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Introduction: The Mars Advanced Radar for 

Subsurface and Ionospheric Sounding (MARSIS) is 

the first instrument of its kind to visit another planet 

[1, 2]. Flying onboard the European Space Agency’s 

Mars Express orbiter (MEX), MARSIS began sound-

ing the subsurface and ionosphere of Mars in June, 

2005. By the time of the 7
th

 International Mars Con-

ference (July, 2007), MARSIS will have completed 

its first global cycle of mapping, sampling most re-

gions of Mars in its subsurface sounding mode. This 

paper will review the major findings from this first 

Mars year of MARSIS observations. 

The MARSIS Instrument: MARSIS consists of 

a digital subsystem, transmitter and receiver modules, 

and three antenna elements: two 20 m segments 

combining to form a 40 m dipole for transmit and 

receive, and a 7 m receive-only monopole element. 

MARSIS is a synthetic-aperture orbital sounding 

radar. In its subsurface modes, MARSIS typically 

operates in two of four frequency bands between 1.3 

and 5.5 MHz, with a 1 MHz instantaneous “chirp” 

bandwidth that provides free-space range resolution 

of approximately 150 m. Lateral spatial resolution for 

the cross-track footprint is 10-30 km, and for the 

along-track footprint, narrowed by onboard synthetic 

aperture processing, 5-10 km. In its active iono-

spheric sounding mode, MARSIS steps through a 

sequence of transmitted pulses between 0.1 MHz and 

5.5 MHz, and records the intensity and time delay of 

echoes from each pulse.  

Data: As of April 2007, MARSIS had success-

fully acquired subsurface sounding (SS) data on 950 

orbits. Ionospheric sounding data were also acquired 

on segments of these orbits (typically the highest 

altitude segments bracketing the periapsis SS passes), 

as well as on over 200 additional passes devoted en-

tirely to ionospheric sounding. SS acquisition is lim-

ited to segments of orbits below 900 km when the 

local sun elevation does not exceed about 30°. At 

higher sun elevations, the ionosphere either reflects, 

absorbs or distorts the radar signal such that surface 

(and subsurface) detections are not feasible. Iono-

spheric soundings can be obtained at any solar eleva-

tion. A full SS pass lasts 26 minutes, and covers 

about 90° of arc, or 5400 km along-track; some 

passes are shorter due to high sun elevation or opera-

tional constraints. Most SS data have been taken in a 

2-frequency, single antenna mode. The frequency 

bands are selected based on the expected ionospheric 

conditions. On the nightside, the two lowest or inter-

mediate frequency bands are used; on the dayside, the 

two highest frequency bands are used. The monopole 

antenna, which was included for discrimination of 

nadir and off-nadir (clutter) echoes, provides low 

signal-to-noise, and is not used in nominal 

 
 

Figure 1.  MARSIS subsurface sounding data coverage as of April 2007 (pink) on a global MOLA topography map. 
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Figure 2.  MARSIS subsurface sounding radargram of south polar layered deposits (top). MOLA topography along the ground 

track (bottom). 

operations. However, off-nadir clutter is easily mod-

eled using MOLA topography data, and comparison 

with MARSIS radargrams provides a robust method 

for identifying clutter echoes [2, 3]. 

The pattern of coverage of SS data is controlled 

by several factors: the polar orbit of MEX, the slow 

drift in latitude of the periapsis of the orbit, the sun 

elevation during periapsis passes, management of the 

downlink data volume resource, and operational con-

straints at Mars and on the ground. Fig. 1 shows the 

resulting coverage to date. For the first Mars year, the 

coverage has the following characteristics: dense 

coverage in the south polar region at low or negative 

sun elevations, relatively sparse and suboptimal cov-

erage of the north polar region (mostly high altitude 

and/or high sun elevation), global sampling of the 

mid- and low latitudes with best conditions in the 

southern hemisphere. Track spacing at low latitudes 

is non-uniform, but on average there are 1 to 2 passes 

for every degree of longitude. 

SS mode data are partially processed onboard 

within the MARSIS digital subsystem. This consists 

of “pre-summing” 50-100 echo pulses acquired dur-

ing ~1 sec, and reporting spectra of the resulting echo 

in 3 Doppler bins. Once on the ground, these spectra 

are further processed to compress the pulse, correct 

for ionospheric distortions [4], and multi-look to gen-

erate radargrams showing intensity of the echo as a 

function of time delay and along-track position. Fig. 

2 shows a typical MARSIS radargram from the south 

polar region. 

Results - Polar layered deposits: The ice-rich 

polar layered deposits (PLD) are thought to contain a 

record of climate variations, analogous to polar ice 

sheets on Earth. MARSIS signals easily penetrate the 

PLD, usually to their basal contact with the substrate 

(Fig. 2) [2, 5]. The typically strong echo return from 

the lower interface of the PLD indicates that only 

minor attenuation of the radar signal is occurring 

within the PLD. The time delay of the signal from the 

basal interface is consistent with extrapolation of the 

topography outside the PLD, using a refractive index 

of the PLD material of pure ice. These two observa-

tions lead us to conclude that the PLD consist of ice 

(most likely water ice) with only a minor component 

(<10% by mass) of dust. There is no compelling evi-

dence to suggest that liquid water is present at the 

base of the PLD, and there are several lines of evi-

dence that argue against it. In both polar regions, the 

bed topography does not display a regional-scale de-

flection that might be expected from a flexural re-

sponse to the PLD load, indicating a thick elastic 

lithosphere in these regions [2, 5]. In the south polar 

region, MARSIS data were used to map the bed to-

pography and the thickness of the PLD, and to calcu-

late their volume [5]. The bed is seen to contain large 

depressions in the near polar region. The thickness 

map reflects the well-known asymmetry of the 

SPLD. The total volume of the deposits is estimated 

to be equivalent to a global layer 11 m thick, consis-

tent with previous estimates based on topographic 

data alone. In the north polar region, data are more 

recent and of lower quality that those of the south. 

Preliminary analyses indicate that the NPLD is as 

transparent to MARSIS signals as is the SPLD. The 

lower “basal” unit of the NPLD appears to have a 

distinctive signature in the MARSIS data, which we 

expect will allow us to map its distribution in the 

subsurface [6]. Both the PLDs in places show reflec-

tors internal to the PLD stack. Work is ongoing to 

understand the origin of these internal reflectors, and 

to exploit the stratigraphic information they may con-

tain [7]. 

Other polar terrains: Outside of the PLD, inter-

faces have been detected in the shallow (<1 km deep) 

polar subsurface, particularly in the south. A perva-

sive shallow interface occurs under much of the south 

polar plains, with a remarkable correlation with the 

previously mapped Hesperian Dorsa Argentea forma-

tion [8]. The polar location, the association with a 

geologic unit with likely aqueous formation mecha-

nisms, and the relative transparency of this layer lead 

us to hypothesize that the material is ice-rich. If this 

proves to be correct, the ice contained in this unit 

would comprise the second largest known reservoir 

of H2O on Mars, behind the PLD themselves. In the 

north, no widespread layering has been detected off 

of the PLD, although scattered interfaces are seen. In 
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several MARSIS passes over the north polar sand sea 

(Olympia Planitia), an interface is detected that may 

be the bed of a buried continuation of the basal 

NPLD unit. 

Medusae Fossae Formation: The Amazonian 

Medusae Fossae Formation (MFF) occurs in the 

equatorial region from the southwest of Olympus 

Mons to south of Elysium Mons. MARSIS data from 

many areas of the MFF show subsurface interfaces 

[9, 10]. While the composition, and thus the dielectric 

constant, of the MFF materials is not known, using a 

range of possible values we find that interfaces are 

seen in the MFF as deep as 0.5 to 1.0 km. In several 

cases the position of the interface is consistent with 

extrapolation of the surrounding topography, suggest-

ing that MARSIS penetrates the entire thickness of 

the MFF in these areas. Further analysis should allow 

us to constrain aspects of the composition of the 

MFF, which may provide a better understanding of 

their origin. 

Northern plains craters: MARSIS has provided 

evidence for buried impact structures in the northern 

plains [2, 10]. A number of MARSIS radargrams 

contain arc-shaped features that have been interpreted 

as buried topographic “clutter” indicative of large 

buried basins. The population of these features is 

consistent with an ancient crater age for the northern 

plains crust, similar to that measured in the southern 

highlands [10]. Further analysis of the arc features 

has shown associations with crustal magnetic anoma-

lies and/or ionospheric electron density structures 

that are detected during MARSIS SS ground data 

processing. Analysis is continuing to understand 

these associations [11]. 

Other non-polar subsurface features: MARSIS 

has detected evidence of subsurface interfaces in 

scattered mid- and low-latitude locations. These in-

cluded the Meridiani region, the channel and basin 

system south of Gusev Crater, and the smooth areas 

of Elysium Planitia. Other subsurface features un-

doubtedly are present in the data, but have yet to be 

carefully studied or even identified. Interfaces are 

more difficult to detect in regions of rough topogra-

phy, so additional careful scrutiny is required. Never-

theless, in a global sense, the presence of subsurface 

interfaces is not a pervasive feature of the data set, 

but is limited to the polar regions and a handful of 

non-polar terrains. Certainly the penetration and de-

tection capabilities of MARSIS are well demon-

strated in many areas. But many parts of Mars seem 

to be “uncooperative” to low frequency radar sound-

ing. We are trying to understand the implications of 

this observation. Finally, there is no compelling evi-

dence to date that MARSIS has detected liquid water 

in the subsurface. Such evidence may be lurking in 

the data, but for the moment our preliminary conclu-

sion is that large (>100 km wide) aquifers are proba-

bly not common in the upper several km of the sub-

surface. 

Ionospheric sounding results: The Active Iono-

spheric Sounding (AIS) mode of MARSIS has been 

used to characterize the main features of the iono-

sphere, and to detect and map many anomalous and 

dynamic phenomena. In addition, the SS modes also 

provide information on the ionosphere in the process 

of “correcting” for its effects. Typically the primary 

echo detected in AIS data is a nadir reflection from 

the portion of the ionosphere where the plasma fre-

quency exceeds that of the transmitted frequency step 

[12]. This detection allows direct determination from 

AIS data of the maximum plasma frequency of the 

ionosphere for any given sounding sweep. The pro-

file of electron density can also be extracted from this 

measurement. MARSIS has found that the ionosphere 

generally behaves as predicted by a Chapman photo-

equilibrium model [13]. These observations indicate 

that the ionosphere is predominantly horizontally 

stratified. However, MARSIS AIS often detects late 

ionospheric echoes coming from oblique angles away 

from nadir [12-14]. These reflections are from up-

ward bulges of the ionosphere that occur where the 

crustal magnetic anomaly is nearly vertical. AIS data 

are also used to detect the magnitude of the magnetic 

field in the local region of the spacecraft, using “elec-

tron cyclotron echoes” [12, 13]. The effects of crustal 

magnetic fields on the ionosphere are also detected 

during the processing of SS data [15]. The total elec-

tron content between the spacecraft and the surface 

can be estimated for each MARSIS SS echo frame. 

Mapping of this parameter shows a strong correlation 

with the vertical magnetic field mapped by other 

techniques. Other features identified in MARSIS 

ionospheric studies include a possible second topside 

ionospheric layer, and holes in the nightside iono-

sphere [13]. During periods of high solar activity, the 

ionosphere becomes opaque to much of the MARSIS 

signal. This effect has been studied using both AIS 

[16] and SS [17] mode data. 

Summary: The first Mars year of MARSIS op-

erations has been an outstanding success. The polar 

regions provide especially good targets for the 

MARSIS subsurface sounding mode. Future observa-

tions will emphasize filling gaps in coverage and 

targeting interesting features with high sampling rate 

data and with alternate frequency bands. Comple-

mentary high-frequency sounding data are now being 

acquired by SHARAD on the Mars Reconnaissance 

Orbiter. Data now in hand and to be collected in the 

future should provide many years of fruitful analysis 

and discovery. 
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