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ARTICLE INFO ABSTRACT

Multi-temporal spacecraft observations are key to detect and understand surface changes and time-critical pro-
cesses on Mars. Since the 1970s, the number of orbital observations of Mars has increased to over one million
images. The observations have revealed that the surface of Mars is changing due to exogenic processes, including
eolian activity, mass movement, seasonal ice and frost cover, and crater-forming impacts. The increasing number
of observations highlights the importance of efficient and convenient tools for planetary image data management
and change detection analyses. To support the identification of surface changes we developed the Multi-Temporal
Database of Planetary Image Data (MUTED), which is accessible at “http://muted.wwu.de”. The database enables
scientists to quickly identify the spatial and multi-temporal coverage of planetary image data from Mars. As a
basis for various change detection analyses, the location, number, and time range of acquisitions of overlapping
images taken by the Viking Orbiter (VO), the Mars Orbiter Camera (MOC), the High Resolution Stereo Camera
(HRSC), the Thermal Emission Imaging Instrument (THEMIS), the High Resolution Imaging Science Experiment
(HiRISE), the Compact Reconnaissance Imaging Spectrometer of Mars (CRISM) and the Context Camera (CTX) as
well as future instruments (e.g., Colour and Stereo Surface Imaging System (CaSSIS)) can be identified. The
database will assist and optimize image data searches to support the analysis and understanding of short-term,
seasonal, and long-term processes at the surface and in the atmosphere of Mars. To demonstrate the capability
and scientific potential of the database, we analyzed the occurrence of dark slope streaks and observed their
formation within a time interval of <~5 days in different regions on Mars.
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1. Introduction

In the 1970s, the Mariner and Viking Orbiters provided about 55,000
images of the surface of Mars with a spatial resolution varying from a few
meters to several hundreds of meters (Carr et al., 1972; Levinthal et al.,
1973). Almost 25 years after the Viking program, observation systems on
board of the Mars Global Surveyor (MGS), Mars Express (MEX), Mars
Odyssey (MO) and the Mars Reconnaissance Orbiter (MRO) acquired
images of the surface of Mars with a wide range of spatial and spectral
resolutions, and different acquisition geometries. The observations have
revealed that the martian surface is very dynamic (e.g., Sagan et al.,
1972; Veverka et al., 1974; Chaikin et al., 1981; Zurek and Martin, 1993;
Sullivan et al., 2001; Geissler, 2005; van Gasselt et al., 2005; Malin et al.,
2006, 2010; Russell et al., 2008; Hayward et al., 2014; Raack et al., 2015;
Vincendon et al., 2015). The modifications are attributed to exogenic
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processes, including eolian activity (e.g., Cantor et al., 2001; Bourke
et al., 2008; Stanzel et al., 2006, 2008; Greeley et al., 2010; Reiss et al.,
2011, 2014a; b; Reiss and Lorenz, 2016; Bridges et al., 2012, 2013;
Daubar et al., 2016; Bennett et al., 2017), mass movement (e.g., Malin
et al., 2006; Reiss et al., 2010; McEwen et al., 2011; Dundas et al., 2012,
2015; Ojha et al., 2015), seasonal ice and frost cover (e.g., James et al.,
1979, 2010; Piqueux and Christensen, 2008; Thomas et al., 2009;
Piqueux et al., 2015; Calvin et al., 2017), and crater-forming impacts
(e.g., Malin et al., 2006; Daubar et al., 2013). Multi-temporal observa-
tions are key to detect and understand surface changes and processes on
Mars. Since the Mariner and Viking program, the overall number of
image data has risen to over one million (Heyer et al., 2017). The present
status of the growing number of high-resolution observations with a
spatial size of imaging pixels on the ground better than 100 m (m/px) and
advantages of multi-temporal imaging is reported for example by
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Sidiropoulos and Muller (2015). Moreover, the increasing number of
observations highlights the importance of efficient and convenient tools
for planetary image data management and change detection analyses,
which is what the Multi-Temporal Database of Planetary Image Data
(MUTED) was developed for. The database enables scientists to quickly
identify the spatial and multi-temporal coverage of Mars orbital image
data. As a basis for various change detection analysis, the location,
number, and time range of acquisitions of overlapping images taken by
instruments on board of Viking, MO, MGS, MEX, and MRO can be
identified with MUTED. In particular, images of the surface of Mars can
be searched in spatial and temporal relation to other images. The tem-
poral relation can be defined by the user in minutes, hours, days or a
difference in solar longitude. The database will assist and optimize image
data searches to support the analysis and understanding of short-term,
seasonal, and long-term processes on the surface and in the atmosphere
of Mars.

In this article, we present the current status of MUTED. A detailed
description of the architecture and user interface of the database is pre-
sented in Section 2. The integrated datasets are briefly introduced in
Section 3. Section 4 provides a global statistical analysis of the multi-
temporal image coverage of the surface of Mars. The benefits of
MUTED and a scientific case study of analyzing the temporal character-
istics of dark slope streaks are discussed in Section 5.

2. The Multi-Temporal Database of Planetary Image Data

The Multi-Temporal Database of Planetary Image Data (MUTED) has
been designed to support the identification of multi-temporal image
coverage on Mars. The database has been developed at the Institut fiir
Planetologie in Miinster (IfP) and is available at URL: “http://muted.
wwu.de®. A comprehensive overview of application possibilities of
multi-temporal observations on Mars as well as a simple implementation
of the multi-temporal search algorithm has already been presented to the
planetary community by Erkeling et al. (2016). Here, we present a
detailed description of the implementation of the new developed
multi-temporal search algorithm as a part of a comprehensive web-tool to
study dynamic Mars.

MUTED was built using free and open source software and provides
coverage information for more than one million images from several
instruments imaging Mars. Its capabilities have already been utilized by
some recent studies on active processes on the surface and in the atmo-
sphere of Mars (Reiss et al., 2011; Jaumann et al., 2015).

The multi-temporal database is based on a three-tier architecture,
including a data storage level, a service level, and a presentation level.
Fig. 1 illustrates the architecture of MUTED and the corresponding data
sources.

At the bottom data storage level, metadata of all images are stored
within an object-relational database. Furthermore the temporal relations
of all images are computed. For this purpose, we use a PostgreSQL
database in combination with the PostGIS geospatial extension.

Metadata of the planetary image datasets are integrated from the
Planetary Data System (PDS, https://pds.nasa.gov) of the National
Aeronautics and Space Administration (NASA). For HRSC image data, the
metadata are directly provided by the mission team at the German
Aerospace Center (DLR). Product IDs, acquisition times, pixel resolutions,
incidence angles, link to PDS, link to browse images, and the spatial
extent of the images were extracted, unified, and stored in separate ta-
bles. Based on the spatial accuracy of the datasets, the spatial extent of
the images diverges from the actual mapped area by an offset that may
reach up to several hundred meters. Consequently, the spatial accuracy of
the multi-temporal coverage results from the positional accuracy of the
underlying images.

Datasets were filtered for data gaps and additional information, e.g.,
the Unix timestamp, the solar longitude, are derived for each image
respectively. The Unix timestamps, which represents the number of
seconds that have passed since the beginning of 1970-01-01 00:00:00
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Fig. 1. Architecture of MUTED (dashed frame) and corresponding data sources.

UTC, are used to accelerate temporal database queries as well as the
calculation of time intervals between overlapping images. To provide the
temporal relation between overlapping images, time-overlap tables were
created for each dataset respectively. Using the PostGIS spatial inter-
section algorithm, overlapping image objects were identified and the
difference in time and solar longitude, and the number of overlapping
images were stored for each image respectively. The overall number of
overlapping footprints per image depends on the extent and location of
the images and can be several magnitudes higher than the number of
images integrated into the database. Due to storage capacity, the differ-
ence in time and solar longitude are only stored for the temporally
nearest overlapping images. This value is used to provide the location of
overlapping images for a user defined time range at a global scale. For a
region of interest, all overlapping images can be identified on the fly
using multi-temporal filter functions from the service level.

The service level of the database architecture comprises a Geoserver
for data management and access. Using standards from the Open Geo-
spatial Consortium (OGC), the Geoserver translates geospatial data,
stored in the PostGreSQL database, into web map services (WMS) and
web feature services (WFS). The WMS provides a global rasterized rep-
resentation of image coverage. For a region of interest, WFS provides
selectable vector representation of the images. Using Common Query
Language (CQL), the web services can be filtered by date, solar longitude,
spatial resolution, incidence angle and spatial extend.

In addition to the image datasets stored in the database, global
basemaps provided by the United States Geological Survey (USGS) are
integrated into the Geoserver and translated to WMS. A GeoWebCache is
used to cache map tiles and accelerate as well as optimize the WMS
delivery.

The presentation layer is a web user interface. Using HTML, PhP, and
JavaScript, it provides several features for data selection, filtering and
visualization (Fig. 2). A short user manual introduces all major elements
and features of the user interface when accessing the website. Global
basemaps can be selected within the navigation menu. Global basemaps
provide a quick overview and spatial context, and support the definition
of a region of interest (ROI) based on spectral, topographical or geolog-
ical information. A ROI can be specified by drawing a rectangle on the
map. Alternatively, the ROI can be set by minimum and maximum lati-
tude and longitude coordinates. To visualize the data coverage for a
specific instrument, all integrated datasets and further information are
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Fig. 2. Web user interface of MUTED. (A) Navigation menu. (B) Map area shows
multi-temporal coverage on a global scale or for a region of interest (blue frame)
on top of a selected basemap. (C) Timeline represents data availability and
temporal context of all images within the region of interest in chronological
order. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

listed and can be selected in the dataset menu. Within the filter menu,
datasets can be filtered by minimum and maximum thresholds for pixel
resolution, date, solar longitude, or incidence angle.

By selecting datasets, a CQL-request consisting of the name of the
dataset and the spatial and temporal thresholds is transmitted to the
Geoserver. The Geoserver returns the spatial coverage of the requested
dataset as WMS or WES (ROI), including meta data stored in the Post-
greSQL database.

By selecting images within the ROI, metadata and a browse image are
displayed. Browse images are provided by the PDS and the Image
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Explorer from Arizona State University. Another feature of the user
interface is a timeline that displays all selected images in chronological
order. The timeline serves as a quick overview of the data availability and
visualizes the temporal context of the images within the ROL

The key feature is the multi-temporal search function. Overlapping
images can be identified by selecting two or more datasets and a temporal
relationship between the images. For the observation of short-term pro-
cesses, the temporal relation can be set to minutes, hours or days. To
observe seasonal processes, a difference in solar longitude can be defined.
Alternatively, a minimum number of observations can be set to ensure
data availability, e.g., to observe long-term processes.

By using the multi-temporal search function, a CQL-request consisting
of the selected datasets and the temporal relationship is transmitted to
the Geoserver. Based on the first selected dataset, the Geoserver returns
the spatial coverage of the equivalent time-overlap table filtered by the
minimum temporal difference to the second selected dataset. On the map
(Fig. 3), red-colored objects indicate at least one image overlap for the
defined temporal condition. By selecting the red-colored objects, another
CQL-request consisting of the overlap dataset, the temporal relationship,
and the spatial extend of the selected object is transmitted to the Geo-
server. The resulting WFS represents the full overlap for the selected
image.

A demonstration of the multi-temporal search function is presented in
Fig. 3, showing overlapping observations from the High Resolution Ste-
reo Camera (HRSC) and the Mars Orbiter Camera (MOC) within a time
interval of 1h. By selecting the identified HRSC images (red-colored
objects), a CQL-request consisting of the overlap dataset name, the
temporal thresholds (acquisition time plus and minus 1h), and the
spatial extend of the HRSC image is transmitted to the Geoserver.
Overlapping MOC images (white-colored objects) including metadata
and browse images appear on the map. This approach allows for a quick
and convenient recognition of spatial and temporal overlaps among
various datasets and has already been applied for scientific studies. For
example, within the presented images, Reiss et al. (2011) observed active
dust devils and analyzed their size, traverse velocities, and the direction
of motion.

An example focusing on the multi-temporal data availability is pre-
sented in Fig. 4. The example shows images taken by the Context Camera
(CTX) with more than 20 overlapping CTX observations and reveals
suitable areas for extensive surface change analysis. In order to observe
seasonal phenomena, the identified images can be further filtered by
solar longitude or a specific time range.

T
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Datasets

Temporal Relation

Fig. 3. Multi-temporal coverage of HRSC (red-colored objects) and MOC (white-colored objects) observations within a time interval of 1h (right). Metadata and
preview of the selected image (left). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. The multi-temporal coverage of overlapping CTX images (>20 images) and available filter options.

3. Datasets

Currently, metadata pertaining to more than 1.27 million images
taken by instruments on board of Viking, MO, MGS, MEX, and MRO are
integrated into the database. Image data cover a time range of four de-
cades beginning with the first image taken by the Viking Orbiter in 1976.
The spatial resolution of the image data ranges from ~25 cm to several
kilometers per pixel.

A first comprehensive view of the surface of Mars was achieved by the
two Viking Orbiters (Carr et al., 1972). The orbiters reached Mars ~50
days apart at the end of northern spring of Mars Year 12 (1976) (Soffen
and Snyder, 1976). In the following two and a half martian years more
than 47,000 images with a spatial resolution between seven and several
hundred meters per pixel were collected. On this basis, the first global
mosaic of Mars with a pixel resolution of 231 mat the equator was
created (Kirk et al., 1999; Archinal et al., 2003). Half of the images taken
by the Viking Orbiter have a spatial resolution of 100 m/px and better.
The 5804 high-resolution images with a spatial resolution of 25 m/px
and better represent a valuable basis for surface change investigations
over the last 22 martian years or 44 Earth years.

Almost ten martian years after the Viking program, Mars Global
Surveyor (MGS) arrived at the end of northern summer of Mars Year 23
(1997} (Malin et al., 1992; Malin and Edgett, 2001). Using two camera
systems, more than 360,000 images were acquired over the following
five martian years. Focusing on seasonal phenomena in the atmosphere
and on the surface of Mars, the Mars Orbiter Camera Wide Angle
(MOC-WA) acquired images at a spatial resolution of 240 m/px to 7.5
km/px. The Mars Orbiter Camera Narrow Angle (MOC-NA) achieved a
global coverage of 5.45% with high-resolution images at a spatial reso-
lution of 1.5-12m/px (Malin et al., 1992, 2010).

Mars Odyssey (MO) entered the martian orbit during northern fall of
Mars Year 25 (2001). MO is still active and the longest surviving orbiter
in Mars exploration. Its Thermal Emission Imaging Instrument (THEMIS)
consist of two instruments observing the surface of Mars at the visible
and near-infrared part of the spectrum (Christensen et al., 2004). The
THEMIS-VIS camera acquires images with a spatial resolution of 18 m/px
and covered more than 60% of the planet after eight martian years of
operation. Infrared images from the THEMIS-IR spectrometer are typi-
cally more than 600km long and cover a wavelength range of
6.7-14.8pm at a spatial resolution of 100 m/px (Christensen et al.,
2004). Using infrared observations, Edwards et al. (2011) produced a
global day- and nighttime mosaic with a spatial resolution of ~100 m/px
at the equator.

ESA's Mars Express (MEX) reached Mars during northern winter of
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Mars Year 26 (2003). The High Resolution Stereo Camera (HRSC) on
board of MEX images the surface of Mars in four colors and five different
phase angles (up to 18.9°) at a spatial resolution of 12.5 m/px. This
configuration allows the derivation of digital terrain models with a grid
size of up to 50 m and a height accuracy of 10 m. Due to the elliptical
orbit, the spatial resolution depends on the respective distance from the
surface of Mars (Neukum and Jaumann, 2004; Jaumann et al., 2007;
Gwinner et al., 2016). After ten Earth years of operation, ~70% of the
surface are covered by panchromatic images with a spatial resolution
better than 20 m/px and ~90% with a spatial resolution better than
100 m/px (Gwinner et al., 2016).

At northern spring of Mars Year 28 (2005), after five months of aer-
obraking, the Mars Reconnaissance Orbiter (MRO) entered its final orbit
around Mars. MRO has three optical instruments to characterize the
geology and mineralogy of the surface of Mars at high spatial and spectral
resolution. The currently highest available orbital image resolution of
0.25-0.5m/px is achieved by the High Resolution Imaging Science
Experiment (HiRISE) (McEwen et al., 2007). Focusing on detailed geo-
morphology and stratigraphy of key locales, high-resolution images
cover 2.4% of the martian surface after five martian years of operation.
The Context Camera (CTX) acquires 30 km wide and more than 40 km
long context images with a spatial resolution of 5-6.5 m/px (Malin et al.,
2007). Due to the large areal coverage, in early 2017, 99% of the planet s
covered after almost six martian years of operation. High-resolution
spectral observations are provided by the Compact Reconnaissance Im-
aging Spectrometer of Mars (CRISM) operated in three observing modes.
In multispectral mapping mode, a subset of data is collected at 72
wavelengths with a spatial resolution of 100 and 200 m/px. After five
martian years of operation, observations cover more than 80% of surface
of Mars at multiple visible and infrared parts of the spectrum. In targeted
mode, images at a spectral range from 362nm to 3920nm (6.55
nm/channel) with a spatial resolution of 20 m/px are acquired (Murchie
et al., 2007). Currently, images taken in the atmospheric mode are not
integrated in the database. Table 1 summarizes the quantitative, spatial,
and temporal characteristics of the integrated datasets.

In addition to the image datasets, five global basemaps are integrated
into MUTED. An overview of Mars at visible wavelengths is provided by
the Viking MDIM2.1 Colorized Global Mosaic with a spatial resolution of
~231 m/px at the equator (Archinal et al., 2003). A more detailed view
with a spatial resolution of ~100 m/px at mid-infrared wavelengths is
available from the THEMIS-IR day-time global mosaic. In addition, the
THEMIS-IR night-time mosaic was included, which shows the thermal
emissivity of the surface (Edwards et al., 2011). Topographic information
is provided by a Mars Orbiter Laser Altimeter (MOLA) shaded relief
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Table 1
All planetary image datasets integrated into MUTED.
Dataset Time range Type Spatial Spectral Images
(years) resolution range (nm)
(m/px)
Viking 1976-1980 >7 450-590 47015
MOC 1997-2006 NA >1.5 500-900 95425
WA >230 400-675 140435
THEMIS 2002 ~ VIS >18 400-900 221455
IR >100 6700-14800 208044
HRSC 2004 ~ ND >12.5 440-970 4153
BL, GR, >12.5 30921
RE, IR,
s1, 82,
P1, P2
CRISM 2006 ~ HRS, >20 362-3920 210899
HRL, FRS,
ATO,
ATU
MSW, >100 133253
HSV,
HSP, MSV
CTX 2006 ~ >6 500-700 81581
HiRISE 2006 ~ >0.25 350-900 96232

derived from altimetry colorized by elevation with a spatial resolution of
~463 m/px (Smith et al., 2001). Global geological information of the
martian surface is available from the geological map of Tanaka et al.
(2014).

4. Coverage analysis

In order to quantify the multi-temporal coverage of the integrated
datasets we defined a latitude-longitude raster of Mars with a spatial
resolution of 0.01° and applied a raster filling algorithm for all image
footprints. The derived footprint raster is aggregated under different
temporal and spatial constrains and transformed into an equal area map
using the Mollweide projection. The spatial resolution of the global base
raster is equal to 600 m at the equator of Mars. The swath width of the
smallest integrated images is 2.9 km for MOC-NA (Malin et al., 1992) and
1.2km for HiRISE (McEwen et al.,, 2007). In comparison to the final
coverage of MOC-NA of 5.45%, reported in Malin et al. (2010), our es-
timate of 5.449% for the overall MOC-NA coverage confirms an adequate
accuracy of our coverage analysis.

For the statistical analysis we included all images covering the visible
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part of spectrum that are both integrated in MUTED and published in PDS
until August 2017. For the HRSC data set, the analysis focuses on the
nadir (ND) images. Calibration images and images covering the two
natural satellites of Mars, Phobos and Deimos, are excluded from the
statistical analysis. In addition to an overall overview of the integrated
datasets, the images were aggregated based on the spatial resolution:
better than 25, 100, and 500 m/px (abbreviated below as high, medium,
and low resolution).

Fig. 5 shows the global coverage per quarter Mars year starting from
the first image taken by Viking in 1976 until present. In the last 10 Mars
years (since MGS reached Mars), the surface of Mars is covered by
~98,000 images per Mars year with various spectral and spatial resolu-
tions. For the same period, ~59,000 high-resolution images per Mars
year were acquired. The mean annual coverage of high-resolution images
is 26.4% of the surface of Mars.

Fig. 6 shows the global coverage as a function of solar longitude and
thus as a function of season. In this plot, all images from Mars Year 12
until 34 are grouped in intervals spanning 30° in solar longitude (defined
as one month on Mars). The average coverage of the surface of Mars per
30° interval for images with a spatial resolution better than 500 m/px is
~79% (~32% for high-resolution images). Northern spring is the longest
season on Mars (~194 sols) and is ~40 sols longer in comparison to
northern fall. As a result, spring months show the highest coverage with a
maximum between 30° and 60° solar longitude for high- and medium-
resolution images. In fall, we calculated a minimum coverage for high-
resolution images of ~18% between 210° and 240° solar longitude. In
addition to season length, observing conditions and data downlink ca-
pacity from orbiter to Earth affects image acquisition and seasonal
coverage.

For a multi-temporal coverage analysis, all images from Mars Year 12
until 34 were aggregated. The overall repeat coverage of all high-to low-
resolution images is presented in Fig. 7.

The multi-temporal analysis shows that images with a spatial reso-
lution better than 500 m/px cover the surface of Mars completely (100%)
up to five times. For half of the surface, at least 28 high-to low-resolution
images are available. Polar regions are covered up to ~1200 times
(Fig. 8). High-resolution images cover 99.9% of the surface of Mars. For
98.4% of the surface at least one pair of high-resolution observations is
available. Half of the surface is covered with at least 5 high-resolution
images. Areas with a maximum coverage of ~800 images are within
the polar regions. Landing sites and other prominent areas are covered up
to ~300 times. Figs. 8 and 9 show the global coverage of Mars with
images better than 500 m/px and 25 m/px, respectively.
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Fig. 5. Global coverage of all datasets integrated into MUTED per quarter Mars year. Coverage represents the area of the surface of Mars, which was observed at least

one time during a quarter Mars year interval.
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Fig. 7. Global repeat coverage of all datasets integrated into MUTED.

The multi-temporal coverage for high-to low-resolution images dur-
ing different martian seasons is presented in Table 2. 88.7-99.0% of the
surface of Mars is mapped more than once with high-to low-resolution
images. Ten and more high-to low-resolution observations are available
for 17.6-45.9% of the surface. 25.7-37.6% of the surface is covered by
two and more high-resolution images. For 0.3-0.9% of the surface ten
and more high-resolution images are available.

In summary, the seasonal multi-temporal coverage reveals an
adequate data basis to detect and analyze time-critical phenomena and
processes on the surface and in the atmosphere of Mars.
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The multi-temporal analysis reveals a comprehensive data availabil-
ity for various change detection investigations over the last ten Mars
years. For example, the extensive multi-temporal coverage of the polar
regions is a valuable resource to analyze seasonal variations of ice and
frost cover and polar processes. The excellent coverage of regions with
steep slopes (e.g., Valles Marineris) enables a comprehensive monitoring
of mass-wasting processes. Due to the global multi-temporal coverage of
high-resolution images, new impact craters can be detected at a global
scale.



T. Heyer et al.

Planetary and Space Science 159 (2018) 56-65

Table 2

Fig. 9. Number of images per 0.01° with a spatial resolution better than 25 m/px.

Global repeat coverage per Mars season starting from northern spring (1) to winter (4).

Number of images Coverage [%] (<25 m/px) Coverage [%] (<100 m/px) Coverage [%] (<500 m/px)

Season Season Season

1 2 3 4 1 2 3 4 1 2 3 4
1 76.6 69.6 60.5 57.2 86.1 80.9 71.4 62.2 99.8 99.5 96.9 96.5
2 47.3 37.6 26.7 25.7 64.7 54.5 39.3 31.2 99.0 98.5 88.7 89.3
3 24.1 17.7 10.0 11.0 42.2 331 18.8 15.1 96.8 96.9 75.9 79.2
4 11.3 8.4 4.0 5.1 25.4 19.5 9.1 8.0 92.1 94.1 60.9 67.6
5 5.6 4.4 1.9 2.8 15.1 11.7 4.9 4.8 84.5 89.4 46.4 56.0
10 0.9 0.9 0.3 0.5 2.6 2.3 0.9 1.4 32.3 45.9 10.5 17.6

5. Example application - slope streaks

The following scientific example demonstrates the capability and
performance of MUTED to support the identification of surface changes
on Mars. The example focuses on the formation of slope streaks on
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Mars. Based on the ability of MUTED to search through a vast amount of
multi-temporal image coverage, image pairs with a minimum temporal
interval could be identified on a global scale. The image pairs are used
to identify newly formed slope streaks and constrain the duration of
their formation.
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Slope streaks are narrow fan-shaped albedo features that occur on
steep slopes in high-albedo and low-thermal-inertia equatorial regions of
Mars (Sullivan et al., 2001). The distinctive dark and much rarer bright
features have a high contrast and sharp edges (unresolved at ~25 cm) to
the surrounding surface. The length of the slope streaks varies from
several kilometers down to the size of the image resolution. Slope streaks
were originally observed in high-resolution images of the Viking Orbiters
in 1977 (Morris, 1982; Ferguson and Lucchitta, 1984). Newly formed
streaks, observed in MOC images, revealed that slope streaks are actively
forming (Sullivan et al., 2001). A number of models have been proposed
to explain the formation of slope streaks on Mars. Dry-based models
include mass-wasting of dust, granular flows or avalanching of hetero-
geneous dust accumulation along slopes (Sullivan et al., 2001; Baratoux
et al., 2006; Chuang et al., 2007). Wet-based models comprise brine
flows, mixed water-dusts flows, groundwater or ground-wetting from
salty liquids (e.g., Ferguson and Lucchitta, 1984; Ferris et al., 2002;
Miyamoto et al., 2004; Head et al., 2007; Jaret and Clevy, 2007; Kre-
slavsky and Head, 2009; Mushkin et al., 2010). However, none of the
proposed models account for all of the observed characteristics. Brusni-
kin et al. (2016) considered different physical processes resulting in a
more or less similar streak pattern. A growth or a reactivation of an
existing slope streak has not been observed yet. Therefore, the formation
of slope streaks is considered as a single short-time event, while the
duration of the formation event is unknown (Brusnikin et al., 2016;
Bhardwaj et al., 2017). The observation of the formation process is
limited by the intervals between repeat images. Comparing MOC images,
Aharonson et al. (2003) identified newly formed slope streaks within an
interval of 109 days. When MO, MEX, and MRO reached Mars, the
availability of overlapping high-resolution images increased dramati-
cally. Chuang et al. (2007} identified newly formed slope streaks using
HIRISE images within a time interval of 23 days. Comparing images of
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CTX and THEMIS-VIS, Schorghofer and King (2011) found newly formed
slope streaks within an interval of 22 days.

In this example we used MUTED to analyze and constrain the
maximum duration of the formation of slope streaks.

Using the multi-temporal function of MUTED, overlapping CTX im-
ages were identified for a time interval starting from one day up to one
week. For the high-albedo equatorial regions, where slope streaks occur,
~200 image pairs were identified. Using MUTED, image pairs with a very
small area of overlap were easily detectable and excluded from further
analysis. MUTED provided meta-data information for all image pairs
including a link to PDS, from which the image raw data were obtained.
Within the 40 visually analyzed image pairs, we found three newly
formed slope streaks (Fig. 10).

The first newly formed slope streak was identified on the northern rim
of Pasteur crater at 20.13°N and 24.16°E. The slope streak has a length of
~400 m and points in south direction. The slope streak occurred in Mars
Year 29 at a solar longitude of ~289.5°. The time interval between the
overlapping CTX images is six days.

The second slope streak occurred in the Olympus Mons Aureole at
31.93°N and 137.80°W. The cone-shaped slope streak spreads in a south-
east direction over a distance of ~510 m. The slope streak occurred in
Mars Year 33 at a solar longitude ~29.7°. The CTX observations are also
six days apart.

The third slope streak was also identified in the Olympus Mons
Aureole at 30.86°N and 140.51°W, at a distance of ~100km to the
second observed streak. The slope streak has a length of ~1080 m and
spreads towards the west. The slope streak also occurred in Mars Year
33 at a solar longitude of ~31.6°. The time interval between the over-
lapping CTX images is five days and provides the shortest indication for
the duration of the formation process of slope streaks on Mars. The
physiographic settings of the three analyzed dark slope streaks are
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Fig. 10. Newly formed slope streaks within a time interval of five and six days on the northern rim of Pasteur crater (left) and in the Olympus Mons Aureole (middle
and right). CTX images showing study sites before (top) and after (bottom) the formation of the slope streaks.
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comparable to those investigated by Schorghofer and King (2011).

In summary, the observed slope streaks revealed a formation interval
shorter than ~5 days. The temporal constraint of the formation process
was observed in two different regions on Mars for slope streaks with a
maximum length of ~400-~1000m. The observed slope streaks
occurred in martian spring as well as in winter. Our study is consistent
with previous work (e.g., Schorghofer and King (2011)) and can be used
to constrain the formation interval further. This type of analysis could be
expanded to other multi-temporal studies on processes on the surface
(e.g., gully erosion) and in the atmosphere (e.g., dust devils).

This example demonstrates the utility of multi-temporal analyses and
provides new insights in the formation of slope streaks on Mars. It
demonstrates the benefits of MUTED and its scientific potential and
highlights the importance of a comprehensive and continuing monitoring
of the surface of Mars.

6. Conclusion

MUTED represents a fast and convenient tool for identification of
spatial and multi-temporal coverage of planetary image data and sup-
ports the identification of surface changes and processes on Mars.
MUTED enables planetary scientists, engineers, and mission planners to
identify more than 1.27 million observations from orbital instruments
imaging the surface of Mars, including Viking, MOC, THEMIS, HRSC,
HiRISE, CTX, and CRISM in spatial and temporal context. The statistical
analysis of the integrated image datasets revealed a high availability of
multi-temporal observations of the surface of Mars. 47% of the integrated
images have a spatial resolution better than 25 m/px and cover 99.9% of
the surface. Over the last ten Mars years almost 60,000 high-resolution
images per Mars year were acquired. The increasing number of obser-
vations highlights the importance of efficient and convenient tools for
planetary image data management and change detection analyses. The
flexible architecture of MUTED allows for a fast integration of upcoming
data sets, e.g., from India's Mars Orbiter Mission (MOM) or ESA's Exo-
Mars Trace Gas Orbiter (TGO) mission. MUTED enables scientists to
quickly identify the location, number, and time range of acquisitions of
overlapping images on a global-scale or for a specific region of interest. It
will assist and optimize image data searches to support the analysis and
understanding of short-term, seasonal, and long-term processes on the
surface and in the atmosphere of Mars. The example application provides
new insights in the formation process of slope streaks and constrains the
duration of the formation down to an interval of ~5 days. Furthermore, it
shows the limitation of available observations of the surface of Mars and
highlights the importance of continuing orbital monitoring.
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