basilevsky et al. (2014) . The

nalysis of cumulative frequency distributions of depth/diameter

 d / D ) of the studied craters and derived crater degradation rate re-

ealed two different processes of crater degradation: one is rather

apid and affects craters with d/D larger than ∼0.14 and the max-

mum slope of crater inner wall steeper than ∼25 °; the other,

ignificantly slower process, affects shallower craters with gentler

lopes. Also, differences between obtained d / D of small impact

raters with the earlier published values ( Basilevsky, 1976 ) have
Longitude Latitude, Elevation, 

deg deg m 

 from Luna-21 module (6-364–6-367) a 30 .40754 b 25 .99910 b −2677 

r surface by Lunokhod-2: 6-368 ( Fig. 4 ) 30 .40705 25 .99947 −2678 

odule: 6-370–6-374 30 .40776 25 .99926 −2678 

gnetic experiment 30 .43749 25 .97350 −2678 

30 .45223 25 .90731 −2671 

30 .45234 25 .89795 −2670 

30 .45742 25 .87743 −2670 

30 .44376 25 .74316 −2629 

30 .47489 25 .76455 −2658 

 landslides 30 .45239 25 .73441 −2653 

30 .48155 25 .79006 −2658 

30 .54591 25 .80803 −2670 

30 .61975 25 .79995 −2694 

30 .72665 25 .80347 −2716 

30 .84048 25 .82145 −2736 

nt of magnetic experiment 30 .89129 25 .79523 −2764 

t of magnetic experiment 30 .87385 25 .78983 −2749 

30 .89013 25 .78517 −2773 

t of magnetic experiment 30 .90668 25 .79656 −2762 

t of magnetic experiment 30 .92409 25 .78380 −2763 

30 .92211 25 .83233 −2761 

er et al., 2014 ) based on mean values from images with improved SPKs ( Speyerer 
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Fig. 15. Enlarged portions of the Lunokhod-2 route. The left images represent scenes from the original mosaic while the right show highlights of various stops and traverses 

from the Lunokhod-2 mission: (a) the southwest magnetometer traverse where the rover moved three times along this same traverse; (b) the west magnetometer traverse 

near Fossa graben; and (c) the east magnetometer traverse near Fossa graben. 
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Fig. 16. Images taken by Lunokhod-2 navigation and panoramic cameras during the magnetic experiment on the third lunar day: (a) examples of MKTV-images; and (b) 

example of archive panorama (#6-387) shows tracks of the rover and its ninth wheel. 

Fig. 17. Lunokhod-2 final position as seen in NAC image M175070494 

(NASA/GSFC/ASU). The rover, the traverse, and the rover with open lid (zoomed 

inset) are marked by white arrows. 
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4.3. Mission time line – Lunokhod-2 

The automated spacecraft Luna-21 landed January 1, 1973 in

the eastern part of the Sea of Serenity, in the southern portion

of Le Monnier crater (30 °24 ′ E, 25 °59 ′ N), close to the edge of a

40 m crater. As for the landing of Luna-17, the engine of Luna-

21 shut down only when the platform touched the lunar surface,

not based on a signal from the gamma-altimeter “Quantum-2” as

originally planned ( Dovgan, 2015 ). After initial visual inspection of

the site, the Lunokhod-2 rover descended to the lunar surface and

began its journey, including scientific experiments and panorama
urveying ( Tables 6 and 7 ). On the first lunar day, soon after land-

ng, the first panoramas and navigation MKTV-images were taken

nd transmitted to the Earth showing the surroundings ( Figs. 3 and

 ). 

Initially, Lunokhod-2 moved southwards and on the second lu-

ar day (February 2, 1973) it reached the Tangled Hills (the clos-

st part of the rim of Le Monnier crater). There, the Lunokhod-2

raveled uphill and studied the highlands. The main scientific goals

f the mission were to study the transition zone between the

are and highlands and to examine prominent geologic features

f the Fossa Recta (to the east from the landing site). Methods of

tudy of the lunar surface were based on operational experience

f Lunokhod-1 ( Florensky et al., 1978 ). The approach combined de-

ailed studies at selected points on the surface and studies along

he traverse. The results of the detailed local studies can be consid-

red as reference points and extrapolated along the corresponding

art of the traverse. Comparison of quantitative characteristics ob-

ained at such reference points shows changes in the surface prop-

rties along the traverse. 

Several magnetic measurements were made during the mission

 Dolginov et al., 1976 ). The magnetometer was mounted on a rod

.5 m away from the rover; however, electrical currents inside the

unokhod created magnetic fields that influenced the instrument

eadings. To eliminate this influence and perform the measure-

ents, the rover moved away from the crater in four mutually per-

endicular directions, and then returned ( Fig. 15 a). The magnetic

xperiments were conducted at several craters, for example, at the

eginning of 2nd and 3rd lunar days ( Fig. 15 a) and also on the 4th

ay near Fossa Recta ( Fig. 15 b and c). This procedure allowed the

cientists to measure magnetic parameters of crater slopes, rim,

nd ejecta, and improved the accuracy of measurements. The ex-

eriments revealed that the Moon has a weak magnetic field, but

ocal variations in the direction and intensity of the magnetic field

re significant ( Ivanov et al., 1977 ). These results are used to com-

are the measurements obtained by portable magnetometer during

he Apollo missions ( Vanyan et al., 1979 ). 

Implementing the traverses for the magnetometer measure-

ents was a complex navigation task. Thus, while performing

he experiment on the second lunar day, the Lunokhod-2 traveled
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Fig. 18. Hypsometric map of the Lunokhod-2 study area, based on new DEM and orthomosaic. 
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64 m and made 120 different maneuvers, working 11 h around a

rater having a 15-m diameter ( Dovgan, 2015 ). The complexity of

avigating around a similar sized crater is shown in Fig. 16 a using

KTV-images, that have much lower quality than the panoramas

 Fig. 16 b). 

After completion of the magnetic experiments on the third lu-

ar day, the rover returned to the mare and moved eastward to-

ard the Fossa Recta graben. Lunokhod-2 produced two distance

ecords on this day, covering 17.6 km during 10 sessions (16.6 km

ccording to measurements at the time of the mission) as well as

overing 3130 m in one session ( Dovgan, 2015 ). In contrast, the en-

ire Lunokhod-1 traverse during 11 lunar days was 9.9 km as de-

ived from recent GIS-measurements ( Karachevtseva et al., 2013 ),

hich also differ from the measurements at the time of the mis-

ion by ∼0.5 km. 

The rover stopped for the third night about 1.5 km from the

raben Fossa Recta ( ∼19 km length, ∼400 m width, ∼20 to 50 m

epth). During the fourth lunar day, on reaching Fossa Recta,

unokhod-2 took several panoramas and made measurements of

he magnetic field ( Fig. 15 b). During this day the rover succeeded

n traversing around the southern edge of the graben and traveling

orthward along its eastern rim. The magnetic field was measured

n symmetric locations on the western and eastern side, providing

 nearly full magnetic profile of the area surrounding Fossa Recta

 Fig. 15 c). 

During four lunar days Lunokhod-2 traversed a total of 38.1 km.

he fifth lunar day was the last of the Lunokhod-2 journey and

overed a distance of ∼ 1 km. The final signal from Lunokhod-2

ame on May 10, 1973. Lunokhod-2 parked facing southeast with

he lid still open (see Fig. 17 ). Rover tracks approach from the

orth to the final parking place. The inset of Fig. 17 is a zoomed-in

iew of the rover. 

. Conclusions 

We report on Lunokhod-2 traverse measurements based on

hotogrammetrically processed NAC images that were used to map
he study region ( Fig. 18 ). Using GIS tools we reconstructed the

over traverse and derived improved locations for points of inter-

st ( Table 7 ) that provide new insights into mission achievements.

unokhod-2 traversed a total distance of 39.1 km (in contrast to the

revious estimate of 37 km); the traverse was four times longer

han that of Lunokhod-1. 

The main goals of the Lunokhod-2 mission were to investi-

ate the morphology of the transition zone between lunar mare

nd highland terrains based on the surface panoramic images

 Fig. 19 a and b). Magnetometer measurements showed variations

n the surface magnetic field, suggesting the induction of currents

n the Moon under the influence of the changing interplanetary

eld. Based on laser ranging measurements to the reflector of

unokhod-2, the rover’s final position is one of the best known po-

itions on the Moon, which is used for establishment of the lunar

oordinate frame ( Archinal et al., 2011 ) and for studies in lunar or-

ital and rotational dynamics ( Kopeikin et al., 2008 ). 

The DEM, the orthomosaic, and the digitized rover route were

sed to determine the Lunokhod-2 panorama observation points

nd for georeferencing of the panoramas in the frame of the PRo-

iDE project ( http://www.provide-space.eu/ ), which focused on as-

embling a major portion of the imaging data gathered so far

rom vehicles and probes on planetary surfaces into a unique geo-

atabase. 

Bringing archive data into modern spatial context provides ex-

ellent opportunities for detailed comparative analysis with new

ata. It provides a new view on past and recent lunar missions

s, for example, studies of Lunokhod-1 and Yutu working ar-

as ( Basilevsky et al., 2015 ), including morphometric and geo-

ogic assessment, estimations of boulder types and densities, crater

lasses, and regolith structure. Moreover, the well-studied lunar re-

ions can be used for future missions as an analog for testing and

alibration of different instruments and techniques. For example,

igh-resolution DEMs and orthomosaics of the Lunokhod-1 and 2

reas support morphometric and safety assessments for selection

f candidate Luna-25 (Luna-Glob) landing sites. There is a con-

iderable amount of shadow in polar areas and there is no op-

http://www.provide-space.eu/
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Fig. 19. Example one of the last Lunokhod-2 images (#6-448), taken near Fossa Recta: (a) archive panorama in spherical projection; and (b) the same panorama image, 

which was photogrammetrically transformed to the horizon. 
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portunity to obtain good quality stereo pairs for photogrammetri-

cally processed DEMs. Therefore, a method of estimating the dis-

tribution of slopes in portions of shaded areas measured in the

images acquired at different solar incidence angles was suggested

( Abdrakhimov et al., 2015 ). This method was calibrated on analog

regions in Lunokhod-1 and 2 areas where we have images with

various illumination conditions as well as detailed DEMs. Further-

more, the LLR coordinates of the Lunokhod-1 and 2 rover positions

provide high absolute accuracy of the created DEMs that can be

used as a reference area to control calibration of the stereo camera

for planned Russian Moon projects and to perform refinement of

the spacecraft trajectory during the future orbital mission Luna-26

(Luna-Resource). 

All digital data products shown in this paper derived from LROC

NAC processing as well as newly processed lunar archive panora-

mas georeferenced to Lunokhod traverse can be found at MIIGAiK

Planetary Data Geoportal ( http://cartsrv.mexlab.ru/geoportal/ ). 
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