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Abstract.  

The accumulation of observation data about the planet Mars during the last 
decade has contributed to the development of the Martian climatology field. 
This field focuses on the study of temporal evolution of physical proprieties 
of surface and atmosphere of the planet Mars. Taking into account the tem-
poral dimension is a new topic in planetary sciences, which requires new 
methodologies and tools to explore data. Data about Mars come from Mars-
Express or Mars Reconnaisance Orbiter spacecrafts. These data are multi-
dimensional, including spatial, temporal, spectral and thematic compo-
nents. They are also extremely heterogeneous and incomplete. To carry out 
their studies, the researchers need to identify and to extract some relevant 
dataset for a region of interest and a selected time period.   

This paper presents MARSIG, a spatio-temporal information system dedi-
cated to explore and visualize Martian climatologic data. First, the main 
characteristics of the Martian climatologic data are presented, and the 
needs of the researchers in planetary sciences in terms of exploration and 
visualization are discussed. Then, we present how the different dimensions 
of these specific data, and more especially temporal dimension, have been 
integrated into a geovisualisation interface to answer their needs. 
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1. Context and objectives 
The Martian climatology science addresses the spatio-temporal evolution of 
the physical proprieties of the surface and atmosphere of the planet Mars. 
For example, it concerns the study of the localization of some chemical 
components at the surface of Mars, but also the seasonal variations of these 
components. The aim is to learn more about the geographical coverage of 
various components, like CO2 that, for example, is involved the ice for-
mation. 

To carry out these investigations, the Martian Climatologic science uses 
large spatial data coming from satellite remote sensors, especially the scene 
from Mars-Express or Mars Reconnaissance Orbiter spacecrafts (Exposito, 
2007). These spacecrafts, in orbit on Mars, are equipped with sensors or 
cameras to measure the level of light reflectance from the surface of the 
planet. Following their trajectories (or orbits) they make over flights at dif-
ferent dates, during which they perform sets of various “images”. Each im-
age is multidimensional, made of irregular pixels containing reflectance 
information for various wavelengths, and includes more than 20 Mo of in-
formation.  

The various chemical components, such as water, CO2 or dust, do not re-
flect the same wavelengths. The sensors record the level of soil reflection of 
256 wavelengths. Therefore, the processing of sensors data allows for 
checking, according the value of the albedo, the existence (or not) of specific 
chemical components. Each pixel in the image is associated with a spectral 
pass band, and consequently with a chemical profile. Then, the analysis of 
this spectral pass band leads to the characterization of the physical proper-
ties of the Martian surface (Christensen 1988). 

These data are then used with the objective to map the Martian Polar ice 
cap. The idea is to map areas where the water’s presence has been detected, 
or areas mainly with dust, etc. Another objective is also to produce energy 
balances on the long term, relying on the fact that the CO2’s presence is a 
sign for the formation of ice and for the changes of this energy balance as 
well. 

Before producing such maps, it is essential for researchers in planetary cli-
matology to get an inventory of available data and to explore them accord-
ing spatial, temporal and spectral dimensions. This exploration not only 
allows analysing the characteristics of the Martian surface, but also makes it 
possible to perform a comparative study of these characteristics both at the 
whole planet scale and over time. However, data samples are not homoge-
neous. Sample quality is very variable, depending on the observation condi-
tions. Before any further investigation, it is thus necessary to identify and 



select a relevant dataset characterizing a specific geographical area called 
Region Of Interest (ROI). Two criteria are important for this: the density of 
data concerning the selected ROI and the quality of the information con-
tained into the datasets. From a methodological point of view, this involves: 

– Finding among all the data produced, subsets of pixels covering a 
given ROI, for a selected spectral range and selected time period.  

– Identifying geographical areas having a maximal or minimal density 
of information over time or identifying temporal periods where is 
possible the observation of given frequencies of the albedo on Mars 
surface. 

Exploring and identifying available data are essential steps in the study of 
the characteristics of the Martian surface as performed by planetary re-
searchers. Martian climatologic data being spatio-temporal data, these 
steps can benefit from methods and tools for geo-visualization and explora-
tory data analysis (Andrienko & al, 2006). These two observations are the 
first conclusions drawn by a multidisciplinary consortium involving the 
Planetology and Astrophysics Institute of Grenoble (IPAG) and the Greno-
ble Informatics Laboratory (LIG). Together, a team specialized in the analy-
sis of hyperspectral data (Planeto-IPAG), and a geomatics team (Steamer-
LIG) have designed and developed a spatio-temporal information system 
for the exploratory analysis of planetary data coming from spectro-imagers 
embedded in Martian orbiters : OMEGA (Mars Express) et CRISM (MRO) . 
This software is called MARSIG. 

The paper is organized as follows. The second section presents the specific 
difficulties that may arise when analysing and exploring hyperspectral data. 
The approach conducted by planetary researchers is also described. The 
third section explains how the MARSIG software takes into account these 
difficulties and integrates an exploratory approach to analyse planetary 
information. 

2. Martian Climatologic data 
Recent advances in data acquisition in the field of planetary observation, 
especially those regarding Mars, have produced numerous sets of records, 
having spatial and temporal attributes. Large volumes of multidimensional 
data like raster images, and derivatives (raster or vector) are to be orga-
nized, structured and visualised for their further exploitation. We detail 
here the research process and the specificities of raw raster data that made 
necessary the design and development of a new tool for their exploration 
and understanding.  



2.1. Martian products 
Climatologists and glaciologists manipulate two kinds of data: raw data and 
derived ones. Raw data are collected first, under the form of images or tele-
scopic observations on various wavelengths. From these raw data new 
products are elaborated. These new products result from the expertise of 
physicians or chemists, relying on the astrophysics science in general. For 
instance, the presence of H2O and CO2 molecules is monitored, either by 
the analysis of albedo based on raw raster data, which can produced pol-
ylines of isolvalues of physical parameters like CO2 density, or by interpo-
lating the raw punctual samplings of the ground made by Spiders, which 
gives density surfaces. Building derived products is never immediate since 
it requires the use of sophisticated mathematical artefacts and computa-
tional resources.  

The new products often take the form of vector data, such as for instance a 
map of physical parameters of the Martian surface describing mineral water 
concentration, different kinds of ice that can be found, or any other kind of 
chemical component of interest for the study, etc. represented by polygonal 
areas. These derived products (e.g. a map of permafrost characteristics: 
depth, thickness, abundance of ice), are issued from a research process con-
sisting in mining raster images, by analysing the albedo for instance, in or-
der to detect and cartography the presence of certain chemical component. 
The process makes also a large use of additional data, raster or vector ones, 
consisting of existing maps of Mars, for instance, and all previous collected 
knowledge on this planet. It can be topologic data under the form of a Digi-
tal Elevation Model (DEM), and geologic maps (raster or vector forms as 
well).  

One of the objective is to build 3D maps allowing for the modelling and rep-
resentation of sedimentary stratification and stratification of subsurface ice. 
The second objective is to follow the evolution of this area, by studying for 
instance the seasonal variations of polar caps, soil hydration, and cratering 
of the ground.  

At this stage, it is important to understand that the process is iterative, be-
cause it re-uses previous derived products and additional data in order to 
enhance the interpretation of the new raw data, or even to fix possible mis-
interpretations of previous raw data, and correct the scientific principles 
and theory that are guiding the scientists. This means that the exploration 
of any new raw data, the hyperspectral cube as it will be described in the 
next section, needs to be combined with all previously acquired heteroge-
neous datasets (DEM, polygonal areas, punctual samplings, raster data, 
etc.).  



2.2. Constitution of a hyperspectral cube  
Researchers manipulate data file provided by satellites images capturing 
the albedo of various places on Mars (see figure 1). With a size of 20 MB, 
such a file contains X * Y pixels of different shapes and irregular surfaces. 
For instance, referring to figure 1, the corresponding data file is constituted 
of 5*3 pixels forming together the spatial envelop of the sequence (bold 
yellow line) that represent the full trace scanning by the satellite following 
an orbit at a certain date. Each pixel is characterized by the position of the 
satellite at the time of image acquisition (angles of incidence, emergence 
and phase, longitude, latitude and altitude measured in Martian coordi-
nates system). A pixel is composed of 256 photos, one for each wavelength. 
Each pixel is distinctively identified by its serial number (order of taking) in 
a given sequence for given orbit and time. Pixels share some properties like 
the resolution and the sampling size of the satellite sensor. The spatio-
temporal extent of the sequence can be computed from the pixels features. 

 

Figure 1. Schema of a satellite taking a series of pictures on orbit. 

 

Therefore, in a more abstract way, pixels form the so-called hyperspectral 
cubes (figure 2) which are the most difficult raw data to analyse.  

 



 

Figure 2. Hyperspectral cube : sequence of X*Y on 256 wavelengths. 

Only one pixel at once can be analysed by software like ENVI1 for instance. 
Indeed, it takes times to load it into memory, and also to run the appropri-
ate tool in order to extract albedo profiles for each wavelength. The main 
problem for planetologists is to identify the pixels that are "interesting", 
that is to say of good quality and of sufficient density. The first problem 
comes from the disparate quality of pixels, making some of them be almost 
unusable for further analysis following: 

- the position of the satellite in the space (the angles of incidence  
and emergence  should not be too small),  

- the brightness of the ground related to the phase angle  and the po-
sition on LS,  

- and the location of a pixel inside a sequence (pixels have a tendency 
to be more thick and distorted on the border of the sequence).  

Thus, volume and number of pixels contained in hyperspectral cubes (up to 
1000 sequences per year), as well as their heterogeneity in shape and quali-
ty make them difficult to explore. 

Also, since scientists are interested in evolution studies, they would like to 
get pixels covering the same zones at various time intervals. However se-
quences of satellite orbits flights rarely strictly overlap. Here the temporal 
dimension of these data must be well understood, since density of pixels 
covering the same zone may not have the same interpretation following the 
season of the picture.  

                                                        

1 http://www.exelisvis.com/ProductsServices/ENVI/ENVI.aspx 



The temporal dimension of information is associated with the date of satel-
lite flight (absolute time), but also with the position of Mars in its solar orbit 
(Solar Longitude – LS) that will determine the season of picture taking, as 
shown on figure 3. Indeed, depending on the season, and therefore on more 
or less exposure to high-energy solar radiation, results in terms of density 
of water or ice should be interpreted differently by glaciologists. Let us con-
sider an existing series of images taken on almost identical orbits over sev-
eral years, measured along a Martian calendar2, which started a long time 
ago after the Gregorian calendar used in the ISO 8601 standard. In this se-
ries, one should be able to detect sequences covering the same temporal 
period, a given season for instance. But also, using a cyclic time model, 
based on Martian seasons, one should help scientist to explore derived data, 
such as abundance of ice maps, grain size of ice maps, etc. The objective is 
to compare products between them in order to draw correlations, find sea-
sonal tendencies or long-term trends. 

Figure 3. Seasons on Mars, depending of LS. 

 

The variables, which correspond to metadata, describing a hyperspectral 
cube to consider are then :  

 Number of order : O (fixe) 

                                                        

2 here, one year corresponds to 600 earthling days  



 Orbit number : On(float) 
 Sequence number : Sn (int) 
 Solar Longitude : LS (float) 
 Martian year : Y(int) 
 Absolute time : T (float) 
 Column number : Y (int) 
 Line number : X (int) 
 Maximum and minimum Latitude  : MaxLat, MinLat 
 Maximum and minimum Longitude  : MaxLong, MinLong 

Spatial extension Correspond-

ing to 
Spatial resolution Spatial sample 

The light areas at time T ,  

The polar ice caps, (North and 

south hemispheres) 

Variable according the imag-

es, but also according the 

period 

Variable within an image 

Very different between OME-

GA and CRISM  

Very variable, generally de-

creases with the latitude. 

Highly dependent on the loca-

tion 

Sometimes only a few traces 

or series allowing to create a 

local or regional map. 

Table 1. Martian climatologic data : some spatial characteristics 

The georeferencing is generally known, but sometimes it is inaccurate. It is 
based on polar stereographical projection (N and S), or equatorial projec-
tion (cylindric). 

3. Toward a Spatio-Temporal Information System for 
Martien Climatology  

3.1. An exploration tool 
The use of GIS in the field of planetary science has developed significantly 
during several years (Hare & al 1998), (Tanaka and Kolb 2001), (Deuchler & 
al, 2004). The main application of GIS tools concerns mapping the surface of 
Mars. However, the integration of planetary products into a GIS arises vari-
ous problems related to:  

 the heterogeneity and the variable quality of spatial samples. The 
spatial extension of the planetary products is limited to lighted area 
at time T, and is not homogenous over time; 

 the specificity of the temporal dimension of these planetary prod-
ucts. Indeed, they are defined according several temporal granulari-
ty levels (daily, seasonal, annual or pluri-annual scales); 



 the spatial resolution, which can be different between the images, 
but also within a same image;  

 the diversity and specificity of projections (cylindric or polar projec-
tions, …) that have to be combined; 

 the amount of data to explore which can reach up to several tera-
bytes; 

 the multi dimensional nature of data (figure 3):  
o informational or descriptive data: Orbit number, sequence 

number, file name;  
o temporal data: date of capture (LS1 and LS2, Martian year); 
o spectral data: 256 wavelengths or plans; 
o spatial data: pixel, spatial envelope; 

Martian planetary research is characterized by an exploratory approach, 
which complicates the information system design and implementation. In 
fact, needs in terms of query are not identified a priori since the work is 
highly exploratory, consisting in highlighting geographical areas (region of 
interest) where the temporal and spatial coverage are of good quality, and 
having an interesting spectral signature (presence of ice, CO2 and H2O, not 
much of atmospheric dust that disturbs the signal…). This exploration may 
also involve the visualization of variety of geographical products resulting 
from Mars studies (raster or vector). Once the region of interest of study 
has been identified, the corresponding spectra can be extracted and pro-
cessed by other softwares, in order to identify the physical properties of 
Martian surface. 

3.2. Main functionalities 
From the analysis of needs, we have identified the main functionalities that 
the information system should provide. These needs are:  

 to explore data files in order to identify regions of interest according 
to some criteria like density or diversity of data (main input criteria 
in the process analysis performed by planetary researchers);  

 to extract data corresponding to the selected region; 
 to realize maps and graphical representations of physical properties 

of the surface of Mars. These representations are dedicated to the 
understanding of Mars meteorology and climatology, and to the lo-
calization of the quantities of water. 

In a more concrete way, the tool should allow researchers : 

 to visualize simultaneously and interactively in space and in time, 
the various “properties” produced by OMEGA and CRISM: raster 
products (maps) and vector products (polygons and polylines). This 



visualization is guided by the spatial axe i.e. “latitude”, either for a 
chosen latitude;  

 to visualize spatially temporal phenomena;  
 to compare spatial or spatio-temporal products with each other; 
 to identify spatial areas with good temporal datasets available for a 

given temporal period (homogeneous sample);  
 to extract and to visualize these ROI, and the temporal evolution of 

their properties; 
 to extract, for any selected point, the temporal evolution of various 

properties (raster and vector);  
 to perform spatio-temporal analysis based on vector processing 

(topological queries…);  
 to perform attribute queries on parameters of products (date, 

time…);   
 to manage large datasets (image's size from 100 Mpix up to 1 Gpix).  

The table 2 shows some examples of expected spatio-temporal queries:  

Identification of 
intersections or 
exclusions be-
tween Regions of 
Interest (poly-
gons)  

Identification of 
the evolution of 
Region 

Inter-annual 
comparison about 
area  

Thematic 

Zones containing 
H2O and C02, or 
zones containing 
H20 but no CO2  
 

Are the bounda-
ries of the cap for 
T1 and T2 periods 
the same? Is poly-
gon for T1 includ-
ed into polygon 
for T2) ?  

Difference be-
tween the ice re-
gion extension for 
two periods  

Discover the pres-
ence of some 
chemical compo-
nents on Mars 
surface by spatial 
(where?), and 
temporal queries 
(when?) 

Table 2: Example of spatio-temporal queries 

Queries and exploration should be considered at different levels of granu-
larity in time: annual, seasonal and inter-annual.  

In addition to the features of exploration and visualization, the proposed 
information system should support interoperability with softwares com-
monly used by the planetary researchers to conduct theirs analysis, and to 
create new products (raster or vector). The figure 4 shows the functional 
architecture of MARSIG Information system. 

 

 



Figure 4: Functional schema of MARSIG tool 

3.3. Geovisualisation interface 
MARSIG is a geovisualisation tool for Mars planetary multidimensional 
data. It allows the exploration of the features of Martian surface areas that 
have been photographed by spacecraft at a certain time. These images have 
a spatial footprint, which is defined by dated polygon and associated with a 
data cube that contains descriptive and spectral data. MARSIG allows to 
index these data cubes, both by spatial footprint and by temporal footprint, 
but also to query them by ad hoc spatial and temporal criteria (multiple 
temporal granularity according the Martian Calendar, cylindrical or stereo-
polar projections, …). 

MARSIG is composed of several modules: 

 An administration module, responsible for managing the data nee-
ded to run the search module (raw or elaborate products and 
images). This module also imports geographic data contained in 
ESRI shape files (files containing polygons), together with their me-
tadata. 

 A search module whose aim is to identify the polygons correspon-
ding to the spatial and temporal queries of the user. These queries 
can be either visual or textual. 

 A module in charge of displaying the selected products on the planet 
Mars map. 

 

 



Thus, MARSIG offers to the user the ability: 

1. View a study area of the surface of Mars (Central, North, South) and 
select the displayed area, some spatial subsets (or areas of interest) 
using a visual query (selection by clicking a point or drawing a 
bounding box on the map) or by entering coordinates in a text field 
(figure 5) 

Figure 5: MARSIG interface: spatio-temporal query 

2. Specify criteria with different temporal granularities (annual, seaso-
nal, daily, ...) using graphical or textual components (figure 6) 
 

Figure 6 : MARSIG interface: temporal query .  



3. To visualize polygons corresponding to cubes covering the selected 
region of interest (figure 7 a, b) 

 
Figure 7 a: Interface MARSIG : Displaying polygons for a selected area of interest 

 

 
Figure 7 b: MARSIG interface: zoom in on some selected polygon 

 
4. Elaborate spatio-temporal queries on database files containing po-

lygons (shape file format) of the planetary products and planetary, 
and these products as map layers. 



3.4. Technological aspects 
MARSIG is a desktop tool whose different modules have been developed in 
Java (Java Swing for the development of graphical components, and the 
display of the images). The data are storing into a PostGres / PostGis data-
base.  

As the data layers are extremely large (20 Mo for each image, and 100 000 
images by year), we have chosen to process metadata files of images in or-
der to make temporal and spatial indexation of these images. These tech-
nical choice had lead us to develop a script in order to create a shapefile 
which describe the convex envelop of the images. This script must be run 
for each integration of new data. Since updates are not so frequent, this 
technical proposal is efficient at long term, in terms of both storage and 
computing resources.  

4. Conclusion 
In this paper, we have presented the result of an interdisciplinary collabora-
tion between geomatics sciences and planetary sciences, in order to get an 
efficient open source software as support to a scientific methodological ap-
proach for hyperspectral analysis.  

After describing the specificity of Martian climatologic data, and the various 
treatments carried out these data, we have identified the way planetary sci-
ence researchers exploit these data and defined theirs needs in terms of 
functionalities. A software called MARSIG for exploration and geovisualisa-
tion hyperspectral data is proposed. 

MARSIG offers the ability to explore quickly very large datasets by exploit-
ing the metadata embedded into the images. Using metadata, we propose a 
tri-dimensional interface to query and to display data according to the di-
mensions “What, Where, When”. In particular, the temporal dimension as 
it exists in the Martian calendar has both a linear and a cyclic expression. 
This temporal specificity has led us to innovate in terms of query interface 
on this dimension. 

For future research orientations, and in order to make a complete integra-
tion of MARSIG into the analysis process of the planetary researchers, it 
seems important to link this tool with hyperspectral data analysis open 
source softwares. We also investigate the pairing of MARSIG with other 
tools related to the analysis or the exploration of data quality (QualESTIM, 
Plumjeaud & al, 2012), which suggests new challenges, due to the specificity 
of these multidimensional and big data. 
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