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Abstract

This doctoral thesis treats parts of the solar wind interaction with the Martian atmosphere and
the water-related features known as gullies.

The composition of the escaping plasma at Mars has been investigated in an analysis of data
from the IMA sensor, which is a part of the ASPERA-3 instrument suit onboard the European
satellite Mars Express. The goal of the investigation is to determine if there are any high
abundances of escaping ion species incorporating carbon, such as in CO+

2 . The most abundant
ion species was found to be O+ and O+

2 , followed by CO+
2 . The following ratios were identified:

CO+
2 /O+ = 0.2 and O+

2 /O+ = 0.9.
The escaping plasma, in form of ion beam events, has also been correlated to the magnetic

anomalies found on the surface, where no clear association was found. Similar ion beams have
also been detected on Venus, which does not have any crustal magnetic fields, and hence the
fields are not required for the formation process of the beams. The ion beams’ dependence of
the direction of the solar wind convection electric field has also been studied, where a correlation
was found, suggesting that the ion beams are accelerated by this field. The studies mentioned
above are important in order to understand the evolution of Mars and its atmosphere, as well
as plasma acceleration processes at non-magnetized planetary bodies.

On 5 December 2006 the ASPERA instruments of both Venus Express and Mars Express
detected a large enhancement in their respective background count level. These readings are
associated with events of SEPs (Solar Energetic Particles), which are believed to be coupled
with the CMEs (Coronal Mass Ejection) identified ∼ 43 − 67 hours after the SEPs. The CMEs
occurred on the far side of the sun (with respect to the locations of Venus and Mars), which
indicates that these events can affect the space weather in areas situated 90◦ in both azimuthal
directions in the heliosphere with respect to the target. During this event the heavy-ion outflow
from the atmosphere of Mars increased by one order of magnitude, suggesting that EUV flux
levels significantly affect the atmospheric loss from unmagnetized bodies.

The gully formations have been investigated with data from the MOC, MOLA and TES
instruments onboard the satellite Mars Global Surveyor. The features suggest that there has
been fluvial erosion on the surface of Mars. The shallow and deep aquifer models remain the
most plausible formation theories. Gully formation processes are important to understand since
their eroding agent may be liquid water.

Keywords: Mars, solar wind interaction, escape, crustal magnetic fields, coronal mass ejection,
gullies
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vii



viii



Contents

1 Introduction to Mars 1

1.1 From gods of war to satellites:
A brief history of Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Physical characteristics of the planet . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 The Martian discrepancy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 The solar wind - Mars interaction 7

2.1 The solar wind and its interaction with obstacles . . . . . . . . . . . . . . . . . . 7
2.2 Atmospheric escape processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Thermal escape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 Hydrodynamic escape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.3 Nonthermal escape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.4 Impact erosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Plasma domains and boundaries at Mars . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 The ionosphere of Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Dayside ionosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.2 Nightside ionosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Space weather at Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.6 Crustal magnetic fields at Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.7 Atmospheric escape at Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.7.1 Dissociative recombination . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7.2 Ion pickup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7.3 Sputtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.7.4 Loss rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.7.5 Present escape at Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Surface Hydrology 21

3.1 Geological timescale of Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Water on Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.1 Subsurface water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2.2 Polar caps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 Water-related geological features . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.1 Outflow channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.2 Valley networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.3 Oceans and lakes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

ix



x

3.3.4 Gullies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3.5 Hematite spheres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3.6 Jarosite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3.7 Cross-stratification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Missions and instruments 29

4.1 Mars Express . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.1 MEX mission objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.2 MEX instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.1.3 Plasma investigation with MEX . . . . . . . . . . . . . . . . . . . . . . . 31

4.2 Mars Global Surveyor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2.1 MGS mission objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.2 MGS instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.3 Surface investigation with MGS . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.4 Plasma investigation with MGS . . . . . . . . . . . . . . . . . . . . . . . . 36

5 Conclusions and future work 39

5.1 Directions of future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.1.1 Ion-beam events (IBEs) investigation . . . . . . . . . . . . . . . . . . . . . 40
5.1.2 Gully investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.2 Expedition Svalbard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2.1 Project background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2.2 Svalbard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2.3 Project description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2.4 Concluding remarks regarding Expedition Svalbard . . . . . . . . . . . . . 43

Appended papers 55

A Mass composition of the escaping plasma at Mars 57

B Influence of IMF draping direction and crustal magnetic field location

on Martian ion beams 69

C Investigation of the influence of magnetic anomalies on ion distributions

at Mars 87

D Mars Express and Venus Express multi-point observations of geoeffective

solar flare events in December 2006 107

E Observations of Martian Gullies and Constraints on Potential Formation

Mechanisms, Part II: The Northern Hemisphere 127



Chapter 1

Introduction to Mars

The Earth is the cradle of humanity, but one can not live in a cradle forever.
- Konstantin Tsiolkovsky

1.1 From gods of war to satellites:
A brief history of Mars

Ever since the dawn of mankind we have looked upon the stars and wondered what lies beyond.
Mars caught the human eye early because of its red shiny color in the dark sky. This made
humans associate Mars with war, since red leads the mind to blood. Already 3000 years ago
ancient astronomers in Mesopotamia named the red planet after their war lord, Nergal. The
Greeks called it Ares and gave it the war symbol ♂, which then denoted a spear and a shield.
The Romans adopted the gods of the Greeks but gave them new names, and finally Ares became
Mars, as we know it today.

In the 16th century, the Danish astronomer Tycho Brahe made accurate observations of Mars,
which later inspired the German astronomer Johannes Kepler to the hypothesis that the planets
indeed orbit the Sun. Galileo Galilei made the very first observations of the sky with a telescope,
and in a letter to a friend he wrote that the orbit of Mars is not entirely circular. The very first
illustration of Mars was made by the amateur astronomer Francesco Fontana in the 17th century.
The image shows only a circular ring, although, it was of great historical value. Many famous
astronomers have observed Mars in their telescopes after Galileo, such as Christiaan Huygens
and Giovanni Cassini, who calculated the rotation period of Mars, its mass, the distance to
Mars from Earth and its obliquity (tilt of spin axis to orbit). They also discovered that Mars
exhibits permanent polar caps and global storms. When the British astronomer William Herschel
reported his findings on Mars to the Royal Society, he added to his statement that Mars had an
atmosphere and that the life of the inhabitants must be similar to our life on Earth.

The year of 1877 was favorable for Mars observations, since the planet passed Earth at a
close distance, in the sense of astrometrical units. The Italian astronomer Giovanni Schiaparelli
used this opportunity to observe Mars, and he constructed global maps of the surface of Mars,
one of which can be seen in figure 1.1. Schiaparelli called the dark and narrow passages seen in
figure 1.1 canali in Italian, which later was mistranslated to canals in English. This led some
scientists to believe that he meant artificially made channels. This encouraged the American
amateur astronomer Percival Lowell to build a telescope in Arizona from which he diligently
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Figure 1.1: The image shows a map of Mars made by Giovanni Schiaparelli (Schiaparelli, 1929).

observed Mars. Lowell discovered ”channels” all over the surface of Mars, and he was certain
that they were made by a technologically advanced civilization. He believed that the dry regions
around the equator rendered a water shortage. This problem was cleverly solved by artificial
channels that led the melting water from the polar caps to the drier regions.

It was not until 1965, when the satellite Mariner 4 reached Mars, that it could finally be
confirmed what the surface consists of. When the scientists examined the first close up images
ever taken of Mars, they were astound. The images did not show any civilizations, nor channels.
The landscape looked barren and was filled with crater holes, much like the surface of the Moon.

Over the years there has been at least 39 attempts to reach Mars with different satel-
lites/lander missions. Some of these have failed, while many have been successful. The data
that have been transmitted back to Earth have been extraordinary and have shed light on the
intriguing red planet.

At present there are three operational satellites in orbit around Mars (Mars Odyssey, Mars
Express and Mars Reconnaissance Orbiter), and two rovers (Spirit and Opportunity) that roam
the surface, and another lander, Phoenix, is on route for Mars and is planned to land in the
northern polar regions of Mars in May 2008.

1.2 Physical characteristics of the planet

Mars is one of the planets in our solar system that resembles Earth the most. The length of a
Martian day (sol) is 24 hours and 39 minutes. However, it takes almost twice the time for Mars,
1.88 years (687 Earth days, 669 Mars sols), to make one orbit around the Sun. Mars’ orbit is
slightly elliptic, with an eccentricity of 0.093, and the obliquity is currently 25.2◦. The elliptic
orbit and the tugs from Jupiter cause the obliquity to swing between 15◦ and 35◦ with a period
close to 120, 000 years (Ward, 1973). For intervals over tens of millions of years Mars’ obliquity
may change from 0◦ to 60◦. This causes major temperature and climate changes. The average
distance from the Sun is 2 × 108 km, which is 1.52 times that of the Earth. This distance gives
Mars a solar irradiance of 590 W/m2, which is about half of what Earth receives.
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The Martian atmosphere consists mostly of carbon dioxide (95% by volyme), with smaller
amounts of nitrogen (2.7%), argon (1.6%) and trace amounts of oxygen (0.15%) and water
(0.03%). The water vapor is 103 − 104 times less abundant compared to Earth’s atmosphere.
The atmospheric pressure is at least one hundred times less (7 − 10 mbar) than on Earth. The
mean temperature on the surface is −50 ◦C, with lows of −120 ◦C in the polar regions, and
highs of 20 ◦C near the equator in the summer.

The surface area is 1.44 × 108 km2, which is about the same as the land area on Earth.
However, Mars’ average radius, RM , of 3396 km is just about half that of Earth. Mars also has
a lower density of 3933 kg/m3, hence giving a gravitational acceleration of only 3.71 m/s2.

The lower gravity (compared to Earth), the absence of active plate tectonics and the thick
crust, make it possible for volcanoes to grow very high on Mars. The highest volcano in the
solar system is the shield volcano Olympys Mons, with an impressive height of 27 km. Another
spectacular geological feature is Valles Marineris, a vast canyon system that runs along the
Martian equator. It is 4400 km long and 11 km deep. The landscape of Mars is barren and
predominantly punctured by ancient crater holes, especially in the southern hemisphere. The
northern hemisphere has vast plains that cover approximately one fourth of the planet. The
high crater abundance in the southern highlands implies that the surface is older than the
lowlands in the north, which appear to have been altered by weathering, erosion (mostly water)
and eolian transportation. Both hemispheres have residual and permanent polar caps of frozen
water and dry ice of carbon dioxide. The red color of the surface is due to oxidized iron minerals,
simply rust. When the planets formed, Mars cooled off faster due to its small size, and did not
differentiate as much as Earth did, leaving large amounts of iron in the surface.

Since there has been no measurements of seismic activities on Mars, very little is known about
its interior. Models suggest a dense core of iron or a mixture of iron and sulphur, surrounded by
a molten rocky mantle (Schubert et al., 1992). The crust is approximately 35 km thick in the
northern hemisphere and 80 km in the southern one (Zuber, 2001).

Many places on Mars show clear evidence of fluvial erosion, including river systems, large
floods and gullies (Carr, 1996). At some point in the Martian history there has been a fluid on
the surface, most likely water. Additional evidence that also points to water has been found by
the Mars exploration rovers. They have discovered outcrops of salt (Herkenhoff, 2004), hematite
spheres (Calvin, 2004) and cross bedding features (Squyres and Knoll, 2005), which are all
believed to be created in water. Images taken by Mars Express also reveal something that
appears to be a frozen lake (Murray, 2005), which adds to the water theory.

From an astrobiological point of view Mars is one of the most interesting targets in the
search for life beyond Earth. There is evidence that ancient Mars harbored water in the past
and perhaps even today under the subsurface. Liquid water is a biomarker for life on Earth.
This has led the astrobiology community to believe that it might be possible to find evidence
for past, or even present, life on Mars.

1.3 The Martian discrepancy

Hence, there is evidence that Mars once was a wetter planet. In order for liquid water to be
in a stable form on the surface and create the water-related geological features, a dense CO2

atmosphere of a few bars, including gases of CH4 and NH3 (Kasting, 1991), would be required
to produce the necessary greenhouse effect.

Today the greenhouse effect raises the temperature with only ∼ 5 ◦C (Bennet et al., 2003)
to an average surface temperature of −50 ◦C, which is too low for liquid water to exist on
the surface. The present pressure in the Martian atmosphere is only 7 − 10 mbar (Tillman
et al., 1988), and 95% of the atmosphere is composed of carbon dioxide. The low pressure
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Figure 1.2: A phase diagram of water with temperature and pressure as variables. The triple
point of water can be found at a pressure of ∼ 611 Pa, which is denoted with a red line. This
line is close to the actual surface pressure on Mars (7 − 10 mbar). It can be seen that the
water is found either as ice or as gas depending on the temperature. However, during favorable
conditions water might be found in liquid form.

combined with the low temperature make any water on the surface either to immediately freeze
or evaporate into the atmosphere, as illustrated by the phase diagram in figure 1.2.

The evidence pointing to a history of high abundances of liquid water on the surface, and
an atmosphere with carbon dioxide, has led many scientists to believe that Mars should harbor
carbonates. On Earth carbonates are formed through the carbon-silicate cycle. The cycle is
displayed in figure 1.3. The carbon dioxide in the air dissolves in rain water and produces
a weak carbonic acid, which can remove ions from minerals. These ions can then recombine
with bicarbonate ions in the water and form carbonates, which are deposited on the ocean
floor. Through plate tectonics the carbonates are pulled down in subduction zones. As the
temperature rises, the carbonates undergo metamorphosis, which releases the carbon dioxide.
Via volcanoes and mid-ocean ridges, the carbon dioxide is discharged back into the atmosphere,
which completes the cycle. However, spectral imaging of Mars clearly indicates that the amount
of carbonates stored at Mars (Bibring et al., 2005) in the form of ice and carbonate rocks is too
insignificant to explain the relatively dense atmosphere that may have existed in the past.

Since no measurements can be made regarding the inventory of the water and carbon dioxide
amounts in the past, estimates have been made based on investigations related to isotope ratios
and noble gas abundances, geomorphology, SNC meteorites, and volcanism. In these studies
the water layer depth is estimated to range from 0.1 km to 1 km (McKay and Stoker, 1989).
Today large water reservoirs can be found in the permanent polar caps. Moreover, the regolith
entertains water in the form of hydrated salts, seasonal ice deposits, adsorbed water, and possible
subsurface aquifers. A very small portion of the water (0.03%) can be found in the atmosphere.

By scaling Earth’s values to Mars, the past carbon dioxide reservoir is estimated to have
been no more than 10 bars (Catling, 2006). Pollack et al. (1987) predicted a past atmosphere
of 1 − 5 bar, which was needed to produce the necessary greenhouse effect to maintain water
in a stable liquid form on the Martian surface. Since carbon is too heavy to escape Mars by
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Figure 1.3: An illustration of the carbon-silicate cycle at work on Earth. Courtesy Jim Kasting.

thermal escape, sputtering has been suggested to have removed up to 3 bar of the atmosphere
in the past (Kopp, 2001). The present low pressure implies that most of the carbon dioxide
has vanished. Some of it can be found in the polar caps as it condenses and creates carbon
dioxide frost. Kieffer and Zent (1992) suggest that less then 0.04 bar of the carbon dioxide is
incorporated in the regolith.

The conundrum of Mars is hence associated with the loss of water on the surface and carbon
dioxide in the atmosphere. Where has all the water gone? Where has the dense atmosphere
gone, which could sustain liquid water on the surface? For many years it was believed that the
lost atmosphere was locked in the carbonates in the surface and subsurface. However, since the
latest results from the European satellite Mars Express/OMEGA-experiment revealed that there
are almost no carbonates found on Mars, we need to look to other possible sink channels for the
lost atmosphere and water. One plausible answer to the sink is the solar wind interaction with
the Martian atmosphere, which I and my fellow researchers are investigating.

1.4 Thesis outline

The second chapter of this thesis is devoted to the review of the solar wind-Mars interaction
and related atmospheric escape processes. The third chapter concerns water-related geological
features that are found on the surface of Mars. The fourth chapter is dedicated to the different
satellites and instruments that have been used in this thesis. The fifth chapter contains the
conclusions and future work, which also includes Expedition Svalbard. After these introductory
chapters the scientific papers are appended.
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Chapter 2

The solar wind - Mars

interaction

Imagination is more important than knowledge.
- Albert Einstein

2.1 The solar wind and its interaction with obstacles

The solar wind is mostly comprised of electron and protons. However, less than 5% of the
solar wind’s ion composition consists of alpha particles, and a small percentage includes other
heavier ions as well. This supersonic ionized gas, or plasma, originates from the solar corona
and has a radial velocity of ∼ 400 km/s near Earth. However, the velocities can sometimes
exceed 1000 km/s. The electron temperature is found to be 105 K and the density is 1 −
10 particles/cm−3 at a distance of 1 au from the Sun.

The solar wind carries an embedded magnetic field, called the interplanetary magnetic field
(IMF), which has a magnitude of ∼ 10 nT near Earth. When the Sun rotates with a period of
25 days, it causes the magnetic field lines to spiral around the Sun as they stretch out in the
solar system. The azimuthal components of the spiral increase with heliocentric distance.

The characteristics of the solar wind interaction depend on wether the obstacle, e.g., a planet,
has (or lacks) an intrinsic field or an atmosphere. This divides the interaction into four categories.
Earth falls into the category that has an intrinsic magnetic field and an atmosphere. The pressure
of this global magnetic field balances the dynamic pressure of the solar wind. An illustration of
this interaction can be seen in figure 2.1.

The Moon does not have an atmosphere, nor an intrinsic magnetic field. Here the solar wind
can interact directly with the surface, where the particles are absorbed and the IMF diffuses
through the body.

The third kind of interaction, which falls in between the above mentioned categories, is with
bodies without an intrinsic magnetic field, but with an atmosphere, e.g., Venus, Mars and comets.
In these cases the solar UV photons ionize the upper part of the atmosphere, which creates an
electrically conducting ionosphere. It interacts with the IMF, which generates currents that
in turn generate induced magnetic fields. These deviate the solar wind flow. The terrestrial
planets’ ionospheric and magnetic field characteristics can be found in table 2.1.

7
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Figure 2.1: An illustration of the solar wind interaction at Earth. Courtesy Stefano Massetti.

Table 2.1: The ionospheric and magnetic field characteristics of the terrestrial planets and the
Moon. Y=yes, N=no.

Planet Intrinsic magnetic field Ionosphere
Mercury Y N

Venus/Mars N Y
Earth Y Y
Moon N N

Satellite measurements at Mars show that the planet falls under the category of interactions
where the object has an atmosphere but lacks an intrinsic magnetic field. This interaction is
sometimes called an induced obstacle and is illustrated in figure 2.2. It shows that the field lines
of the IMF drape around the induced obstacle. The solar wind pressure can be balanced also by
the thermal pressure of the ionosphere, as shown in figure 2.2.

2.2 Atmospheric escape processes

A particle from the atmosphere that moves along an upward trajectory, without colliding with
any other atom or molecule, can escape if its kinetic energy exceeds the gravitational binding
energy. The region from which particles can escape is referred to as the exosphere, where the
exobase is its lower boundary. The exosphere is hence a collisionless part of the atmosphere,
where the mean-free path is equal to the scale height. Note that the exobase is different for
different atmospheres.

There are various ways for particles, such as ions and neutrals, to gain enough energy and
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Figure 2.2: An illustration of the solar wind interaction with an obstacle without an intrinsic
magnetic field, but with an atmosphere, like Mars (Luhmann, 1986).

escape an atmosphere. These escape processes are divided into thermal and nonthermal escape.
They are discussed in the following subchapters.

2.2.1 Thermal escape

In thermal equilibrium the velocities of individual molecules of a given mass, m, are given by a
Maxwellian distribution function:

f(v)dv = N

(
2
π

) 1
2 ( m

kT

) 3
2

v2e−
mv2
2kT dv, (2.1)

where N is the local particle number density, v the particle’s velocity, k is the Boltzmann
constant and T is the characteristic temperature at thermodynamic equilibrium. The most
probable velocity is

v0 =

√
2kT

m
. (2.2)

The minimal velocity (v∞) a particle must have in order to escape is that for which the kinetic
energy of the particle balances the potential energy in a gravitational field, i.e.,
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v∞ =
(

2GM

R

) 1
2

=
√

2gR, (2.3)

where G = 6.67 × 10−11 m3kg−1s−2 is the universal gravitational constant, M is the mass of
the planet and R is the radial distance from the center of the planet to the studied particle.
The outward flux (ΦJ) of particles with a velocity higher than the escape velocity is obtained
by integration of the Maxwellian velocity distribution function above the escape velocity at the
exobase. This results in the Jeans formula:

ΦJ =
Nexvo

2
√

π
(1 + λesc) e−λesc , (2.4)

where Nex is the density of the escaping constituent at the exobase, and λesc is the escape
parameter defined by

λesc =
GMm

RkT∞
=

v2
∞
v2
0

, (2.5)

where T∞ is the exobase temperature. Since lighter elements and isotopes require smaller ve-
locities to escape a planet, they can escape at a much faster rate than the heavier ones. Jeans
escape can therefore cause substantial isotopic fractionation of an atmosphere. Particles with
a velocity in the direction of the planet’s rotational motion will also escape easier. Since the
rotation velocity is higher at the equator, more particles escape above the equator than at higher
or lower latitudes.

2.2.2 Hydrodynamic escape

In theory heavier particles, such as O-, C-, and N-atoms, can escape also through thermal escape
by atmospheric blowoff, which is also called hydrodynamical escape. When lighter particles
escape, such as hydrogen atoms, they can drag heavier particles along with them in the collisional
regime. It is assumed that light particles move close to sonic velocities where there are large
drag forces with other constituents. The outgoing flux of heavier gases is then (Chamberlain
and Hunten, 1987)

Φ2 =
X2

X1

(
mc − m2

mc − m1

)
Φ1, (2.6)

where X1,2 are the two mole fractions

X1,2 =
N1,2

N1 + N2
, (2.7)

where subscripts 1 and 2 denote, respectively, the lighter and heavier particles. The crossover
mass, mc, represents the heaviest species that can be removed by hydrodynamical escape, and
is defined by

mc = m1 +
kTΦ1

bgX1
, (2.8)

where b is the binary collision parameter for a gas and can be determined empirically from
diffusion data, viscosity and thermal conductivity, while g is the gravity acceleration (i.e.,
g = g0R

2
M/r2, where g0 is the gravity at the surface, RM is the planetary radius and r the

planetocentric altitude: r = RM + z, at an altitude of z). For an atmosphere to remain in a
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state of hydrodynamic escape, high energies are required at high altitudes. The present energy
from the Sun is not adequate to hold an atmosphere in a blowoff state. However, this energy
might have been attained in the formation of the solar system due to heat from the accretion
disc in combination with the young Sun’s high XUV periods. Model calculations indicate that
the terrestrial planets with atmospheres might have experienced hydrodynamic escape at their
early formation epoch, which could explain the observed elemental and isotopic fractionation in
the atmospheres of the terrestrial planets.

2.2.3 Nonthermal escape

Several nonthermal escape processes are responsible for the loss of heavier particles from an
atmosphere. The processes involve the interaction between the atmosphere and EUV photons,
solar electrons and energetic particles. The particles that are expected to escape through these
dominating nonthermal processes are carbon, neon, nitrogen and oxygen atoms or ions. The
various nonthermal escape mechanisms are listed below with the following notation: i2 = mole-
cule, i and j = atoms, i+ and j+ = ions, e− = electron, hν = photon and * indicates excess
energy (de Pater and Lissauer, 2001).

1. Dissociation occurs when a molecule is dissociated by UV radiation:

i2 + hν → i∗ + i∗ (2.9)

2. Dissociative recombination occurs when a molecule is dissociated by an impact elec-
tron:

i2 + e−∗ → i∗ + i∗ + e− (2.10)

i+2 + e− → i∗ + i∗ (2.11)

3. Ion-neutral reaction occurs between an ion and a molecule, where a molecular ion and
a fast atom are created:

j+ + i2 → ij+ + i∗ (2.12)

4. Charge exchange occurs when a fast ion hits a neutral atom and charge exchange takes
place between the particles:

i + j+∗ → i+ + j∗ (2.13)

5. Sputtering occurs when a fast atom or ion hits an atom in the atmosphere. The atom
gains enough energy to escape. Sputtering is usually caused by fast ions that have been
accelerated:

i + j+∗ → i∗ + j+∗ (2.14)

i + j∗ → i∗ + j∗ (2.15)

6. Solar wind sweeping occurs when the solar wind interacts directly with ions from the
ionosphere for planets that lack an intrinsic magnetic field like Mars. Atmospheric particles
are captured by the solar wind and lost when the solar wind sweeps over the obstacle.
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2.2.4 Impact erosion

Escape of the atmosphere can occur also during, or immediately after, a meteoroid impacts on
a celestial body. The atmospheric mass that an impact can erode is given by (de Pater and
Lissauer, 2001)

Me =
πR2

i P0εe

g
, (2.16)

where Ri is the radius of the impactor, g is the acceleration due to gravity, P0 is the atmospheric
pressure at the surface, and εe is an enhancement factor given by

εe =
v2

i

v2
e(1 + εv)

, (2.17)

where vi and ve are, respectively, the impact and escape velocities, and εv is the ”impact evap-
orative loading parameter”. The latter is inversely proportional to the impactors latent heat
of evaporation, and a typical value of εv is ∼ 20 (de Pater and Lissauer, 2001). Considerable
escape can occur if εe > 1.

2.3 Plasma domains and boundaries at Mars

The Parker angle (the angle between the IMF direction and the Sun-planet line) at Mars is
∼ 50◦ and the magnitude of the IMF is ∼ 3 nT (Brain et al., 2003). The proton density is
∼ 1 − 2 cm−3 and the plasma temperature is 4 × 104 K (Luhmann et al., 1992).

Analysis of satellite data and results from theoretical models and numerical solutions have
been very helpful in comprehending the near Mars environment. In figure 2.3 the characteristic
regions and boundaries are displayed. Mars has no global intrinsic magnetic field, and hence the
interaction is not like on Earth. However, when the solar wind interacts with the conductive
upper layers of the atmosphere and ionosphere, Mars creates an induced magnetosphere, as
illustrated by figure 2.3. The different regions and boundaries can be summarized as follows
(Nagy et al., 2004):

- Bow shock

- Magnetosheath

- Induced magnetosphere boundary (IMF) / Magnetic pile-up boundary

- Induced magnetosphere / Magnetic pile-up region

- Photoelectron boundary

- Ionosphere

A bow shock is a shock wave that is formed ahead of an obstacle in a supersonic flow.
However, since the solar wind is so tenuous the shock is regarded as collisionless, meaning that
the collisions between the particles are so rare that they do not have any significant effect
on the formation of the bow shock. When the super sonic solar wind passes the bow shock, it
decelerates to subsonic velocities. This causes the solar wind density and temperature to increase
downstream.

The region downstream of the bow shock, between the shock and the induced magnetosphere
boundary, is known as the magnetosheath. The thickness of the magnetosheath is of the order



13

Figure 2.3: The structure of the Martian plasma environment with its different regions and
boundaries.

of the solar wind proton gyro-radius near the subsolar point (gyro-radius is the radius of the
circular motion of a charged particle in the presence of a magnetic field). The magnetosheath
region is characterized by turbulent magnetic fields that drape around Mars (Crider et al., 2001)
and the presence of solar wind protons. Considerable mass loading occurs in this region because
of an expanded hydrogen/oxygen exosphere. Mass loading refers to the process where heavy
planetary ions are being added into the plasma flow of the solar wind.

The region called the induced magnetosphere is dominated by planetary heavy ions and has a
high magnetic field magnitude. This region is separated from the magnetosheath by the IMB, the
induced magnetosphere boundary, as seen in figure 2.3. This boundary forms a sharp transition
in which an abrupt decrease of solar wind protons has been detected. The average distance from
the center of Mars to the IMB is ∼ 1.3 RM (4400 km) at the subsolar point and ∼ 1.5 RM

(5000 km) at the terminator (Vignes et al., 2000). On the dayside of the induced magnetosphere
the field lines of the IMF accumulate and drape around the planet. In the nightside the induced
magnetosphere stretches to the tail region, far behind Mars.

The photoelectron boundary can be found at altitudes of 170− 1000 km (median altitude of
380 km), where shocked solar wind electrons can be found above this boundary and ionospheric
photoelectrons are found below.

In the tail region of the plasmasheet, high fluxes of heavy ions have been reported (Lundin
et al., 1990). The draped magnetic field lines in the tail form a structure of two lobes. One of
the lobes exhibits a magnetic field with a positive sunward component, while the other lobe has
a negative sunward component (Vignes et al., 2000).
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2.4 The ionosphere of Mars

The ionosphere on Mars was first detected in 1965 by the Mariner 4 spacecraft with a radio
occultation experiment (Fjeldbo and Eshleman, 1968). The only ionospheric and thermospheric
in situ measurements on Mars were made by the Viking 1 and 2 landers. The ion composition
for O+, O+

2 and CO+
2 was measured by retarding potential analyzers, which indicated that O+

2

is the major ion species in the dayside ionosphere of Mars (Hanson et al., 1977). The ion density
profiles for O+, O+

2 and CO+
2 measured by the Viking landers can be seen in figure 2.4. Several

Figure 2.4: Plot of observed ion concentrations versus altitude measured by the Viking-1 lander
(adapted from Hanson et al., 1977). The solid line labeled Ne represents the sum of the individual
ion concentrations. The dashed lines are eyeball fits to the CO+

2 and O+
2 data.

sets of density profiles have been obtained also by more recent satellite missions.
The ionopause on Mars is ambiguous, since no sharp decrease in the electron density has yet

been detected. However, a plasma boundary of supra-thermal electrons (with kinetic energies
> 10 eV) has been detected, which implicates a boundary between the induced magnetosphere
and the underlying ionosphere.
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2.4.1 Dayside ionosphere

The dayside ionosphere on Mars is well defined by the Chapman theory, where the peak electron
density, nemax, varies with the solar zenith angle, χ , as (Kliore, 1992)

nemax = 2.3 × 105(cosχ)1/2 cm−3. (2.18)

The solar zenith angle is illustrated by figure 2.5.
The peak density of electrons is at an altitude of ∼ 130 km at a solar zenith angle of 60◦.

Photochemical processes control the behavior of the ionosphere down to the surface on Mars,

Figure 2.5: Definitions of the line of sight path length S, the solar zenith angle χ, and the
altitude h (from Kivelson and Russel, 1995).

where the extreme ultraviolet radiation is the main source for daytime ionization. Up to an
altitude of 150 km, CO2 is the dominant neutral constituent in the atmosphere. CO2 is therefore
the main source for ionization:

CO2 + hν → CO+
2 + e−. (2.19)

However, the main ambient ion in the ionosphere is O+
2 , which also has a peak density at

∼ 130 km with a density of ∼ 105 cm−3. O+
2 is formed by several different processes:

atom-ion interchange: O + CO+
2 → O+

2 + CO, (2.20)

or charge transfer: O + CO+
2 → O+ + CO2, (2.21)

rapidly followed by: O+ + CO2 → O+
2 + CO. (2.22)

Both CO+
2 and O+

2 disperse through dissociative recombination:

CO+
2 + e− → CO + O, (2.23)

O+
2 + e− → O + O. (2.24)



16

The hot oxygen corona on Mars is produced by the dissociative recombination of O+
2 (Schunk

and Nagy, 2000). CO+ and CO+
2 have their peak densities at, respectively, ∼ 200 km and

∼ 140 km, of ∼ 100 cm−3 and ∼ 2 × 104 cm−3 (Fox, 2004).

2.4.2 Nightside ionosphere

The ionosphere of Mars in the nightside was first detected by radio occultation measurements
carried out by the satellites Mars 4 and 5 (Savich et al., 1979). The measurements indicated
that the peak electron density on the nightside ionosphere is ∼ 5 × 103 cm−3 at an altitude of
110 − 130 km. These densities could be explained by the rather fast rotation of Mars, which
transports the plasma from the dayside to the nightside. In addition, ionization of the nightside
can occur also by precipitating electrons (Zhang et al., 1990) or by meteoroid bombardment.

2.5 Space weather at Mars

Processes in the solar corona and interplanetary plasma can accelerate protons, electrons and
heavy ions to energies exceeding hundreds of MeV, resulting in SEPs (Solar Energetic Particles).
These are associated with CMEs (Coronal Mass Ejections) and sometimes with solar flares, and
can arrive days before a CME shock and its ejecta due to higher propagation speeds. However,
only about 1% of the CMEs generate strong SEP events.

The impact the SEPs have on Mars and the solar wind interaction with its atmosphere is
still not well understood. It is suggested that these events could trigger a higher escape rate of
the atmosphere, which corresponds to an outflow rate that occurred in the past Martian history.
Futaana et al. (2007) show for the first time that SEPs are associated with a higher escape rate
at Mars.

2.6 Crustal magnetic fields at Mars

Mars lacks an intrinsic magnetic field, however, the MAG/ER (Magnetometer /Electron Reflec-
tometer) instrument onboard the satellite MGS, Mars Global Surveyor, has detected magnetic
anomalies in the Martian crust (Acũna et al., 1998) as seen in figure 2.6. At an altitude of 100 km
MGS recorded a field strength of 1600 nT above the strongest magnetic anomaly, which is 10
times higher compared to palaeomagnetism found on Earth. Most likely, Mars’ crust acquired
this remanence in the first hundred million years when a dynamo still existed in the interior
of Mars (Connerney et al., 2004). Magnetic anomalies found in the southern hemisphere are
the most intense in magnitude, especially in areas that are heavily cratered. There are large
impact basins in the highlands, such as Argyre and Hellas, that do not exhibit strong magnetic
fields. Also the northern hemisphere is weakly magnetized. These meteoroids impacted after the
dynamo ceased to function and the plains in the lowlands were also created after the intrinsic
magnetic field disappeared (de Pater and Lissauer, 2001).

Regions with strong crustal magnetic fields could affect the solar wind interaction with the
Martian atmosphere by acting as a more effective obstacle to the solar wind.

2.7 Atmospheric escape at Mars

In order for a particle to escape Mars its velocity must exceed ∼ 5.1 km/s (see table 2.2).
An oxygen and a hydrogen particle requires an energy of, respectively, 2 eV and 0.1 eV to
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Figure 2.6: The image shows the Martian crustal fields. The strength and the directions of the
fields are color coded. Image credit: NASA.

Table 2.2: Escape parameters of the atmospheres of Earth and Mars, based on the atmosphere’s
mean molecular masses.

Planet Gravity [m/s2] Escape velocity [km/s] Scale height [km] Exobase [km]
Earth 9.81 11.20 8.50 500
Mars 3.71 5.10 11.10 250

escape. The scale height is the vertical height from the surface over which the atmospheric
surface pressure decreases by a factor of e. On Mars the scale height is ∼ 11 km. The scale
height depends on the surface temperature, the gas constant, the mean molecular mass of the
atmosphere and the gravity on the surface. The exobase is found where the mean free path of an
atmospheric particle exceeds the length of the scale height. The Martian exobase can be found
at an altitude of 250 km.

There are a number of escape processes at work at Mars in which particles from the at-
mosphere can gain energy in excess of the escape energies. The most important non-thermal
escape processes are dissociative recombination, ion pickup, sputtering and bulk plasma escape.
A summary of the efficiency of these processes is given in table 2.3 at the end of this chapter.
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Figure 2.7: This figure illustrates how ions are picked up by the solar wind and accelerated
downstream (adapted from Luhmann et al., 1992).

2.7.1 Dissociative recombination

The most important process that produces neutrals with enough energy to escape the exobase
is dissociative recombination. The process is driven by photochemistry, where ions recombine
with electrons so that energetic neutrals are produced:

O+
2 + e− → O∗ + O∗ ΔE = 0.84 − 6.99 eV, (2.25)

N+
2 + e− → N∗ + N∗ ΔE = 1.06 − 3.44 eV, (2.26)

CO+ + e− → C∗ + O∗ ΔE = −0.33 − 2.9 eV. (2.27)

The excess of kinetic energy, ΔE, is produced when the ion-electron binding energy of the mole-
cule is released. This energy is sometimes higher than the required escape energy, which hence
allows the neutrals to escape. As mentioned earlier, oxygen requires 2 eV, nitrogen 1.72 eV and
carbon 1.48 eV in order to reach the escape velocity of 5.1 km/s (Chassefire and Leblanc, 2004).
Dissociative recombination of O+

2 is responsible for creating the hot oxygen corona at Mars.
The first estimated escape flux of hot oxygen atoms derived from dissociative recombination,
was obtained by the measurements of Mariner 4 (McElroy, 1972). He predicted the value of
produced oxygen atoms to be 6 × 107 cm−2s−1.

Since the dissociative recombination process involves neutral atoms, it is insensitive to mag-
netic fields and is hence not affected by them.

2.7.2 Ion pickup

An illustration of the escape process known as ion pickup can be seen in figure 2.7. Ions produced
in the region of the draping IMF (above the induced magnetosphere boundary) can be accelerated
in the electric field of the interacting solar wind to speeds that exceed hundreds of km/s. If the
gyrating ions do not bounce back into the atmosphere they are accelerated downstream along
the draped field lines of the IMF.

The ions are created via photoionization, electron impact or charge exchange of the exospheric
gases. Some ions are extracted from the ionosphere by the electric field associated with IMF.
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2.7.3 Sputtering

Because of the large gyroradius, ions picked-up by the solar wind can re-impact the atmosphere.
Through a cascade of charge exchange reactions, stripping, and elastic collisions, the energetic
ions can impart their energy to neutral particles. If the products of the collisions have an upward
trajectory, and their energy exceeds the escape velocity, they can escape (Luhmann and Kozyra,
1991). Sputtering in the Martian exosphere causes atoms of C, O, CO, N, N2 and CO2 to be
ejected (Chassefire and Leblanc, 2004). Sputtering is the only effective process that can remove
heavy atoms, such as CO2, which have small scale heights.

2.7.4 Loss rates

Table 2.3 summarizes various loss rates of H, H+, H2, H+
2 , O, O+ and CO+

2 according to different
models and authors over the past 30 years (Lammer et al., 2003, and references within; Barabash
et al., 2007).

2.7.5 Present escape at Mars

As mentioned in the previous section, the atmospheric escape rate has been modeled numerous
times by different authors. However, attempts to calculate the escape rate based on in situ
measurements are rather scarce. The escape rates obtained by the Phobos-2 mission (measured
near solar maximum conditions) were 3 × 1025 s−1 (Lundin et al., 1990), and 5 × 1024 s−1

(Verigin et al., 1991) for O+. A recent study done by Barabash et al. (2007) presents a much
lower escape number: 1.6 × 1023 s−1 for O+ (1.5 × 1023 s−1 for O+

2 and 8 × 1022 s−1 for CO+
2 ),

which is almost a factor 100 lower compared to the Phobos-2 result. The result is based on
data covering almost one Martian year in a time of solar minimum. These escape numbers agree
with hybrid (Modolo et al., 2005) and MHD (Ma et al., 2004) models. For conditions with solar
maximum, the factor for O+-escape is estimated to be 4.6 times higher. However, this does not
increase the atmospheric escape enough to explain a denser atmosphere in the past. These low
escape numbers are consistent with the new view of ancient Mars: cold and wet (see chapter
3.3.2).
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Table 2.3: A summary of various loss rates of H, H+, H2, H+
2 , O, O+ and CO2 according to differ-

ent models and authors over the past 30 years (adapted from Lammer et al., 2003, and Penz et al.,
2004)(Barabash et al., 2007).

Loss process Loss rate [s−1] Authors Year
Thermal[Jeans]: H 1.5 × 1026 Anderson and Hord 1971

Thermal[Monte Carlo]: H 1.0 × 1026 Shizgal and Blackmore 1986
Thermal[Jeans]: H2 3.3 × 1024 Krasnopolsky and Feldman 2001

Pickup: H+ 1.2 × 1025 Lammer et al. 2003
Pickup: H+

2 1.5 × 1026 Lammer et al. 2003
Dissociative Recombination: O+

2 → O� 5.0 × 1025 McElroy 1972
Dissociative Recombination: O+

2 → O� 5.0 × 1024 Lammer and Bauer 1991
Dissociative Recombination: O+

2 → O� 3.0 × 1024 Fox 1997
Dissociative Recombination: O+

2 → O� 8.0 × 1025 Luhmann et al. 1992
Dissociative Recombination: O+

2 → O� 8.0 × 1025 Zhang et al. 1993
Dissociative Recombination: O+

2 → O� 6.0 × 1024 Luhmann 1997
Sputtering: O 3.0 × 1023 Luhmann et al. 1992
Sputtering: O 4.0 × 1024 Kass and Yung 1996
Sputtering: O 6.5 × 1023 Leblanc and Johnson 2001
Sputtering: O 3.5 × 1023 Leblanc and Johnson 2002

Sputtering: CO2 3.0 × 1023 Luhmann et al. 1992
Sputtering: CO2 2.3 × 1023 Kass and Yung 1995
Sputtering: CO2 5.0 × 1022 Leblanc and Johnson 2002
Sputtering: CO 3.7 × 1022 Leblanc and Johnson 2002

Pickup: O+ 3.0 × 1025 Lundin et al. 1990
Pickup: O+ 1.0 × 1025 Lammer and Bauer 1991
Pickup: O+ 6.0 × 1024 Luhmann et al. 1992
Pickup: O+ 8.5 × 1024 Lichtenegger and Dubinin 1998
Pickup: O+ 3.2 × 1024 Lammer et al. 2003
Pickup: O+ 1.6 × 1023 Barabash et al. 2007

K-H instability: O+ 3.0 × 1024 Penz et al. 2004



Chapter 3

Surface hydrology

Water is life’s matter and matrix, mother and medium. There is no life without water.
- Albert Szent-Gyorgyi

3.1 Geological timescale of Mars

The density of impact craters is used to estimate the geological timescale of the Martian surface,
where younger surfaces have less impacts and older have more and larger craters. The geological
history of Mars is divided into three different epochs: Noachian, Hesperian and Amazonian
(Scott and Carr, 1978). The Noachian epoch is named after Noachis Terra, which is a vast
highland situated in the southern hemisphere. The surface is the oldest found on Mars and is
dated back to the planets formation until 3.5−3.8 billion years ago. It is scared by many craters,
which were created by the heavy bombardment. The Hesperian epoch started at the end of the
heavy bombardment, and lasted until 1.8 billion years ago. The period is named after a plain in
the highlands of the southern hemisphere and is marked by heavy volcanic activity, such as lava
plains. Amazonian is the most resent epoch and named after the lowland plains in the northern
hemisphere, Amazonis Planitia. This region contains very few impact craters.

Recent discoveries by Bibring et al. (2006), which are based on the OMEGA instruments
measurements onboard the European satellite Mars Express, suggest another geological timescale
for Mars. The alternative chronology is based on both the mineralogy and geology of Mars.
This new proposed timescale is also divided into three epochs: the Phyllosian, Theiikian and
Siderikian. The Phyllosian period is named after iron rich clay minerals called phyllosilicates.
The minerals are formed by an aqueous alteration and they represent the oldest terrains on
Mars and the period occurred 4.5 − 4.2 billion years ago. This moist environment facilitated
the formation of large clay beds. The next epoch, Theiikian (Greek for sulfate), represents a
period where the surface was changed by an acidic aqueous, which can be traced by sulfates.
Volcanic eruptions of sulfur led to a global climate change, which altered the surface composition
where sulfates were created. Siderikian (Greek for ferric ion) is the longest epoch and lasted
from 3.8−3.5 billion years ago until present day. This period is characterized by an atmospheric
aqueous-free alteration of the surface. The slow weathering by the tenuous atmosphere with
peroxides, oxidized the iron-rich rocks into anhydrous ferric oxides, which gave Mars its red
color.
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Figure 3.1: A Robinson projection of the water equivalent hydrogen content on Mars (Feldmann,
2004).

3.2 Water on Mars

3.2.1 Subsurface water

The satellite Mars Odyssey’s Gamma Ray Spectrometer has made measurements of the energy
spectrum and flux of neutrons that emanate from the surface of Mars. The neutrons are produced
by an interaction with cosmic rays. The energy and flux of the neutrons depend on the surface
materials where variations in the flux can be detected. Mars Odyssey has mapped the subsurface
contents of hydrogen, which is assumed to be a proxy for water (as seen in figure 3.1) and for
hydrated minerals. The Gamma Ray Spectrometer is sensitive to a depth of ∼ 1 m. Deposits
that are rich in water equivalent hydrogen can be found poleward of ±50◦ latitude (Feldmann,
2004). Here the hydrogen deposits range between 20% and 100% by mass. Less rich deposits
can be found closer to the equator between ±45◦ latitude range, where the hydrogen abundance
ranges between 2% and 10%. The total global water layer is estimated to be 14 cm thick
(assuming that the measuring depth of 1 m is equivalent to the sampled reservoir). This should
be compared to the predicted global water layer of 100 m to 1 km in the past (McKay and
Stoker, 1989).

3.2.2 Polar caps

Mars has residual and seasonal polar caps, which are made out of water and carbon dioxide. The
seasonal caps consist of carbon dioxide frost that condenses on the poles when the temperature
falls below -123 ◦C in the atmosphere. Parts of the underlying water caps are exposed during the
summer periods when the carbon dioxide sublimes in response to solar radiation. The northern
polar cap is ∼ 1000 km in diameter during a Martian summer, while the southern one is only
∼ 400− 800 km across (Hvidberg, 2005). Both of the caps are up to 3.5 km higher compared to
the surrounding terrain (Plaut et al., 2007). The MARSIS experiment onboard Mars Express
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has detected that the northern polar cap consists of a 1.8 km thick pure water ice layer (Picardi
et al., 2005). The southern bright polar cap is estimated to have a volume of 1.6×106 km3, which
corresponds to a global water layer of ∼ 11 m (Plaut et al., 2007). The scarps of the southern
polar cap is made of pure water ice. Permafrost made of water ice has also been detected around
the southern polar caps. It stretches out for tens of kilometers and encompasses the cap.

3.3 Water-related geological features

3.3.1 Outflow channels

The outflow channels of Mars are up to tens of kilometers wide and can be up to 2000 km long.
They are located on rather young surfaces (Amazonian) and are situated in four main areas: in
the southern and western parts of Amazonis Planitia (centered at 20◦N, 160◦W), in the Chryse-
Acidalia basin, which has the largest concentration (centered at 20◦N, 45◦W), Elysium Planitia
(centered at 30◦N, 230◦W) and in the eastern parts of the Hellas basin (40◦S, 270◦W). Sharp and
Malin (1975) first coined the term outflow channel. However, they were first discovered by the
Mariner 9 mission (Masursky, 1973). By that time it was known that liquid water is unstable
on the surface and hence many alternative models were proposed to have carved the outflow
channels, such as glaciers (Lucchitta, 1982), lava erosion (Carr, 1974), liquid CO2 (Sagan et al.,
1973) and liquid hydrocarbons (Yung and Pinto, 1978). However, the most probable model for
the outflow channels involves liquid water caused by either massive release of ground water or
by draining of lakes (Carr, 1981).

Similar large flood features can be found on Earth, e.g., the Channeled Scablands of eastern
Washington, which were formed by an episodic catastrophic release of water from the ice-dammed
Lake Missoula (Baker, 1973) in the end the Pleistocene period. The characteristic features of
the outflow channels are bedform floors, sinuous streamlined walls and enclosed teardrop-shaped
islands (figure 3.2). The outflow channels also tend to be deeper close to their sources (Carr,
1996). These source discharges may have reached a flow rate of 109 m3s−1, which is estimated
from empirical relations of terrestrial channels (Komar, 1979). The outflow channels in the
Chryse-Acidalia basin are estimated to have a volume of 6 × 106 km3, which is equivalent to a
global water level of 40 m. Probable causes to trigger these kind of catastrophic outbursts of
ground water are faulting, impacts or volcanic activity.

3.3.2 Valley networks

The most common draining feature on Mars are the valley networks seen in figure 3.3. They
are assumed to have been formed by fluvial erosion because of their resemblance to dendritic
river networks on Earth. Individual segments are approximately less than 50 km long and 1 km
wide. The entire network systems may be 1000 km long (de Pater and Lissauer, 2001). Many
valley networks can be found in the cratered highlands, created in the Noachian epoch (Carr,
1996). The networks are branched upstream into which tributaries converge downstream. The
tributaries are rarely found on outflow channels, which characterizes the valley networks. The
cross sections of the networks are usually U-shaped and have flat floors. Today such features
cannot be formed due to the atmospheric conditions, such as low pressure and temperature.
This implies that Mars once had a different climate. However, a possible wet and warm climate
in the past may not be the correct assumption. Low erosion rates point to a wetter climate, but
Mars could still have been rather cold.

Similar conditions can be found in the polar regions of Earth, such as in the McMurdo Dry
Valleys of Antarctica. The annual mean temperature of the valleys stays below the freezing
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Figure 3.2: This figure illustrates the teardrop-shaped islands found in the outflow channels.
The figure covers an area 12 km by 13 km. Image credit: NASA/JPL/MSSS.

Figure 3.3: This figure illustrates an ancient Martian valley network carved by water. The upper
left crater is approximately 25 km across. Image credit: NASA.
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point of water (Doran et al., 2002) and this is one of the driest regions found on Earth, which
makes it a good Martian analogue. Summer melts produce the liquid water from glaciers that
flows underneath an insulating coat of ice. Even thought the Dry Valleys are one of the driest
and coldest environments on Earth, it has an active hydrological cycle, which could represent
an early Martian environment, such as the valley networks on Mars.

3.3.3 Oceans and lakes

The lowlands in the northern hemisphere of Mars are flat and smooth compared to the other
two thirds of the planet. Many of the outflow channels end in a drainage basin in the northern
plains, which could have resulted in a standing body of water, an ocean. Low resolution images
from Viking indicated that the line between the lowlands in the north and highlands in the south
could be a an ancient shoreline (Parker et al., 1993). All together, Parker et al. (1993) mapped
two shorelines in the lowlands. Head et al. (1999) examined the topography by using high
resolution altimetric data from the MOLA (Mars Orbiter Laser Altimeter) instrument on the
satellite Mars Global Surveyor, and suggested that two different outflows could have filled the
lowlands, creating the two different shorelines. However, the putative shorelines do not follow
an equal gravitational potential. Instead there is a height change in the topographic profile.
The profile divergence shows long-wavelength trends, with an amplitude difference of several
kilometers. Perron et al. (2007) show that these oscillations can be explained by true polar
wander, a shift in the planet’s spin axis. When a flood of water filled the lowlands, it could have
affected the pole to shift by 30◦ − 60◦ south (∼ 3000 km). When the water was gradually lost
the pole might have wandered back to its original position while creating a new shoreline.

Murray et al. (2005) discovered a frozen lake close to Mars’ equator in images taken by
the HRSC (High Resolution Stereo Camera) on Mars Express. The fissures in Cerberus Fossae
were first presumed to have been created by lava and water floods 2 − 10 million years ago.
The resulting lava plains are found to be situated in eastern Elysium and the water from the
fissures is assumed to have evaporated. However, new evidence point to the fact that a large
body of frozen water still resides in southern Elysium (5◦N, 150◦E). This frozen lake measures
∼ 800 × 900 km and is estimated to have a depth of 45 m and an age of 5±2 million years.

3.3.4 Gullies

Recent discoveries by Malin and Edgett (2000) show small water-related surface features on
Mars, known as gullies. They discovered the gullies on images taken by the MOC (Mars Orbiter
Camera) onboard Mars Global Surveyor. The gully morphology suggests that they have been
formed by fluvial erosion. A gully is formed when a liquid seeps out from the strata layers
in the vicinity of the immediate surface and flows downslope. The liquid saps the slope at its
point of exit, and this process gradually forms an eroded theater-shaped depression called an
alcove. Some of the alcoves start immediately at the ridge of the overlaying plateau, but it is
more common that the alcoves are located some distance below the ridge. Beneath the alcove a
distinct V-shaped channel can be recognized as a natural prolongation of the gully. In some of
the images the channels can also be found within the alcoves. These channels indicate a more
recent flow of water. Usually only one channel emanates from the alcove, but also secondary
channels have been detected. A triangle-shaped debris apron is formed just below the channel
and spreads out like a fan. Some aprons run all the way down to the bottom of the slope, while
others terminate on the slope. Some of the gullies are oriented in a straight line down the slopes,
while many of them do not exhibit such characteristics, but are rather shaped according to the
adjacent landscape. The gullies appear to be streamlining around obstacles, which results in a
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curved appearance. The upper surrounding geological settings are often flat plateaus, which are
broken by craters, valleys, pits or grabens. Figure 3.4 shows the schematics of a typical gully,
and figure 3.5 shows an image of a Martian gully, taken by MOC.

Figure 3.4: Schematic of typical characteristics of a gully. The average length of a gully is
approximately 1.5 km.

3.3.5 Hematite spheres

One of the mission objectives of the twin Mars Exploration Rover Opportunity (MER-B) was
to land in Meridiani Planum (354.47◦E, 1.94◦S) and investigate the hematite abundance, which
had been detected by the Thermal Emission Spectrometer on Mars Global Surveyor (Christensen
et al., 2000). MER-B did find hematite in form of spherules with a diameter of 0.6 to 6 mm
(Christensen et al., 2004), coined blueberries. These concretions of hematite are suggested to
have been formed when mineral-rich water flowed through strata layers in rocks, which caused
the minerals to precipitate out to form small spherules. Other formation theories have been
proposed and those are formation by condensation of volcanic or meteor impact clouds in the
cold atmosphere. However, Squyres et al. (2004) suggest that an aqueous alternation is involved,
by episodic inundation by water to shallow depths.

3.3.6 Jarosite

MER-B has found that ∼ 40% (by weight) of the sedimentary rocks at Meridiani Planum are
made of sulfate minerals, which includes magnesium sulphate and jarosite (Klingelhöfer et al.,
2004). Jarosite is a hydrous sulfate and an evidence of water on the Martian surface. The water
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Figure 3.5: Gullies in a crater found at 42.4◦S, 158.2◦W. Image credit: NASA/JPL/MSSS.

content in the rock matrix is calculated to be ∼ 2% within the jarosite. The alteration of the
basaltic rocks at this site implies a highly acidic formation environment in order for jarosite to
form.

3.3.7 Cross-stratification

MER-B has also detected cross-stratification in rocks of the Eagle crater (Squyres et al., 2004).
This cross-stratification geometry suggests a sediment transport in a subaqueous environment.
These formations are too small to be eolian induced, but consistent with subaqueous conditions.
Figure 3.6 shows a cross-bedding feature found by MER-B.
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Figure 3.6: Cross-stratification features found by the Mars Exploration Rover Opportunity
(MER-B) in Meridiani Planum. Image credit: NASA/JPL/Cornell/USGS.



Chapter 4

Missions and instruments

Science-fiction yesterday, fact today, obsolete tomorrow.
- Otto O. Binder

In this chapter satellites and instruments are presented from which measurements have been
used in this thesis.

4.1 Mars Express

Mars Express (MEX) is the first ESA satellite to fly to another planet. The prime contractor
of the mission is Astrium in Toulouse, France. Astrium leads a consortium of 24 companies
from 15 different European countries. Mars Express received its name because it was planned
and realized far more rapidly than any other comparable planetary mission. The satellite was
launched on 2 June 2003 from the Baikonur launch site in Kazakhstan onboard a Russian
Soyuz/Fregat launcher. The launch year of 2003 was particularly favorable to launch probes to
Mars, because Mars and Earth were in opposition, at which a mission to Mars requires minimal
fuel. In addition, Mars and Earth passed each other close, in terms of astrometrical units. NASA
also used the advantage of these favorable conditions and sent two missions to Mars: the twin
rovers, Spirit and Opportunity. The total launch mass of Mars Express was 1120 kg, which
included the 113 kg orbiter and the 60 kg lander. The lander Beagle-2 was named after the ship
that Charles Darwin used in his explorations. However, Beagle-2 was lost when entering the
Martian atmosphere. The satellite was captured into Mars’ orbit on 25 December 2003. After a
period of adjustments Mars Express received an inclination of 86.3◦, a pericenter of ∼ 10 000 km,
an apocenter of ∼ 300 km, and an orbit period of 6.7 h.

4.1.1 MEX mission objectives

The scientific objective of Mars Express is to provide a global coverage of the planet, in par-
ticular of the atmosphere, the surface and the subsurface. Special focus is on determining the
current water inventory and understanding the evolution of the planet.

The scientific objectives of the Mars Express orbiter are to:

- determine how the solar wind interacts with the atmosphere,
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Figure 4.1: Conceptual illustration of Mars Express in orbit around Mars.

- image the entire surface at high resolution (10 m/pixel) and selected areas with a very
high resolution (2 m/pixel),

- produce a map of the mineral composition of the surface,

- map the composition of the atmosphere and determine its global circulation,

- determine the structure of the subsurface to a depth of a few kilometers,

- determine the effect of the atmosphere on the surface.

The lander Beagle-2 was planned to:

- determine the geology and the mineral and chemical composition at the landing site,

- search for signatures of life,

- study the local weather and climate.

4.1.2 MEX instruments

Mars Express, illustrated in figure 4.1, is a 3-axis spin stabilized satellite with a fixed high-gain
antenna and with six scientific instrument packages and one that will use the radio signals that
convey data and instructions between the spacecraft and Earth. The instruments are as follows:
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- ASPERA-3, Analyser of Space Plasmas and EneRgetic Atoms

- HRSC, High Resolution Stereo Camera

- MARSIS, Mars Advanced Radar for Subsurface and Ionosphere Sounding

- OMEGA, Observatoire pour la Mineralogie, l’Eau, les Glaces et l’Activite

- PFS, Planetary Fourier Spectrometer

- SPICAM, SPectroscopy for the Investigation of the Characteristics of the Atmosphere of
Mars

- MaRS, Mars Radio Science experiment

4.1.3 Plasma investigation with MEX

The ASPERA-3 instrument is designed to study the solar wind interaction with the Martian
atmosphere in order to analyze and characterize the plasma and neutral gas in the near-Mars
space environment. The investigation is performed by the measurements of ions, electrons and
energetic neutral atoms (ENAs). The instrument’s main objective is to find out whether this
interaction has a major impact on the atmosphere of Mars and its evolution.

The ASPERA-3 instrument has four sensors; two ENA sensors, one electron spectrometer
(ELS) and one ion spectrometer (IMA, Ion Mass Analyzer). The IMA sensor has been diligently
used in the study of the mass composition of the escaping plasma at Mars.

The IMA sensor

The Ion Mass Analyzer (IMA) (Barabash et al., 2006) is an almost exact copy of the Rosetta’s
ICA (Ion Composition Analyzer) instrument and an upgraded version of the ion mass spectro-
graphs TICS/Freja, IMIS/Mars-96 and IMI/Nozomi (Norberg et al., 1998). The IMA sensor,
as depicted in figure 4.2, measures the differential ion flux in the energy range 0.01 − 36 keV/q
for ion components that include H+, H+

2 , He2+, O+, O2+ and molecular ions within the range
20 − 80 M/q. The trajectory of particles inside the instrument can be seen in figure 4.3. Elec-
trostatic sweeping provides the sensor with a ±45◦ coverage over polar angle, which gives the
instrument an intrinsic field of view (FOV) of 90◦ × 360◦. The FOV is divided into 16 (5.6◦

each) polar angles and 16 (22.5◦ each) azimuth sectors. The electrostatic deflector is followed by
an electrostatic analyzer (ESA). The ESA permits ions within an energy band, with an energy
resolution of 8%, to enter the velocity selection unit and detector. Permanent magnets then
deflect the ions along different trajectories, depending on their velocities. Lighter ions are de-
flected further outward from the center than the heavy ions of the same energy. All ions then
hit the micro-channel plate (MCP), which has a position sensitive anode composed of the 16
sectors × 32 rings. It determines both the azimuth (sector) and mass per charge of the incoming
ions (mass rings). Figure 4.4 shows the position sensitive anode.

The magnet assembly can be biased with respect to the ESA, in order to post-accelerate ions
and increase the gyro radius of the ions. In a mode without post-acceleration, the sensor has the
highest mass resolution, but lighter particles with low energies, such as H+, are diverged along
their flight paths to such an extent that they miss the MCP altogether and cannot be detected.
Post-acceleration up to 4 keV allows the detection of protons (for solar wind observations).
However, this broadens the mass-band and limits the mass resolution. The sampling time of
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Figure 4.2: A picture of the IMA sensor onboard Mars Express (Length: 25 cm, diameter: 12 cm).

the instrument is 125 ms, and a full 3D spectrum accumulation sweep of 16 polar angles × 16
azimuthal sectors × 32 mass rings × 96 energies is obtained in 192 s. Table 4.1 lists the IMA
sensors performance characteristics.

4.2 Mars Global Surveyor

NASA’s Mars Global Surveyor (MGS) was launched by a Delta rocket from Kennedy Space
Center on 7 November 1996. The satellite was built by Lockheed Martin Astronautics. It covered
a distance of 750 million kilometers on a 300-day journey to Mars. The satellite conducted several
orbit changes, and through a technique called aerobraking, the altitude was lowered from 56, 000
to 400 km. Before MGS was lost in November 2006 it had a polar and circular orbit fixed in
local time at 2 am/2 pm with an orbital period of nearly 2 hours.

Table 4.1: Ion Mass Analyzer (IMA) characteristics.

Energy range [keV/charge] 0.01 − 36
Energy resolution, ΔE/E 0.08
Mass resolution, amu/q 1, 2, 4, 8, 16, > 20
Intrinsic field of view 90◦ × 360◦

Angular resolution 4.5◦ × 22.5◦

Time resolution (full 3D) [s] 192
Mass [kg] 2.2
Power [W] 3.5
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Figure 4.3: An illustration of the IMA sensor onboard Mars Express. The particle enters at the
top right in the figure, and its trajectory is marked in green. With courtesy of Andrei Fedorov.

Figure 4.4: An illustration of the position-sensitive anode in the IMA sensor. With courtesy of
Andrei Fedorov.
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4.2.1 MGS mission objectives

The MGS program’s mission objectives included:

- determine if Mars ever developed life of any kind, past or present,

- find resources that could be of use for future manned missions to Mars,

- locate water reservoirs or indirect signs of them, in order to understand the evolution of
the planet’s climate,

- examine the atmosphere, including monitoring weather characteristics, such as clouds and
dust storms in order to understand the dynamics and the characteristics of the planet,

- specify the morphology on the surface with high resolution, in order to understand the
geological settings,

- examine the magnetosphere and the gravitational field,

- determine surface compounds such as minerals, rocks, polar caps and ice,

- examine surface features, including the polar caps.

4.2.2 MGS instruments

The MGS had a total launch mass of 1062 kg and carried four scientific instruments:

- TES, Thermal Emission Spectrometer

- MAG/ER, Magnetometer/Electron Reflector

- MOC, Mars Orbiter Camera

- MOLA, Mars Orbiter Laser Altimeter

4.2.3 Surface investigation with MGS

In the gully investigation the images taken by the Mars Orbiter Camera (MOC) were thoroughly
examined. Additional measurements from the Mars Orbiter Laser Altimeter (MOLA) and the
Thermal Emission Spectrometer (TES) were also included in the analysis of the gullies.

Mars Orbiter Camera (MOC)

The MOC is designed to generate a global coverage of Mars with spatial high-resolution im-
ages of the surface and obtain a lower resolution with synoptic coverage of both the atmosphere
and the surface. The MOC system consists of two wide-angle cameras and one narrow-angle
camera (Malin et al., 1992). The three cameras are based on a technique called ”push broom”,
meaning that the system successively builds up lines of images of the surface directly below the
spacecraft. The wide-angle cameras can provide a complete global map with low resolution of
Mars diurnally. The assembled map has a resolution better than 7.5 km/pixel. The global map
is useful for studying time-variable features, such as clouds, dust storms, the edge of the polar
cap and fluvial processes. The two wide-angle cameras can also provide a stereoscopic image,
which can be helpful in analyzing geological formations or atmospheric phenomena. At the point
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Table 4.2: Mars Orbiter Camera (MOC) characteristics.

Camera Min wavelength Max wavelength Resolution at 380 km
Narrow-angle 500 nm 900 nm 1.4 m/pixel
Wide-angle red 575 nm 625 nm 242 m/pixel
Wide-angle blue 400 nm 450 nm 233 m/pixel
Mass [kg] 25.9
Power [W] 30.9

Figure 4.5: Pole-to-pole topographic view of Mars along the prime meridian. The North Pole is
to the left. For clarity, different colors mark regions with different topographic altitudes. With
courtesy of Maria T. Zuber.

of nadir the wide-angle cameras can take a regional image with a resolution of 250 m/pixel. The
two wide-angle cameras use color filters, which allow them to take color images of the atmosphere
and the surface. The narrow-angle camera can take images with a resolution of 1.4 m/pixel of
areas ranging from 2.8×2.8 km2 to 2.8×25.2 km2. Longer pictures, with an area of 2.8×500 km2

can also be imaged. However, the resolution becomes poorer (11 m/pixel). The images taken by
the narrow-angle camera have been used to study polar caps processes, fluvial processes, such
as gully features, tectonics, volcanoes, craters, sedimentary processes, sand dunes and other
interesting geological processes. Table 4.2 summarizes the characteristics of the Mars Orbiter
Camera.

Mars Orbiter Altimeter (MOLA)

The MOLA instrument is designed to assemble a global topography of the surface of Mars
and to determine the micrometer wavelength surface reflectivity for characterizing the albedo
and to analyze the surface mineralogy. Figure 4.5 shows a pole-to-pole view. The figure illus-
trates the higher elevation (by ∼ 6 km) of the southern hemisphere. This particular slice runs
along the 0◦ prime meridian of Mars. The MOLA instrument transmits short pulses of infrared
light (wavelength 1064 nm) towards the surface of Mars with a frequency of 10 Hz (Zuber et al.,
1992). The receiver in the MOLA instrument then measures the time it takes for the reflected
laser energy to return. These ranging measurements are then compiled into a precise topographic
map with a vertical resolution of 1.5 m. The transmitter of the MOLA is a Q-switched laser that
uses a neodymium-doped yttrium aluminium garnet. The pulse energy is 30− 40 mJ depending
on the mission phase. When the scattered light reflects back to the orbiter it enters a telescope
that focuses the reflected light into a silicon avalanche photodiode detector. The detector then
outputs a voltage proportional to the reflected light intensity. When the voltage exceeds a cer-
tain threshold, the traveled time of the beam can be calculated, from which the distance to the
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Table 4.3: Mars Orbiter Laser Altimeter (MOLA) characteristics.

Mass [kg] 25.9
Power [W] 30.9
Laser transmitter
Laser type Q-switched
Wavelength [nm] 1064
Laser energy [mJ] 30 − 40
Laser power consumption [W] 13.7
Pulse width [ns] 8.5
Pulse frequency [Hz] 10
Altimeter receiver
Telescope type Cassegrain
Mirror composition Gold-coated beryllium
Telescope diameter [m] 0.5
Focal length [m] 0.74
Detector type Silicone avalanche photodiode
Sensitivity [nW] 1
Field of view [mrad] 0.85

surface can be extracted. Table 4.3 summarizes the MOLA characteristics.

Thermal Emission Spectrometer (TES)

The TES was designed to measure the infrared spectrum of Mars to determine and map the
composition, distribution and physical characteristics of minerals and rocks in the surface. Ad-
ditional mission objectives were to analyze features such as atmospheric clouds and dust in the
atmosphere as well as to extract temperature profiles. The TES instrument consists of three
units: a broadband radiance sensor, a Michelson interferometer, and a solar reflectance sensor
(Christensen et al., 1992). The broadband radiance sensor measures the radiance from 5.5 to
100 μm. In order to measure the brightness of the reflected solar energy the solar reflectance
sensor measures in the 0.3 − 2.7 μm range. The interferometer is the main unit and works in
the wavelength range from 6 to 50 μm with a spectral resolution of ∼ 5 and 10 cm−1. Each of
the sensors use six detectors that are arranged in a 3 × 2 array, where each detector has a FOV
of 8.3 mrad, which is equivalent to 3 km on the surface at nadir. For each measurement TES
samples a strip on the ground that corresponds to an area of 3× 3 km2. The strips are then put
in a mosaic of measurements in order to map the surface. The arrays allow for two-dimensional
imaging. The characteristics of the TES instrument are summarized in table 4.4.

4.2.4 Plasma investigation with MGS

One on the instruments, the Electron Reflectometer on Mars Global Surveyor, was used in the
plasma investigation to correlate the flow direction of the escaping ions with the draping direc-
tion of the interplanetary magnetic field (Carlsson et al., 2007).
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Table 4.4: Thermal Electron Spectrometer (TES) characteristics.

Spectral coverage [μm] 6 − 50
Spectral range [cm−1] 200 − 1600
Spectral resolution [cm−1] 5, 10
Spatial resolution [km] 3
Mass [kg] 14.1
Power [W] 13.2

Table 4.5: Electron Reflectometer (ER) characteristics.

Particles measured electrons
Energy range [keV/charge] 0.01 − 20
Energy resolution, ΔE/E 0.25
Intrinsic field of view 360◦ × 14◦

Angular resolution 1.4◦ × 14◦

Time resolution [s] 2 − 48
Mass (Magnetometer included) [kg] 5.4
Power [W] 4.6

Magnetometer/Electron Reflectometer (MAG/ER)

The MAG/ER instrument consists of two separate systems: the Magnetometer system and
the Electron Reflectometer system. The Magnetometer was designed to investigate the nature
of the magnetic fields in the Martian environment and map the crustal fields on the surface.
The ER measures the angular distributions and energies of solar wind electrons and ionospheric
photoelectrons of 10 eV to 20 keV with an energy resolution of ΔE/E = 0.25 (Mitchell et al.,
2001). The ER consists of an electrostatic analyzer and a micro channel plate (MCP) combined
with a resistive imaging anode. Depending on telemetry, the ER samples fluxes in 16 sectors
of 22.5◦×14◦ (FOV= 360◦×14◦) every 2 to 48 s. The characteristics of the ER instrument are
summarized in table 4.5.
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Chapter 5

Conclusions

Astronomy compels the soul to look upwards and leads us from this world to another.
- Plato

This thesis covers my research about the solar wind interaction with the Martian atmosphere
and water-related surface features called gullies.

Recent discoveries reveal a planet that once had rivers and lakes, and perhaps even an ocean
in the northern hemisphere. In order for these water-related geological features to form, the
atmospheric pressure must have been somewhat higher than today. A denser atmosphere is
necessary to produce the required greenhouse effect in order to raise the temperature and the
pressure so that water can be stable on the surface. For decades, scientists believed that most
of the missing atmosphere is incorporated in the ground as carbonates. When the OMEGA ex-
periment onboard the European satellite Mars Express did not detect any significant abundance
of carbonates on the surface, scientists looked for other explanations.

One of the sinkholes for the atmospheric carbon dioxide could be the erosion by the solar wind.
This led us to investigate the composition of the escaping plasma at Mars to determine if there
is an abundance of escaping ions species, including carbon as CO+

2 . In the study we analyzed
data from the IMA sensor of the ASPERA-3 instrument suite on Mars Express. We examined
77 different ion-beam events and the following flux ratios were identified: CO+

2 /O+ = 0.2 and
O+

2 /O+ = 0.9. The most abundant ion species were found to be O+ and O+
2 , followed by

CO+
2 . The loss of CO+

2 was estimated to be 4.0 × 1024 s−1(0.29 kg s−1) by using the previous
measurements of Phobos-2 in our calculations. In 2007 the escape rates were calculated with
ASPERA-3 data only and were found to be much lower (Barabash, 2007).

The ion beams have also been investigated in order to see if their presence correlates with
the magnetic anomalies found in the Martian crust. However, no clear correlation was detected.
The ion beam’s dependence on the draping direction of the interplanetary magnetic field (IMF)
has been investigated, and a correlation was found. The result suggests that the ions escape
in the direction of the solar wind convection electric field, which indicates that the ions are
accelerated by this field. The heavy-ion escape has also been investigated both on Venus and on
Mars during events of SEPs, where an increase of the heavy-ion escape flux was detected.

The second part of the study treats gully formations on the surface of Mars. In this study we
analyzed data from the MOC, MOLA and TES instruments onboard the satellite Mars Global
Surveyor. Several different explanations of gully formation have been proposed by experts in
the field. Our study strengthens the theory that most of the gullies were formed by shallow
and deep aquifers in the Martian subsurface, and not by carbon dioxide, landslides or melting
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ground ice.

5.1 Directions of future work

As satellite missions are extended, more data sets from an increased number of orbits can be
added to both the plasma and gully investigations in order to improve the statistics and increase
our knowledge of Mars. The satellite Mars Global Surveyor was unfortunately announced lost
in November 2006. However, numerous data sets have still not been investigated. Those could
be helpful in the analysis of both the plasma environment and the gullies investigated in this
thesis.

The mission of Mars Express has been extended until May 2009. Since we are heading
towards a solar maximum, where the Sun’s activity increases, the extended mission will improve
the results from studies that are correlated to the Sun’s 11-year solar cycle. Additional features
that could affect the atmospheric escape, such as solar wind variations and CMEs (coronal mass
ejections), should also be studied. Extended missions result in more orbits and hence a larger
coverage of the near-Mars space environment. The extended coverage could also facilitate a
more accurate estimation of the total atmospheric escape, since an average of the 11-year solar
cycle could be calculated.

5.1.1 Ion-beam events (IBEs) investigation

At present an additional of over one thousand IBEs have been detected. A future study will
investigate how their different parameters are related, such as their direction, location, solar
zenith angle, energy, velocity, temperature, mass and composition, and how they are affected by
the IMF direction, solar wind variations (velocity, temperature, density, EUV, subsolar magnetic
pressure, SEPs), subsolar longitude and latitude. These studies will help to uncover how ion
beams form and their importance in the total outflow of ions from the atmospheres of Mars and
from Venus, where the IBEs also have been detected. An improved calculation of the escape
number would then be used in the extrapolation of the outflow in order to estimate the total
loss of the escaped Martian atmosphere with regard to the ancient intrinsic magnetic field,
characteristics of the faint young Sun, and the mass and composition of the ancient Martian
atmosphere. It is important to find out when the atmosphere was dense enough to sustain
stable water on the surface. This will give us a hint whether that period was long enough for
life to evolve on Mars or other planets with similar conditions.

5.1.2 Gully investigation

Some of the gullies have been found on rather young geological features, such as sand dunes, and
only a few gullies are superposed by craters. This raises the question whether they still form
at present day, which is a paradox with regard to the unstable water on the Martian surface.
However, Heldmann et al. (2005) show by modeling the run-out distances of the channels and
aprons that gullies can form under present climate conditions. Malin et al. (2006) have detected
through imaging that gully formation is an ongoing process. During the mission of Mars Global
Surveyor, gully sites have been targeted numerous times in order to detect changes in their
morphology. Malin’s research team discovered two sites with gully changes: on a northwestern
crater wall in Terra Sirenum (36.5◦S, 161.8◦W) and on a northern crater wall in Centauri Montes
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(38.7◦S, 263.3◦W). The gullies exhibited new, extended and bright deposits, attributes that could
be consistent with fluid materials. These new gullies had formed since 1999 and 2001.

Still many issues regarding the gullies are unanswered. Is water the eroding agent? If so,
where is the water coming from? What amounts of water can be found in the subsurface?
Where is the water located? Can future manned missions to Mars use this water by ISRU (in
situ resource utilization)? Can the water harbor life? Further investigations must be pursued
to solve these questions. Efforts should be made to continue to target the same gully areas
and new ones. The Mars Reconnaissance Orbiter’s HiRISE (High Resolution Imaging Science
Experiment) camera, with a resolution of 0.3 m/pixel at 300 km, should be a good tool to use
in this investigation.

5.2 Expedition Svalbard

5.2.1 Project background

Martian gullies have been studied only from high orbit via satellites. Terrestrial gullies found in
polar regions on Earth could be an equitable analog for the Martian gullies and a comparative
analysis could be helpful in understanding the formation mechanisms of the Martian gullies and
disclose their true eroding agent. On a scouting mission to Svalbard performed by me in July
2006, gullies similar to those previously studied on Mars (Heldmann et al., 2007), were discovered
in the valley of Longyearbyen and on costal slopes of Isfjorden.

5.2.2 Svalbard

Svalbard is situated at 74◦ − 81◦N and 10◦ − 35◦E, in the discontinuous zone of permafrost.
It is a good analog for comparative Martian studies. Svalbard is bounded by the Barents Sea
to the east and the Norwegian Sea to the west and approximately 60% of the total land area
(63,000 km2) is covered by glaciers. The permafrost thickness varies between 75 and 150 m in
the costal regions and between 400 and 500 m towards the inland and in higher terrains (Liestøl,
1977). These thickness variations depend on parameters, such as the easterly flow of the Gulf
Stream, which interacts with the west coast of Svalbard, the occurrence of glaciers, geothermal
activity, local differences in the climate and the variable topography (Salvigsen et al., 1985).
Most of the ice-free areas can be found in the west and southwest of Svalbard, where the Gulf
Stream affects the climate with warmer water temperatures in addition to mild air currents from
the south (Hjelle, 1993). The annual low precipitation of approximately 210 mm (where most
falls as snow) and the mean temperature of -4 ◦C (Larsson, 1982), contribute to a climate that
in some areas resembles that of a dry and cold desert, much like Mars.

Longyearbyen has a typical periglacial environment and the braided river system in the valley
originates from two overlaying glaciers, Larsbreen and Longyearbreen. The carved valley consists
mainly of sandstone, shales and schists from the Cretaceous and Tertiary age (Larsson, 1982).
The slopes of the valley are covered with gullies and debris, which rest upon a permafrost layer.
The depth to this layer is approximately 1 meter, but differs according to annual temperature
changes. The left side of figure 5.1 shows a typical Martian gully and the right side displays
a gully in Sassenfjorden at Svalbard. These gullies, which originate from two different planets,
exhibit the same kind of characteristic features, such as alcoves, channels and debris aprons, as
seen in figure 5.1. The theater-shaped alcove tapers down-slope where the V-shaped channel
commences. The gullies on Svalbard have consolidated strata layers in the alcove regions. Such
layers have also been detected for some of the Martian alcoves. Moreover, the channels of the
gullies on Svalbard tend to streamline around obstacles in the same way as some of the Martian
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Figure 5.1: The left-side figure shows a Martian gully and the right-side shows a gully at Svalbard
that is approximately 400 m long. Left image credit: NASA/JPL/Malin Space Science Systems,
right image credit: Ella Carlsson.

gullies, which indicates that water could be one of the eroding agents on Mars as well. Another
similarity is the debris aprons in the lower part of the gullies that are triangle shaped and
broadens down slope. Furthermore, the gullies on Svalbard appear to have the same proportions
as the Martian ones. The depth from the gully alcove to the overlaying ridge also appears to
be in the same length scale as on Mars. The similarities between the Martian and Svalbard
gullies, with regard to morphology and climate, will hopefully help to determine the formation
mechanisms of the Martian gullies.

5.2.3 Project description

The study will consist of three phases. In the first phase, annual variations of the Svalbard
gullies will be studied by deploying temperature, relative humidity (RH) and moisture loggers
as well as a camera in strategic places in and around the gullies. Parts of the equipment was
deployed in August 2007 and will collect data for a year. Poles will also be inserted in the soil
in order to detect soil movements.

As a second phase, satellite data over the gully locales at Svalbard will be studied by the
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same methodology as previously used when analyzing Martian gullies (Heldmann et al., 2004;
Heldmann et al., 2007).

The third phase will also be carried out in situ at Svalbard during July 2008, where measure-
ments will be made in order to validate the satellite data. Additional measurements that cannot
be carried out from orbit will also be performed. The investigation includes measurements of
length, width, depth, slope angle, angle of repose, flow direction, sun/shadow exposure, temper-
ature, grain size, surrounding terrain survey, RH, depth to possible aquifer, volumetric water
content, possible water flow velocity, photography, depth to permafrost, permeability, stratigra-
phy and snow/ice occurrence. The results from Svalbard will be compared with previous results
from Mars in order to make a qualitatively evaluation of the conclusions drawn regarding gully
formation on Mars, where only remote sensing data are available.

5.2.4 Concluding remarks regarding Expedition Svalbard

Ever since the Martian gullies were first discovered their origin has been highly debated within
the space-science community. One main reason for the disagreement is that only remote imaging
and sensing data are currently available. At present there are no planned missions to study the
gullies in situ on Mars, which means that there could be some time before we discover the true
eroding agent of the Martian gullies. Until then it is important to conduct similar measurements
on Earth in analogue environments, where the results can be verified, and compared with results
from Martian measurements. This way it becomes possible to obtain higher confidence levels in
the gully investigations on Mars.
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Abstract

Data from the Ion Mass Analyzer (IMA) sensor of the ASPERA-3 instrument suite on Mars Express have been analyzed to determine the
mass composition of the escaping ion species at Mars. We have examined 77 different ion-beam events and we present the results in terms of
flux ratios between the following ion species: CO+

2 /O+ and O+
2 /O+. The following ratios averaged over all events and energies were identified:

CO+
2 /O+ = 0.2 and O+

2 /O+ = 0.9. The values measured are significantly higher, by a factor of 10 for O+
2 /O+, than a contemporary modeled

ratio for the maximum fluxes which the martian ionosphere can supply. The most abundant ion species was found to be O+, followed by O+
2 and

CO+
2 . We estimate the loss of CO+

2 to be 4.0 × 1024 s−1 (0.29 kg s−1) by using the previous measurements of Phobos-2 in our calculations. The
dependence of the ion ratios in relation to their energy ranges we studied, 0.3–3.0 keV, indicated that no clear correlation was found.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Geomorphological evidence in form of riverbeds (Malin and
Edgett, 2003), gullies (Malin and Edgett, 2000) and shorelines
(Head et al., 1999), as well as recently discovered hematite
spheres (Calvin, 2004) and a frozen sea (Murray et al., 2005),
suggest that there has been liquid water in the past on the mar-
tian surface. In order for these features to form, a dense CO2
atmosphere of a few bars including gases of CH4 and NH3
(Kasting, 1991) would be required to produce the necessary
greenhouse effect. The present CO2 atmosphere pressure is
only 7–9 mbar (Hess et al., 1979). Moreover, spectral imaging
of Mars clearly indicates that the amount of carbonates stored
at Mars in the form of ice and carbonate rocks is too insignif-
icant to explain the relatively dense atmosphere that existed in
the past (Bibring et al., 2005). This discrepancy led us to inves-
tigate the mass composition of the escaping plasma at Mars in
order to determine if there might be an abundance of escaping
ion species incorporating carbon, such as CO+

2 .
Up to an altitude of 150 km, CO2 is the dominant constituent

in the atmosphere of Mars, supplying CO+
2 through photoion-

ization (de Pater and Lissauer, 2001):

(1)CO2 + hν → CO+
2 + e−.

However, the main ambient ion in the ionosphere is O+
2

which also has a peak at ∼130 km with a density of ∼105 cm−3.
O+

2 is formed by several different processes as shown below:

atom–ion interchange: O + CO+
2 → O+

2 + CO, (2)

or

charge transfer: O + CO+
2 → O+ + CO2 (3)

rapidly followed by

O+ + CO2 → O+
2 + CO. (4)

In the martian ionosphere both CO+
2 and O+

2 disappear through
dissociative recombination:

CO+
2 + e− → CO + O, (5)

O+
2 + e− → O + O, (6)

CO+ and CO+
2 exhibit peak densities at ∼200 and ∼140 km,

of ∼100 and ∼2 × 104 cm−3, respectively (Fox, 2004).
The maximum upward fluxes of the main ion species as es-

timated by Fox (private communication, 2005) are reproduced
in Table 1. It is assumed in this model that all ions have a ve-
locity of 1.2 × 105 cm s−1 at the upper model boundary at an
altitude of 400 km. In Table 1 it is clearly seen that O+

2 has
the highest predicted flux, followed by CO+

2 , while O+ has the
lowest predicted flux rate. This suggests that the most abundant
ion species escaping the martian ionosphere is O+

2 followed by
CO+

2 and O+.
Ions attaining an altitude above 400 km are picked up by the

solar wind and can escape from Mars through the magnetotail.
MHD simulations performed by Liu et al. (2001) indicate that
the most abundant ion species in the tailward escaping martian
plasma is O+

2 , followed by O+ with escape rates of 2.61 × 1025

Table 1
Upward fluxes of the main ions according to Fox (private communication,
2005)

Ions Flux in cm−2 s−1 Ratio

CO+
2 4.02×107 1.63

O+(4S) 2.47×107 1.0
O+

2 2.34×108 9.47

The third column shows the fluxes normalized to the O+ flow.

and 0.45×1025 s−1, respectively giving the flux ratio of O+
2 /O+

to be 5.8, which differ 61% to the fluxes given by Fox (private
communication, 2005). Ions can escape by means of thermal
and most of the non-thermal escape mechanisms such as charge
exchange, dissociative recombination and sputtering. The ther-
mal escape of ions normally applies to lighter ions.

In situ measurements made onboard the satellite Phobos-2
by the instrument ASPERA indicate that the non-thermal es-
cape involves a mixture of ions such as O+, O+

2 , and CO+
2 ,

according to Norberg et al. (1993). The total ion escape of O+
was estimated by Lundin et al. (1989) to be ∼2 × 1025 s−1,
corresponding to a loss rate of 0.5 kg s−1. The instrument also
detected planetary H+ and molecular ions such as O+

2 , CO+
2 ,

and CO+, which could not be separately resolved due to the in-
sufficient mass resolution of the instrument. Overall the total
ion escape was estimated to reach at least ∼1 kg s−1 according
to Lundin et al. (1989).

The study in the present paper is a first attempt to analyze
data recorded by the Ion Mass Analyzer (IMA) onboard the
satellite Mars Express, in order to determine the relative out-
flow of the main ionospheric species, with regard in particular
to the ions that include carbon. In Section 2 we explain the mea-
surement technique of the IMA sensor and the following section
is devoted to data analysis and methodology. The results of this
study are presented in Section 4 and discussed in Section 5.

2. The IMA sensor

The Ion Mass Analyzer (IMA) (Barabash et al., 2004) is
almost an exact copy of the Rosetta’s ICA instrument and an
upgraded version of the ion mass spectrographs TICS/Freja,
IMIS/Mars-96 and IMI/Nozomi (Norberg et al., 1998). The
IMA sensor measures the differential ion flow in the energy
range 0.01–30 keV/q for ion components that include H+,
He2+, O+ and molecular ions within the range of 20 < M/q <

80. Electrostatic sweeping provides the sensor with a ±45◦ po-
lar angle, which gives the instrument an intrinsic field of view
(FOV) of 90◦ × 360◦. The FOV is divided into 16 (5.6◦ each)
polar angles and 16 (22.5◦ each) azimuth sectors. When ions
within a swept energy pass band enter the IMA sensor they are
strained through an outer grounded grid. Behind the grid the
ions pass a deflection system whose purpose is to deflect ions
in the range of 45◦ and 135◦ with respect to the symmetry axes
into the top-hat electrostatic analyzer (ESA). The ESA permits
ions in a swept energy pass band, with an energy resolution
of 8%, to enter the mass selection and detection unit. Perma-
nent magnets then deflect the ions along different trajectories,
depending on their energy, mass and charge. Lighter ions are
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deflected further outward from the center than the heavy ions.
All of the ions then hit the micro-channel plate (MCP) which
has a position sensitive anode composed of the 16 sectors × 32
rings, which determines both the azimuth (sector) and mass per
charge of the incoming ion species (mass rings). The magnet as-
sembly can be biased with respect to the ESA, to post-accelerate
ions, thereby permitting the selection of mass range and mass
resolution. In a mode without any post-acceleration, the sensor
has the highest mass resolution but lighter particles with low
energies, such as H+, are diverged along their flight paths to
such an extent that they miss the MCP altogether and cannot
be detected. Post-acceleration up to 4 keV allows the detection
of protons (for solar wind observations). However, this broad-
ens the mass-band and limits the mass resolution. The sampling
time of the instrument is 125 ms and a full 3D spectrum accu-
mulation sweep of 16 polar angles × 16 azimuthal sectors × 32
mass rings × 96 energies requires 192 s to complete.

3. Methodology

3.1. Identification of planetary ion events

Strong fluxes of protons in the magnetosheath outside the
induced magnetosphere boundary (IMB) may affect mass chan-
nels even with M/q > 4 at the same energy. This is because
internally scattered particles from the magnets and magnetic
section appear as ghosts in the data read-out, thereby complicat-
ing the analysis. To identify clear events of planetary ions we
first examined all orbits traversed during time intervals when
Mars Express was eclipsed by Mars, starting on 23 April 2004.
By 15 August 2004 the orbital parameters of the satellite were
changed to such an extent that the eclipse season ended. How-
ever, upon examination of the selected data we came to the
conclusion that more measurements were needed in order to
achieve better statistics. We then decided to investigate a larger
area which included the induced magnetosphere but was still
inside the induced magnetosphere boundary to avoid proton
contamination from the heavy mass channels in the IMA sensor.

Fig. 1 shows the area inside the induced magnetosphere
boundary (IMB), on which we concentrated our search of plan-
etary ion events. The orbit of Mars Express is here displayed in
cylindrical coordinates expressed in Mars radii, Rm. The x-axis
in this coordinate system is directed toward the Sun with the
center of Mars as its origin and the orientation of the y-axis is
according to the right-hand system. The z-axis is directed north-
ward, perpendicular to the ecliptic plane. The distance from the
satellite to the Mars–Sun line is defined by

√
y2 + z2, and in-

dicated as R in the figure. The solid blue lines in the figure
indicate the bow shock (BS) and the induced magnetosphere
boundary (IMB). The shape of the bow shock and of the in-
duced magnetosphere boundary were calculated after Kallio
(1996) and Lundin et al. (1990), respectively. The shaded blue
area indicates the eclipse. Orbit 539, which occurred on 22 June
2004, is indicated by a red line and the blue dots along this line
represent time intervals of 10 min. The overall time interval
15:30–16:40 in universal time (UT), indicates the area to which
we conducted our research to.

Fig. 1. Orbit 539 displayed in cylindrical coordinates normalized to the radius
of Mars (Rm), showing the positions of the bow shock (BS), induced magne-
tosphere boundary (IMB) and the eclipse zone. The x-axis in this coordinate
system is oriented toward the Sun. The horizontal axis R =

√
y2 + z2, repre-

sents the distance from the satellite to the Mars–Sun line.

Fig. 2 shows an example of an event (in Orbit 539), which
was selected for further analysis. The figure displays three pan-
els illustrating IMA-data with different ion masses. The lowest
panel shows ion masses per charge in the range 0.0–1.5 M/q

(protons), the next panel shows 1.5–3 M/q (He2+) and the top
one shows 12–90 M/q (heavy ions, O+, CO+, O+

2 , CO+
2 ). The

two lower panels are used for plasma domain identification and
the upper one for displaying heavy ion events. In Fig. 2 two
black arrows point to a heavy ion event, typical of those an-
alyzed in the present study, which was identified in the time
interval 16:03–16:08 UT. The vertical axis for each panel in the
figure shows the energy per charge in electron volts and in this
particular event the beam of heavy ion species had an energy
of 800 eV. The color indicates the count rate, where blue rep-
resents the lowest count rate measured and red represents the
highest. Cases where the count rates were higher than 100, are
represented in black, as seen in Fig. 2. The full 3D spectrum
sweep lasted for 192 s and the effects of it can be seen in the
figure. This modulation appears as an increase in counts of ion
species in clusters for periods of 192 s. The internal scattering
of protons may induce cross talk in the instrument, which can be
seen in the upper panel in Fig. 2, where counts from the protons
fluxes appear as ghosts in high energy ranges. The two vertical
lines in the figure indicate crossings of the induced magne-
tosphere boundary. The inbound crossing occurs at 15:38 UT
and the outbound crossing at 16:44 UT. The inbound crossing of
the induced magnetosphere boundary is very well distinguished
by a decrease in proton fluxes. Similarly, the outbound cross-
ing is especially easy to recognize due to its association with a
well defined increase in proton fluxes, which has been observed
for all orbits. The two dashed lines indicate the beginning and
the end of the geometrical eclipse. The start of the eclipse is
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Fig. 2. IMA sensor data showing energy–time spectrograms for different M/q intervals. From bottom to top: M/q = 0.0–1.5 (H+), M/q = 1.5–3 (He2+),
M/q = 12–90 (planetary ions). Count rates in the selected mass interval is coded by color. In each panel the horizontal axis shows the universal time and the
vertical axis shows the ion energy in electron volts. The two vertical black lines indicate crossings of the induced magnetosphere boundary (IMB). The two dashed
lines signify, respectively, the beginning and end of the eclipse. The identified ion-beam event is emphasized by arrows.

marked by a momentary decrease in the detected particle fluxes.
Beams of heavy ions can clearly be seen inside the eclipse area
in Fig. 2, which we consider to be a valid ion-beam event.

In addition to inspecting data from the IMA sensor, we also
examined data from the electron spectrometer (ELS), which
is part of the ASPERA-3 instrument. ELS measures electron
fluxes in the energy range 0.01–20 keV. These data indicate
higher count rates of electrons when there is an increase in ion
counts, especially when we identified an ion-beam event. The
higher count rate in electrons also served as an indication show-
ing that the ion-beam event could not be an instrument affect.

Fig. 3 shows a typical energy–mass matrix of ion-beam
events in this study. The event of Orbit 539 is here integrated
over the event time interval, selected energy steps, polar and
azimuthal directions, which are showing the highest count rate.
The vertical axis represents the energy per charge in electron
volts and the horizontal axis represents the IMA sensor’s mass
ring number. The red and blue lines in the figure indicate the
calibrated mass band ranges for different ion species of O+

2 ,
O+, He2+, and H+. The lower count rate from mass ring num-
ber 22 is a result of the anode read-out electronics priority
scheme and was disregarded in the analysis. The highest ion
count for this particular heavy ion-beam event was found for
the polar angles of 5–15 and the azimuth angles of 1–4. Note
that the angular distribution of the planetary ion flow is very
narrow, usually less than 20◦, i.e., one azimuthal sector. The
mass peak of this ion-beam event lies at an energy of ∼800 eV
and occupies both mass bands of O+

2 and O+. There is no obvi-
ous separation between these two species and we need to apply
a special technique to reconstruct each mass distribution.

Fig. 3. Energy–mass matrix of the event at Orbit 539. The vertical axis repre-
sents the energy per charge in electron volts and the horizontal axis the mass
ring number. The red and blue lines show the calibrated mass band ranges for
O+

2 , O+, He2+, and H+.

3.2. Mass composition analysis

The IMA sensor is designed and optimized for studies of
plasma dynamics. Since it does not meet the same specifications
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Fig. 4. The top left panel shows count rate versus mass ring number for different energies for the ion-beam event that occurred during Orbit 539, 22 June 2004. The
other three panels show a mass-fitting of recorded profiles of count rates for three selected energies. Best fitting is shown for the species CO+

2 (M/q = 44), O+
2

(M/q = 32), and O+ (M/q = 16).

as a mass spectrometer, it has a reduced capacity to directly re-
solve and separate adjacent ion masses. Fig. 3 shows that even
O+

2 and O+ are not well separated. The main approach in sepa-
rating the different mass species is based on the following two
facts: (1) For each energy and for each given mass, the central
position of the mass peak has been obtained from ground cali-
brations, and (2) the shape of the peak is always Gaussian with
a constant characteristic width which also was obtained from
calibrations on ground and later justified in flight data. Thus for
each ion-beam event and each energy we try to fit the shape
of the mass spectra with three Gaussian fittings, corresponding
to O+ (M/q = 16), O+

2 (M/q = 32), and CO+
2 (M/q = 44).

Note that only the height of the peak is the subject of the best
fit of the in-flight data. The position and width is known from
calibration data. This fitting technique was developed from a
program made by Markwardt (2003) to create the best Gaussian
mass-fitting for a post-acceleration of 2.4 kV. Fig. 4 displays
an example of such a mass peak reconstruction. The top left
panel in Fig. 4 shows count rates as a function of mass ring for
different energies for the ion-beam event identified during Or-
bit 539. The other three panels display the Gaussian fittings of
the recorded count rates that were performed to resolve the dif-
ferent ion masses for each energy. The best fit for this ion-beam
event occurred in the energy range of 600–900 eV. The identi-
fied ion species in this particular event are O+

2 with a peak count
rate of 190 at 733.9 eV, followed by O+. Note that the wings of
the O+

2 distribution are composed of both CO+
2 and O+.

Fig. 5. Mass spectrum with fitting for the ion-beam event at Orbit 495, 10 June
2004. The red lined area indicates the mass-fitted ion-species of O+. The spec-
trum was integrated over the time interval of 18 min.

In Fig. 5, we can see the signature of an ion-beam event that
occurred on 10 June 2004 at 07:52–08:10 UT. The most abun-
dant species in this event is O+, with a peak count rate of 70
and with an energy of 1025.7 eV. The minor ion species in this
event is O+

2 , visible as a lag on the O+ peak. The area under the
O+ peak is marked with red lines in the figure. Within this area
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Fig. 6. Pieces of the orbits corresponding to the time intervals of all ion-beam
events used in this study.

we counted all the ion counts coming from polar angles 5–15
(61.9◦) and azimuth angles 1–4 (90◦) over the time interval of
18 min. The total count for the specified time interval, energy,
polar and azimuth angles was 430 for O+ and 82 for O+

2 for this
event. We performed this total ion count procedure for all the
mass-fitted areas and for every energy in each event.

Fig. 6 displays the orbital positions over which we encoun-
tered the ion-beam events. To avoid any possible mass channel
contaminations from protons we considered events only in-
side the induced magnetosphere boundary. Most of the detected
events occurred between 1 and 2 martian radii from the planet
on the night side, as seen in the figure.

We investigated all orbits from 23 April 2004 to 31 Decem-
ber 2004 inside the induced magnetosphere and examined them
for heavy ion events. We discarded all ion-beam events with:
(1) fewer ion counts than 25, (2) events with no post-accelera-
tion and (3) events characterized by poor Gaussian mass-fitting,
which were selected manually. Altogether we found 77 ion-
beam events, each with one or more energy levels, adding up
to a total of 209 mass-fitted ion-beam events.

4. Results

First we calculate all the ratios of the CO+
2 /O+ and O+

2 /O+
fluxes for each event following the standard relation between
differential flux and count rate for an electrostatic analyzer
(Kessel et al., 1989):

(7)Rj

(
CO+

2 /O+) =
∑

i

Nij (CO+
2 )

Eij∑
i

Nij (O+)

Eij

,

(8)Rj

(
O+

2 /O+) =
∑

i

Nij (O+
2 )

Eij∑
i

Nij (O+)

Eij

,

where the index i denotes the energy step, j the event number,
Eij the energy, and Nij the integrated counts under the fitted
peak for respective ion.

Fig. 7. Ratios of the CO+
2 /O+ and O+

2 /O+ fluxes related to energy. The vertical

axis in each panel shows the CO+
2 /O+ and O+

2 /O+ ratios for each event, while
the horizontal axis shows the mean energy in electron volts for each event.

Then we investigate if the ratios of the CO+
2 /O+ and O+

2 /O+
fluxes have any correlation with energy. First we calculate the
mean energy for each event with regard to the number of counts
under the fitted O+ peaks by

(9)〈E〉j (O+) =
∑

i Eij
Nij (O+)

E2
ij∑

i

Nij (O+)

E2
ij

,

where the ratio Nij /E
2
ij is proportional to the distribution func-

tion. The result is presented in Fig. 7 where it can be seen that
there is no clear correlation between energy and ratio. In the
upper panel where the ratios of CO+

2 /O+ are displayed, it can
also bee seen that some of the ratios are zero which is due to
the absence of CO+

2 in 12 of the events.
We then investigate the CO+

2 /O+ and O+
2 /O+ ratio distribu-

tions (Eqs. (7) and (8)) by displaying them in histograms as seen
in Figs. 8 and 9. We used a bin-size of 0.1 and applied a loga-
rithmic scale to the vertical axis, which represents the number
of ratios. If a particular ratio occurs only once, it is discarded
from the histogram and further calculations. It is clearly seen
that many of the CO+

2 /O+ ratios have a value of zero, which
corresponds to an absence of CO+

2 . Note that O+ is observed in
all of the events.

We then calculated the arithmetic mean for all the ratios that
we used in the histograms by

(10)R̄j

(
CO+

2 /O+) = 1

Nratios(CO+
2 /O+)

∑
j

Rj

(
CO+

2 /O+)
,

(11)R̄j

(
O+

2 /O+) = 1

Nratios(O
+
2 /O+)

∑
j

Rj

(
O+

2 /O+)
,

where Nratios is the number of respective ratios.
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Fig. 8. Ratio distributions of CO+
2 /O+. The vertical axis represents the number

of ratios within each bin in a logarithmic scale and the horizontal axis represents
the ratio values within bins of size 0.1.

We also estimate the standard deviation for these ratios
(Eqs. (10) and (11)) by

�Rj

(
CO+

2 /O+) =
(

1

Nratios(CO+
2 /O+) − 1

∑
j

(
Rj

(
CO+

2 /O+)

(12)− R̄j

(
CO+

2 /O+))2

)1/2

,

�Rj

(
O+

2 /O+) =
(

1

Nratios(O
+
2 /O+) − 1

∑
j

(
Rj

(
O+

2 /O+)

(13)− R̄j

(
O+

2 /O+))2

)1/2

,

which is presented in Table 2. We define a confidence interval
for 97% probability as from 0 to R̄j + �Rj for the CO+

2 /O+
flux, because it turns out that �Rj > R̄j .

The most surprising discovery in this study is that the ratio
of O+

2 /O+ diverges with a factor of 10 than the ratios deduced
from the maximum upward fluxes modeled by Fox (private
communication, 2005).

5. Discussion

Based on in situ measurements from the instrument AS-
PERA onboard the satellite Phobos-2, Lundin et al. (1989)
concluded that the total escape rate of O+ was 2 × 1025 s−1.
The ASPERA instrument could measure angular distribution,
composition and energy of ions within the energy regions of
0.5 eV/q–24 keV/q , which is similar to the IMA sensor. The
ion analyzer on Phobos-2 also had a FOV of 360◦ divided
into 10 sensors which each had an intrinsic FOV of 3◦ × 36◦.
Since Phobos-2 was spinning with a spin-period of 12 min,

Fig. 9. Ratio distributions of O+
2 /O+. The vertical axis represents the number of

ratios within each bin in a logarithmic scale and the horizontal axis represents
the ratio values within bins of size 0.1.

Table 2
The arithmetic mean ratios for CO+

2 /O+ and O+
2 /O+ compared to the ratios by

Fox (private communication, 2005) based on the maximum upward fluxes from
the ionosphere and their confidence intervals in which 97% of the ratios can be
found

CO+
2 /O+ O+

2 /O+

This study, arithmetic ratio mean, R̄j 0.2 0.9
Confidence interval (97% probability) 0–0.4 0.4–1.4
Fox (private communication, 2005) 1.6 9.47
Divergence factor (this study with respect
to Fox, private communication, 2005)

8.0 10.5

a three-dimensional particle coverage of ions could be obtained.
The three-dimensional plasma moments such as flow velocity
and number density, needed to calculate the ion escape, were
deduced from the two-dimensional moments by assuming az-
imuthal symmetry. Similar ion-beam events such as analyzed
in this study, were also detected by Phobos-2. However, the ion
escape was integrated over the whole magnetotail region and
just for a couple of orbits. Furthermore, Phobos-2 was func-
tional during high solar activity.

By using this number and the ratio of CO+
2 /O+ presented

in Table 2, we can estimate the escape rate for CO+
2 to be

4.0 × 1024 s−1 (0.29 kg s−1) with the escape rate data of O+
from Phobos-2. We then extrapolate the numbers back in time
with disregard to possible solar wind variations due to the faint
young sun. By using this very tentative model we find the total
loss of CO+

2 over the past 4 billion years to be 3.7 × 1016 kg.
However, ion escape from the martian atmosphere is effected
by the rate of photoionization and the temperature of the ex-
osphere which strongly depends on the solar XUV radiation
which was ∼100–1000 times stronger for the young-sequence
Sun (Ribas et al., 2005). Furthermore, the young solar wind
may have been more than 1000 times more massive than to-
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day (Wood et al., 2002). Both the increased XUV radiation and
the higher solar wind density and velocity in the past suggest
that the solar wind erosion must have had a dramatic impact
on the evolution of the martian atmosphere where the ion es-
cape rates must have been significantly higher (Lammer et al.,
2003). At present Mars lacks an intrinsic magnetic field, how-
ever, magnetic anomalies have been detected with concentra-
tions in the southern hemisphere which implies that Mars used
to have an intrinsic magnetic field in the past (Acuña et al.,
2001). This would also have a major impact on the escape rates
of ions.

Let us compare the escape rate with the total amount of CO2
in the early atmosphere of Mars. As discussed in Section 1, the
climate on Mars in the past must have been warmer and wet-
ter in order to explain all the water-related features. According
to different models (Haberle, 1998), Mars could have had an
atmospheric pressure between ∼1–5 bar in order to raise the
surface temperatures above 273 K needed to create these ge-
omorphological features. If Mars had a pressure of ∼3 bar,
then the atmosphere would have a mass of ∼1.2 × 1019 kg,
whereas the atmosphere today (6.36 mbar) only has a mass of
∼2.5 × 1016 kg. If we compare the mass of the atmosphere in
the past and in the present with the rough estimated total escape
mass of CO+

2 , we can conclude that the solar wind and the XUV
radiation must have been ∼1000 times higher in order to ex-
plain the removal of CO2 from the ancient martian atmosphere.
Impact erosion could also have contributed to the atmospheric
loss (Melosh and Vickery, 1989).

An other additional factor which may increase the total CO+
2

escape through the solar wind interaction is the escape in the
form of cold ionospheric plasma clouds (Penz et al., 2005).
However, the detection of such clouds is beyond the capability
of the IMA sensor. The reason for deviations between the ratios
defined by the maximum ionospheric supply and our measure-
ments is not clear. The most probable explanation is that the
escape is driven by a mass selection processes which does not
reflect the actual ionospheric composition.
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Abstract

Data from the Ion Mass Analyzer (IMA) sensor of the ASPERA-3 instrument suite onboard Mars

Express and data from the Magnetometer/Electron Reflectometer (MAG/ER) on Mars Global Surveyor

have been analyzed to determine whether ion beam events (IBEs) are correlated with the direction of

the draped interplanetary magnetic field (IMF) or the proximity of strong crustal magnetic fields to the

subsolar point. We examined 150 IBEs and found that they are organized by IMF draping direction.

However, no clear dependence on the subsolar longitude of the strongest magnetic anomaly is evident,

making it uncertain whether crustal magnetic fields have an effect on the formation of the beams. We

also examined data from the IMA sensor of the ASPERA-4 instrument suite on Venus Express and found

that IBEs are observed at Venus as well, which indicates the morphology of the Martian and Venusian

magnetotails are similar.
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1 Introduction

In a previous study by Carlsson et al. (2006) the composition of the escaping ion beam events (IBEs) observed

at Mars by the ASPERA-3 instrument (Barabash et al., 2004) on Mars Express (MEX) was analyzed. The

results showed that the flux ratios of CO+
2 /O+ and O+

2 /O+ are 0.9 and 0.2, respectively, for the time period

23 April 2004 to 31 December 2004, during the declining phase of the recent solar cycle. Two types of ion

populations are observed by ASPERA-3 in the Martian wake, where one population appears as a spatially

diffuse flux over a broad energy range and the other consists of IBEs. The count rates of the IBEs exceed

the normal, widely distributed background of ions by a factor of at least 50 and normally by 100. They are

distributed in narrow angular ranges (beamed). Furthermore, IBEs in the wake appear in a narrow energy

band, normally from 700 eV to 900 eV. In this paper we present a supplemental study of IBEs and their

correlation to the magnetic field draping and crustal magnetic fields. Fedorov et al. (2006) and Barabash et

al. (2007) show that there is a clear correlation between the convection electric field and the escape of all

Martian planetary ions measured with ASPERA-3 with energies ranging from 30 eV to 30 keV, where the

ions are lost preferably in the hemisphere in the direction of the electric field. However, these analyses did

not distinguish between the IBEs and the distributed background ions. Here we investigate whether the two

types of ions behave differently, suggesting a different acceleration process for the IBEs, or the same.

Due to the absence of an intrinsic magnetic field, the solar wind can penetrate deep into the Martian

upper atmosphere (270 km) and cause atmospheric erosion (Lundin, 2004). There are numerous ways which

allow ions to escape from Mars (e.g., Luhmann et al., 1992, and references therein); such as thermal escape

(Jeans), ion pick-up, sputtering, ion outflow from cusps (Krymskii et al., 2002; Lundin et al., 2006) and

bulk plasma removal (e.g., detached ionospheric clouds caused by Kelvin-Helmoltz instabilities (Wolf et al.,

1988)). When neutrals in the upper atmosphere of Mars become ionized by photons, electrons or by charge

exchange, they become affected by the frozen-in interplanetary magnetic field (IMF) and can be picked up

by the solar wind and accelerate, while gyrating, in the direction of the convection electric field of the solar

wind. The IMF is related to the solar wind convection electric field by:

−→
E SW = −−→v SW ×−→

B (1)

so that the IMF direction determines the direction of the −→
E SW .
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The solar wind interaction with Mars has been investigated by numerous authors since the first probe

(Mars-2) reached Mars in 1971 (Vaisberg, 1992, and references therein). The morphology of the Martian

tail has been studied in detail starting with Phobos-2 (e.g., Lundin et al., 1990), which characterized the

energy and composition of the escaping constituents. Fedorov et al. (2006) made statistical studies of the

Martian magnetotail where they identified two populations of ions. One of these regimes was observed in the

planetary shadow where planetary (heavy) ions had been accelerated to the energy of solar wind protons.

The other regime of ions is also of planetary origin, however these ions are accelerated to an energy >2 keV,

which decreases as the ions approach the plasma sheet. Beams, or tail rays, in the wake of Venus were first

described by Brace et al. (1987) as electron enhancements which were thought to be part of a sheet like

ionospheric plasma structure. Ong et al. (1991) identified tail rays in the Venusian wake and studied their

density, distribution and spatial extent where they came to the conclusion that the rays were filaments of

ionospheric plasma which extended downstream from the night side ionosphere. Comparative studies of the

Martian and Venusian wakes have been conducted (Dubinin et al., 1991), where notable similarities have

been pointed out, such as beams of O+.

We investigate the IBEs of Mars in order to understand their importance and relevance in the total outflow

of ions and the possible impact they could have had on the past climate. The results from this study could

also be applicable and helpful in the analysis of the solar wind interaction with other planets, e.g. Venus.

The controversial question regarding the existence of a past dense Martian atmosphere is yet unresolved.

The ancient outflow channels (Malin and Edgett, 2003) suggest a somewhat warmer and wetter Mars, when

the atmosphere must have been more substantial (Kasting, 1991) in order for water to remain in a stable

and liquid form on the surface. Pre-Hesperian impactors (Melosh et al., 1989) and carbonate reservoirs in

the strata (Huguenin, 1975), have been proposed as plausible sink channels for the lost atmosphere. Another

possible sink channel is the solar wind erosion of the Martian atmosphere where the investigation of escaping

ions is important. Barabash et al. (2007) report that the present escape rates of O+, O+
2 and CO+

2 observed

on Mars Express are as low as 1.6× 1023 s−1, 1.5× 1023 s−1 and 8× 1022 s−1, respectively. These values are

a factor of 100 lower than those reported from Phobos-2 (Lundin et al., 1990), and too low to account for

a past dense atmosphere of the kind needed to explain the water-related features. However, extrapolation

of these escape numbers over the past 4 Gy is complicated by the uncertain time history of solar wind

variations as well as instrument and spatial distribution uncertainties. Moreover, the observed escape rates

were determined from a period of low solar activity. Even if these rates were erroneous with a factor of 100,

the total escape of CO+
2 and the constituents of H2O by ion escape alone could not have been more than
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4 mbar and a few cm, respectively, for the past 3.5 Gy (Barabash et al., 2007).

In this study we combine the data from the Ion Mass Analyzer (IMA) (Barabash et al., 2004) onboard

MEX with IMF proxy information derived from the Magnetometer/Electron Reflectometer (MAG/ER)

(Acuña, 2001) on Mars Global Surveyor (MGS), in order to determine if the solar wind convection electric

field controls the IBEs in the same way that it controls the more general pick up ion population. Section 2

is devoted to the methodology. The results are presented in section 3 followed by a discussion in section 4

and a summary in section 5.

2 Methodology

First we analyzed data from the ASPERA-3 IMA sensor in order to find clear planetary ion events. The

IMA sensor operates in the energy range of 0.03-32 keV/q and is capable of detecting H+, He2+, O+ and

molecular ions within the range of 20 < M/q < 80 (Barabash et al., 2004). Electrostatic sweeping provides

the sensor with a ±45◦ polar angle respons, which gives the instrument an intrinsic field of view (FOV) of

90◦×360◦. The FOV is divided into 16 (5.6◦ each) polar angles and 16 (22.5◦ each) azimuth sectors. The

top-hat electrostatic analyzer (ESA) selects ions by energy, with an energy resolution of 8%, which then enter

the mass selection and detection unit. Permanent magnets then deflect the ions along different trajectories,

depending on their mass and charge. The magnetic assembly can be biased with a post-acceleration up

to 4.2 kV. In a mode without any post-acceleration, the sensor has the highest mass resolution but lighter

particles with low energies, such as H+, are deflected in their flight paths to such an extent that they miss the

micro-channel plate (MCP) altogether and cannot be detected. Post-acceleration up to 4.2 keV allows the

detection of protons (for solar wind observations). However, this limits the mass resolution. After passing

the magnet assembly the ions hit the position sensitive anode composed of the 16 sectors x 32 rings, which

determines both the azimuth (sector) and mass per charge of the incoming ion species.

To avoid the backgrounds induced by strong proton fluxes in the magnetosheath, which can cause ghost

counts in the IMA sensor due to contamination of adjacent mass channels, we only examined orbits inside the

induced magnetosphere boundary (IMB) as seen in figure 1(a). We examined all orbits of MEX starting from

23 April 2004 to 3 March 2005 and found 150 clear IBEs, which are presented in the figure. The orbits are

displayed in cylindrical MSO coordinates expressed in Mars radii, RM . The z-axis in this coordinate system

is directed northward, perpendicular to the ecliptic plane, the x-axis is directed toward the sun with the

center of Mars as its origin and the y-axis completes the right-handed system. The vertical axis R=
√

y2 + z2
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in the figure, represents the distance from the satellite to the Mars-Sun line. The bow shock and the IMB in

the figure are derived by using analytical fits derived by Kallio (1996). The drifting orbit of MEX is highly

elliptical with an inclination of 86◦ and an orbit period of 6.7 hours. Figure 1(b) shows the number of passes

by Mars Express, through the region studied here when the IMA sensor had a post acceleration of 2.4 kV.

(This was one of the boundary conditions for the previous study of the IBEs by Carlsson et al., 2006, where

a fitting program was used to extract the masses for heavy ion components.) It thus represents the orbital

coverage for the present study.

The IBEs often appear in just a couple of azimuth sectors or less, as seen in figure 2. This particular

beam occurred 27 February 2005 at 23.15 UT and lasted for approximately 15 minutes and was observed

in the Martian tail. Normally the IBEs have higher count rates by a factor of 100 than normal background

counts inside the IMB. In the top panel we have integrated the count rate of the IBE over all 16 azimuth

sectors and 16 polar angles and in the bottom panel only over one sector (and over 16 polar angles). This

shows that the IBEs are very narrow spatially and hence beams. The energy band is also quite narrow for

the IBEs (here approximately 200-700 eV).

The IMF draping directions were derived from the MAG/ER sensor in a study by Brain et al. (2006).

The azimuth directions of the draped magnetic field were derived for each spacecraft orbit at the day side

between 50◦ and 60◦ N latitude, a band which lacks significant crustal magnetic fields which could influence

the draping direction. MGS had a polar and circular orbit fixed in local time at 2 am/2 pm with an orbital

period of nearly 2 hours. The median value for the IMF direction was calculated for each orbit within the

latitude band mentioned above for which it took approximately 3.3 minutes for MGS to pass. Since the

recorded IMF draping direction rarely occurred at the same time as the IBEs, the closest corresponding IMF

direction was chosen, which inserts a time delay of maximum 1 h between the IBEs and the correlating IMF

draping direction. The YMSO and ZMSO coordinates of the IBEs were then rotated by their corresponding

IMF draping direction by:

YMSE = YMSO cos α + ZMSO sin α (2)

ZMSE = −YMSO sin α + ZMSO cos α (3)

where α is the correlating IMF draping direction (0◦ in the local eastward direction and 90◦ in the local

northward direction of the MGS). By this rotating procedure the IBEs were organized by the IMF draping

direction.
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3 Results

Figure 3(a) shows the locations of the IBEs in MSO coordinates (as viewed from the Sun) and figure 3(b)

shows the IBE locations in a MSE frame where XMSO=XMSE and ZMSE is aligned with the plane of the

convection electric field of the solar wind. We assume that the IMF draping direction in the subsolar region

sampled by MGS in its orbit at ∼400 km altitude is directly correlated with the upstream IMF clock angle,

such that: YIMF ≈YMSE and ZIMF ≈ ZMSE (Brain et al., 2006) (see discussion in section 4).

Earlier studies (Fedorov et al., 2006; Barabash et al., 2007) show that the overall ion escape observed on

MEX is related to the direction of the electric field, where ions are accelerated in the direction of this field

and lost. In figure 3(b) it appears that most of the IBEs are detected in the northern hemisphere of Mars

in the MSE coordinate system, toward which the electric field is pointing. This result is consistent with the

previous studies of all of the ions. There is also a suggestion of an alignment of the beams parallel to the

electric field (south-north).

We also investigated the dependence on the subsolar longitude to see whether the IBEs are associated

with the position of crustal magnetic fields (Acuña et al., 1999) with respect of the sun. Since it takes

approximately 1.5 minutes for an O+ (1000 eV) to reach the tail of Mars (x = −1RM ), we can assume that

the planetary longitude of the subsolar point at the time of the IBEs represents the prevailing conditions

with a time delay of less then 2 minutes. Figure 4 shows that, within uncertainties, there appears to be

no clear correlation between subsolar longitude and the observation of IBEs. This is consistent with the

result of Nilsson et al. (2007), who shows that the IBEs are not more commonly observed above crustal

magnetic fields. The strongest crustal fields can be found at a subsolar longitude of 180◦. An increase in

IBE frequency can be seen here, but also at 60◦-75◦, 90◦-105◦, 150◦-165◦ and a small peak at 275◦-300◦.

However, a clear decrease in the IBE frequency can be found for subsolar longitudes of 0◦-30◦, when the

strongest crustal fields are located near midnight.

4 Discussion

To verify our technique we have also used the same method of extracting the IMF directions used by Federov

et al. (2006), which used MGS data recorded when: (1) the solar-zenith angle was less than 60◦ and (2)

where Cain’s model (Cain et al., 2003) predicts a crustal magnetic field less than 3 nT in magnitude. For
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conditions where (1) and (2) were true, the following IMF clock angle calculation was performed:

θ = arctan(BzMSO/ByMSO) (4)

We then used these IMF directions and confirmed the results from figure 3(b).

It must also be noted that the IMF draping direction can change rapidly and on any timescale, which

leaves an uncertainty since it can change at any time during one MGS orbit. Contributions of magnetic

fields generated by ionospheric currents can also result in erroneous IMF directions (“weathervaning”, e.g.

see Brain et al., 2006), which we estimate to be approximately 45◦ degrees from the nominal IMF direction.

Furthermore, the change of solar longitude causes Mars to wobble, which can cause changes of ±25◦ in

the IMF draping direction. Despite these uncertainties we still obtained a north-south trend in figure 3(b),

and found more occurrences of IBEs in the northern MSE hemisphere. The result suggest the IBEs are

accelerated in the direction of the solar wind convection electric field and lost over one hemisphere in a

manner described several decades ago for Venus by Cloutier et al. (1969).

In figure 4 it appears that the IBEs are evenly spread over almost all subsolar longitudes. However, there

is an apparent decrease of IBE frequency for subsolar longitudes of 0◦, when the strong magnetic crustal

fields are near midnight. This result is in contrast to the increase that would occur if the ions in these beams

escaped preferentially on the night side via cusps created by the stronger magnetic fields in the Martian crust

(Lundin et al., 2006). The decrease in ion beams when the strong fields are in the deep wake might be due

to some inhibition of antisunward ion flows by their presence there. Since Mars lacks an intrinsic magnetic

field, the solar wind penetrates the upper atmosphere of Mars. When the IMF penetrates deep enough at

the subsolar point, it could reconnect with the magnetic anomalies and facilitate the escape of planetary

heavy ions via open field lines in cusps, which could explain the increase at subsolar longitude close to 180◦.

We next examined ASPERA-4 observations from Venus Express to determine whether similar IBEs can

be found at Venus. By analyzing data from the ASPERA-4 IMA sensor we found several cases that were

similar to the ones found at Mars. Figure 5 shows an IBE found in the Venusian tail which displays similar

characteristics to those at Mars. The IBEs on Venus have similar energy ranges to those at Mars and are

spatially distributed in similar manner, which could imply that the IBEs at Venus form and evolve in the

same way as on Mars. This particular event found on the night side is shaped as an inverted V, which

was first detected at Mars by the satellite Phobos-2 (Lundin et al., 1989). Inverted Vs are characterized by

narrow beams of oppositely directed ions and electrons and have been compared to ion outflows in Earth’s
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auroral zone (Lundin et al., 2006). The important point of this observation at Venus, however, is that crustal

magnetic fields are evidently not necessary to produce ion beams.

The detection of very low energy ions (E < 30 eV) is unfortunately beyond the capability of the IMA

sensor. These cold and still undetected ions could comprise major parts of the escaping ion population.

Phobos-2 could measure ions down to energy levels of 0.5 eV. However, Phobos-2 did not have a satellite

potential control which could have affected the measurements. Modeling that is based on the MEX mea-

surements of the IBEs and other escaping ions can perhaps fill the gaps of knowledge in these unobserved

energy ranges and motivate future instrument design for Mars missions.

5 Conclusions and future studies

This paper is a continuation of the analysis of IBEs reported by Carlsson et al. (2006). We investigate

whether the IBEs are correlated with the draping direction of the IMF, which would indicate that the beams

are affected and perhaps accelerated by the convection electric field of the solar wind. A dependence between

the draping direction of the IMF and the IBEs was detected, where the beams are moderately aligned in the

direction of the E-field and most of them are clustered in the hemisphere toward which the E-field points. We

also investigated whether the IBEs showed dependence with subsolar longitude, which would indicate that

they may be affected by crustal magnetic fields. We detected no clear correlation between subsolar longitude

and the frequency of observation of IBEs, and hence the position of the strongest magnetic anomaly with

respect to the solar wind flow does not appear to play an important part in their formation. We report that

IBEs are present at Venus and are generally similar to those observed at Mars, both with regard to energy

range and spatial distribution. This then suggests that the physics of the ion beam source is similar at

both planets (also that crustal sources are not required for their creation). Our future efforts will investigate

whether different characteristics of IBEs (such as peak energy, composition, direction) are influenced by these

drivers. We will also examine whether solar wind pressure and solar activity influence IBE observations.

Such studies, using hundreds of additional IBEs identified in ASPERA-3 and ASPERA-4 data, will help to

uncover how ion beams form and their importance in the total outflow of ions from the atmospheres of Mars

and Venus.
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Riihelä, P., Schmidt, W., Kozyra, J., Luhmann, J., Roelof, E., Williams, D., Livi, S., Curtis, C. C., Hsieh,

K. C., Sandel, B. R., Grande, M., Carter, M., Thocaven, J.-J., McKenna-Lawler, S., Orsini, S., Cerulli-Irelli,

R., Maggi, M., Wurz, P., Bochsler, P., Krupp, N., Woch, J., Fränz, M., Asamura, K., Dierker, C., 2006.

Mass composition of the escaping plasma at Mars. Icarus 182, 2, 320-328.

Cloutier, P.A., McElroy, M.B., Michel, F., 1969. Modification of the Martian ionosphere by the solar

wind. J. Geophys. Res. 74, 26, 6215-6228.

Dubinin, E., Lundin, R., Riedler, W., Schwingenschuh, K., Luhmann, J. G., 1991. Comparison of observed

plasma and magnetic field structures in the wakes of Mars and Venus. J. Geophys. Res. 96, 11189-11197.

Fedorov, A., Budnik, E., Sauvaud, J.-A., Mazelle, C., Barabash, S., Lundin, R., Acuña, M., Holmström,

M., Grigoriev, A., Yamauchi, M., Andersson, H., Thocaven, J.-J., Winningham, D., Frahm, R., Sharber, J.

R., Scherrer, J., Coates, A. J., Linder, D. R., Kataria, D. O., Kallio, E., Koskinen, H., Säles, T., Riihelä,
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(a) (b)

Figure 1: Figure 1(a) shows parts of the orbits that correspond to the time intervals of the 150 IBEs used
in this study. The orbits are displayed in cylindrical MSO coordinates. The position of the bow shock and
the induced magnetosphere boundary are also shown (Kallio, 1996). Figure 1(b) shows the number of times
Mars Express sampled certain spatial bins inside the induced magnetosphere boundary when the IMA sensor
had a post acceleration of 2.4 kV.

Figure 2: The figure shows an ion beam event which occurred 27 February 2005 at 23.15 UT and lasted for
approximately 15 minutes. The y-axis shows the energy range [eV], the x-axis the time [UT] and the count
rate is color coded. Normally the IBEs have count rates a factor of 100 higher than normal background
inside the induced magnetosphere boundary (black color in the figure represents a count rate >100). In the
top panel we have integrated the count rate of the ion beam event over all 16 azimuth angles and in the
bottom panel only over one angle.
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(a) (b)

Figure 3: Figure 3(a) shows MEX location during the 150 IBEs in MSO coordinates and figure 3(b) in MSE
coordinates where the solar wind convection electric field points upward.

Figure 4: The figure shows a histogram of the planetary subsolar longitude at the time of each IBE in bins
of 15◦. The strongest crustal magnetic field can be found at 180◦.
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Figure 5: An ion beam event found in the Venusian tail which displays similar IBEs characteristics as the
Martian IMBs.
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2 H. Nilsson et al.

1 Introduction

The solar wind interaction with the near-Mars space environment has been stud-
ied mainly by the Phobos-2 spacecraft [e.g. 20; 21; 7; 3; 34], the Mars Global
Surveyor (MGS) [e.g. 25; 26; 36; 15; 19; 4; 5], combinations of these two data
sets [35] and the, at the time of writing, most recently arrived spacecraft Mars
Express [e.g. 22; 18; 33]. Much of the picture emerging from the first two space-
craft has been summarized in Nagy et al [27]. The solar wind interaction with the
near-Mars space results in several distinctive regions, mainly the bow-shock, the
magnetosheath and the magnetic pile-up region. These regions are dominated by
the solar wind magnetic field which is draped around the obstacle. However MGS
data shows clearly that the crustal magnetic fields [e.g. 1; 12] of Mars significantly
affect the distribution of electrons in near-Mars space, in particular at the magnetic
pile-up boundary [36; 15; 5] and the ionopause [e.g. 26; 18] .

The magnetic field of the magnetic pile-up region (MPR) is the interplanetary
magnetic field draped around the planetary obstacle. The outer boundary towards
the magnetosheath is termed the magnetic pile-up boundary (MPB) and is char-
acterized from MGS measurements by an increase in magnetic field strength [15]
and a decrease in suprathermal electron fluxes and a decrease in magnetic field
variability and wave activity [5] . The decrease in suprathermal electrons is con-
sistent with energy loss of the magnetosheath electrons due to impact ionization
of exospheric neutrals [14]. The MPB is thus not a pressure balance boundary,
nor an impenetrable obstacle, at least not for magnetosheath electrons and mag-
netic fields. The ions of the magnetic pile-up region are expected to be mainly of
planetary origin but the more extensive MGS data set lacks ion data.

The lower boundary of the magnetic pile-up region is characterized by a fur-
ther reduction of the electron fluxes of magnetosheath origin, and below the MPR
planetary origin photo-electron fluxes dominate. Mitchell et al [25, 26] identifiy
this as the Martian ionopause. The many strong crustal magnetic anomalies in the
southern hemisphere stands off solar wind electrons up to higher altitudes in both
the boundary regions.

The crustal magnetic fields also affect the ionosphere at altitudes well below
the ionopause and even the neutral atmosphere. Krymskii et al [19] reported in-
creased electron temperatures inside the ”mini-magnetospheres” created by strong
crustal magnetic fields, through confinement of photo-electrons, as well as a cooler
neutral atmosphere which is shielded from additional heating by the solar wind
interaction. Ness et al [28] reported an influence of magnetic fields on the iono-
spheric scale height, where horizontal fields inhibit vertical diffusion as compared
to vertical or magnetic field-free regions. Mitchell et al [26] showed similar results
at higher altitudes where strong crustal fields allowed the ionosphere to extend to
higher altitudes, resulting in regions with enhanced photo-electron fluxes at an al-
titude of 400 km in the dayside. On the other hand photo-electron drift from day-
to nightside and magnetosheath origin electron access were inhibited in the closed
crustal fields on the nightside resulting in ”void” regions with very low electron
fluxes. Series of plasma void regions were often separated by electron flux-spikes.
This tends to occur where the radial magnetic field is near a local maximum. The
presence of magnetosheath-like electrons on such field-lines suggests that they are
or were once connected to the magnetosheath, and the situation is thus similar to
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the cusps in the Earth’s magnetosphere but on a much smaller scale. Brain et al [6]
took the similarities with the Earth further, showing that peaked electron spectra,
resembling the accelerated electron spectra associated with aurora on Earth, were
frequently observed near strong radial crustal fields in the Martian nightside.

Thus the MGS results have firmly established the importance of the crustal
fields for a number of electron plasma processes and structures at Mars. What
about the influence of crustal fields on the ions? MGS lacks an ion spectrometer
and we must now turn to Mars Express measurements.

We first tie the measurements from the two spacecraft together by looking at
the reported electron observations from Mars Express. The work of Fränz et al
[18] confirmed the crustal field influence on the statistical distribution of magne-
tosheath electron stand-off distance and the work of Soobiah et al [33] compared
Mars Express electron spectrometer results with those obtained from MGS by
Mitchell et al [26] and the Mars crustal magnetic field model of Cain et al [8] to
investigate the influence of magnetic anomalies on the electron fluxes. They found
that the presence of plasma voids in the nightside and flux enhancements in the
dayside were well ordered by the Cain magnetic field model.

As Mars Express does not carry a magnetometer it is customary to call the
planetary boundary towards the magnetosheath the Induced Magnetosphere Bound-
ary (IMB) rather than the MPB, but it has been shown that on a large scale these
are the same [22; 36]. The only works which so far have discussed ion observa-
tions in relation to magnetic anomalies are those by Lundin et al [22, 23, 24].
These works report ion outflow as observed by the ASPERA-3 Ion Mass Ana-
lyzer (IMA). It is suggested that ion energization frequently involves acceleration
by field-aligned electric fields and low frequency waves (as determined from elec-
tron flux variations, Winningham et al [37]). These can involve induced or draped
magnetic fields just as well as crustal fields, but in Lundin et al [24] only deep
nightside tail events were studied in an attempt to avoid the influence of non-
crustal fields. Evidence of large scale field-aligned electric fields was found in the
form of accelerated beam-like outflowing ionospheric ions observed simultane-
ously with precipitating electrons with peaked energy spectra, similar to what is
observed in the auroral region on Earth. Mapping these events to crustal sources
indicated that they were associated with magnetic cusps. The altitude of the ob-
servations was fairly high (several thousand km) and the mapping thus somewhat
uncertain, but the association with magnetic anomalies is strengthened by the fact
that the observations reported by Brain et al [6] clearly show that the peaked elec-
tron spectra observed by MGS at 400 km altitude are associated with strong radial
crustal magnetic fields.

There thus seem to be cases when the magnetic anomalies may also be of im-
portance for the ions. For the large scale distribution of ions this should mainly
be for low energy ions or for field-aligned acceleration events because the crustal
fields are relatively weak at altitudes where more energetic ions can be expected.
The gyro-radii of ions quickly become large compared to the scale size of the
anomalies when they are energized to energies observable by IMA (lower limit
between 10 and 100 eV, see discussion in section 2). However just as at Earth
the outflow of planetary ions is essentially a two-step process where the flow may
either be regulated at the source (ionosphere, availability of ions) or by the en-
ergization process which typically occurs at higher altitudes. The purpose of this
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paper is to examine the potential role of crustal magnetic fields on the distribution
of ions in near-Mars space. This has been done in 4 steps:

(1) We have examined the clearest of the electron events reported by Soobiah
et al [33] which were associated with magnetic anomalies and examined the cor-
responding ion data.

(2) We have also examined the orbits containing the ion events used by Lundin
et al [23] and compared the data with the Cain magnetic field model [8] on a case
basis.

(3) We have studied the distribution of all energetic planetary ion beam events
reported by Carlsson et al [9], including an extended study of similar events also
for the year 2005.

(4) We have gone through all the data when IMA was used in a non-entrance
deflection scanning mode to improve time resolution and the ability to observe
low energy ions (see section 2).

2 Instrument Description

The Ion Mass Analyzer (IMA) is a mass resolving ion spectrometer, part of the
ASPERA-3 instrument onboard Mars Express [2]. IMA:s twin ICA on the Rosetta
spacecraft is described in detail in Nilsson et al [31]. IMA consists of an electro-
static acceptance angle filter, an electrostatic energy filter, and a magnetic veloc-
ity analyzer. Particles are detected using large diameter (100 mm) microchannel
plates and a two-dimensional anode system. The energy range of the instrument
is nominally from 10 eV to 36 keV and an angular field-of-view of 360◦ × 90◦
is achieved through electrostatic deflection of incoming particles. This field of
view is partially obstructed by the spacecraft body and the solar panels. IMA is
mounted on the spacecraft -Z side, facing towards spacecraft -Y (i.e. the instru-
ment symmetry axis is along spacecraft Y), see figure 1. The basic field-of-view
of the instrument is the spacecraft X-Z plane, particles are brought in from ±45◦
out of this plane through the electrostatic deflection system. The deflection sys-
tem does not have high enough voltage to reach all angles for the highest energies
and not enough voltage resolution to reach all deflection angles for low energies.
Above 15 keV the field-of-view is restricted towards the central viewing plane.
For energies below 100 eV the angular resolution is degraded. Turning off the
entrance deflection scan and using the instrument in a 2D mode removes the res-
olution problems at low energies and improves the instrument’s ability to mea-
sure low energy ions as well as the time resolution. The time for one full energy
scan is 12 s. and for one full measurement of 16 different deflection angles the
time resolution becomes 192 s. The no entrance deflection mode may therefore be
necessary to catch any finer structure of the ion distribution, in particular at low
altitude where high time resolution is more important. IMA may run in different
spatial and mass resolution modes to save telemetry. In practice almost all data is
in the full resolution mode; no binning of data from different acceptance angles or
binning of mass anodes is made (instrument mode 24).

Mass resolution is obtained through the magnetic velocity analyzer, where par-
ticles with the same energy but different mass will hit the micro-channel plate in
different locations due to the analyzer magnetic field. The range of masses observ-
able and the mass resolution can be influenced by adding energy to the incoming
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Fig. 1 Schematic figure of the IMA Ion Mass Analyzer on the Mars Express spacecraft. Indi-
cated are the spacecraft coordinate system and the field-of-view of one sector of the instrument
at no deflection and at 45◦ away from the spacecraft.

particles through a post-acceleration voltage. This voltage is applied between the
electrostatic energy filter and the magnetic velocity analyzer and is controlled by
a 3-bit reference value (0-7), corresponding to post-acceleration voltages between
0 and 4.3 keV.

3 Observations

3.1 Electron events associated with magnetic anomalies

The clearest and most pronounced electron signatures associated with magnetic
anomalies reported by Soobiah et al [33] were investigated to see if any ion sig-
natures were found. This corresponded to 20 events selected from a total of 57
events identified in data from 144 orbits. The result was negative. Usually no ions
at all were detected and when ions were detected they were not exactly coinci-
dent with either electron signatures or magnetic anomalies as determined from the
Cain model [8]. Care was taken to determine that the IMA instrument was looking
downward during at least some of the events. However the poor angular coverage
at low energies means that there may still be low energy ions associated with the
magnetic anomalies (there must be at least thermal ions due to charge neutrality).
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3.2 Magnetic fields around clear ion observation events

Having failed to find good ion data in step 1 described above we proceeded to
check the magnetic field as determined from the Cain model around some clear
ion signatures, those reported by Lundin et al [23]. A total of 30 events were
plotted and investigated in detail. Typically ion beams were observed at the low-
est altitude and some cases occurred at magnetic anomalies. However ion beams
clearly existed even when no magnetic anomaly was nearby or the extrapolated
Cain model field was very weak at the altitude of observation. No general similar-
ity in the fine structure of ions and the magnetic field model was found though the
temporal resolution may have been too poor to allow such a comparison. We re-
port this part of the study for completeness, but will show data only from the cases
when the IMA instrument was run in the ”no entrance deflection” mode in section
3.4). Then we also make a comparison with the magnetic field at a fixed altitude
to avoid the risks inherent in extrapolating the Cain model to higher altitudes than
the data from which the model was obtained.

3.3 The distribution of planetary origin ion beam events

Here we used the data base of the ion observations used by Carlsson et al [9].
It consists of all heavy ion beams (O+,CO+

2 ,CO+/O+
2 ) as identified from man-

ual inspection of data from inside the nominal Induced Magnetosphere Boundary
(IMB). A sample ion beam (in high time resolution ”no entrance deflection mode”)
is shown in figure 2. The same event is marked with number 1 in figure 7. The ob-
servation altitude was in the range 2000-3000 km, and the solar zenith angle was
136◦ −140◦.

This database has been updated with all ion beam events observed up to 22 Oc-
tober 2005, likewise determined from visual inspection of all IMA data obtained
inside the nominal IMB. In Carlsson et al [9] only post-acceleration level 1 (out of
three, 0 (none), 1 (reference value 1-4) and 2 (reference value 5-7)) was used, but
for the subsequent data all identified events regardless of post-acceleration setting
have been used (a total of 818 events). Before proceeding to investigate a possible
influence on the distribution of planetary origin ion beams from crustal magnetic
fields, we show in figure 3 the ion beam occurrence rate (panel a) and the space-
craft coverage (number of passes in bin, panel b) as a function of solar zenith angle
(x-axis) and altitude (y-axis). As can be seen, there is a clear dependence in the
sense that dayside beams are observed at low altitude and nightside beams at high
altitude. A lack of coverage at the lowest nightside altitudes is also evident, caused
by restricted operation in spacecraft eclipse. Essentially the distribution follows
what we expect from the induced magnetosphere boundaries and we can say that
we do not have a strong dependence on solar zenith angle. In order to search for an
influence on the distribution of these ion beam events from magnetic anomalies,
we have plotted their occurrence rate as a function of latitude and longitude, using
20×20 bins, i.e. a resolution of 18◦×9◦ in longitude-latitude space. The data was
also binned in altitude, and the normalized result for four different altitude bins
(up to 1000 km, 1000-2000, 2000-3000 and 4000-10000 km) is shown in figure
4. The distribution was calculated such that each ”event” (continuous presence of
an ion beam) was counted only once inside each latitude, longitude and altitude
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Fig. 2 Sample energy spectra of a heavy ion beam from 20060102 when no entrance deflection
scanning was used. The upper panel shows the corresponding electron spectra summed over
all sectors (the electrons are typically rather isotropic). The lower panel shows the ion counts,
summed over all sectors. One sector dominates and only a few sectors (of 22.5◦ ×5◦) detect any
ions at all. The Y-axis shows particle energy in eV for both panels, and the x-axis time (UT).

bin. The same type of distribution was then obtained for all cases when IMA was
on in full resolution mode (mode number 24), post-acceleration setting was 1 for
the 2004 data (all according to the housekeeping data) and Mars Express was in-
side the nominal IMB. This result was used to normalize the beam occurrence.
What is shown in figure 4 is the normalized occurrence frequency. The number
of events is rather small and the plot in figure 4 therefore rather noisy. It can nev-
ertheless clearly be noted that the events occur over all locations on Mars. There
seems to be some preference for northern latitudes for low altitudes (below 1000
km, panel a) and some preference for southern latitudes just below the equator
at high altitude (above 3000 km, panel d). There is also a relatively low occur-
rence frequency for the southernmost latitude bins. Possibly this could indicate a
large-scale influence from magnetic anomalies as these are stronger in the south-
ern hemisphere. However latitude distributions are very sensitive to the orbit char-
acteristics which causes an ambiguity between altitude and latitude dependence.
The perigee is drifting so in due time all latitudes will be sampled at different al-
titudes but this is not true for a data set from a limited time interval such as the
three-month data with entrance deflection turned off discussed in section 3.4.

There is no longitudinal distribution (which is much less sensitive to orbit
characteristics) resembling that of magnetic anomalies which are shown in figure
7. To further investigate the significance of the observed north-south asymmetry
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Fig. 3 Panel (a) Distribution of occurrence rate of ions beams as a function of solar zenith angle
(x-axis, degrees) and altitude (y-axis, [km]). Panel (b) Number of satellite passes through each
statistical bin when IMA was operating in an appropriate mode.

���� ���� ��� � �� ��� ���

���

�

��

��
���

	

�

����	
�����������

�

�

�

���

�

���� ���� ��� � �� ��� ���

���

�

��

��
���

	

�

����	
��������������

�

�

�

���

�

���� ���� ��� � �� ��� ���

���

�

��

��
���

	

�

����	
��������������

�

�

�

���

�

���� ���� ��� � �� ��� ���

���

�

��

������	
�

��
���

	

�

����	
���������������

�

�

�

�

�




���	�����
����	����

�

���

�

Fig. 4 Distribution of occurrence rate of ions beams. Panel (a) shows the altitude interval up
to 1000 km, (b) shows the interval 1000 to 2000 km, (c) 2000 to 3000 km and (d) 3000 up to
10000 km altitude.
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Fig. 5 Distribution of number of different orbits of Mars Express passing through different
latitude, longitude and altitude bins, when IMA was on in the right mode. Panel (a) shows the
altitude interval up to 1000 km, (b) shows the interval 1000 to 2000 km, (c) 2000 to 3000 km
and (d) 3000-10000 km altitude.

we plot in figure 5 the number of orbits when IMA was on in the right mode
when Mars Express passed above the indicated latitude and longitude bin. Clearly
there are a significant amount of samples in the south for low altitudes as well
as for the southernmost latitudes at high altitude. Finally one may note that there
is an increasing occurrence rate at higher altitude. As IMA cannot detect thermal
ions this is consistent with an extended altitude range where ion energization is
significant. This can be both thermal ionospheric origin ions and newly created
pick-up ions.

One may also study the presence of ion beam events as a function of the mag-
netic field as determined from MGS statistics. We have used the data for 400 km
altitude as provided by Connerney et al [13]. Interpolating the MGS data (we used
linear interpolation) at each measurement point yields rather few points above
significant anomalies. We show in figure 6 the occurrence frequency of ion beams
for some altitude intervals as a function of radial magnetic field at 400 km alti-
tude. Radial magnetic field was used because ion outflow can be expected along
strong radial fields. Strong transverse fields can be expected to inhibit vertical
plasma transport so we have made the same study with the transverse and total
magnetic field as well, but with no significant differences in the result. Almost all
data points are located above magnetic field values below 40 nT, as shown by the
grey bars in the plot (number of data points on right y-axis). We can now discern
an influence from magnetic anomalies on ion beams at the lowest altitudes. Up
to 2000 km the likelihood of observing an ion beam decreases in the presence of
even rather low magnetic field strengths. The statistics are very poor for the data
at higher magnetic field values, but there are a number of events there also for the



10 H. Nilsson et al.

� �� �� �� �� �� �� 	� 
� �� ���
�

���

���

���

���

���

���

��	

��


���

�

����������������������������������

!
��

"�
��

��
��
��
�#

"�
��

$

�

�

%"�&��
'�������('����

���

���

���


��

����

%"�&���'�������('����

)(��'������*�

����������*�

����������*�

����������*�

�����������*�

Fig. 6 Occurrence rate of ions beams vs. radial crustal magnetic field at 400 km altitude below
the spacecraft for 5 different altitude intervals as indicated in the figure. Grey bars in the back-
ground indicate the number of ion beam data points (summed over all altitude intervals) in each
statistical bin.

lowest altitudes below 2000 km. In the altitude interval above 2000 km there is
no influence on the occurrence of ion beams from the magnetic field for the val-
ues below 40 nT where statistics are relatively good. The north-south asymmetry
seen in the latitude distribution could in principle cause a spurious dependence on
the magnetic field as the magnetic fields are in general stronger in the southern
hemisphere. We have therefore performed the same calculations for the southern
hemisphere only but with no significant change in the result. The large scatter with
some very high occurrence frequencies for higher magnetic field values is consis-
tent with significant magnetic anomalies playing a particular role in some outflow
events (like the field-aligned acceleration events reported by Lundin et al [24])
but the net contribution is small. We have made the same plot also for a magnetic
map where we used the maximum magnetic field value within up to ±5 degrees
of each grid of the magnetic field map (which has a resolution of 1◦ ×1◦) to allow
for a less precise mapping to the closest strong anomaly. This caused a more even
spread of the data and confirmed the lack of influence of magnetic fields on the
large scale distribution for altitudes above 2000 km. We also tried the transverse
and total magnetic fields which resulted in somewhat larger scatter but otherwise
little difference in the result. The ”noisy” peaks for higher magnetic field values
were most pronounced for the original radial magnetic field data used in figure
6, indicating that these particular events indeed map rather precisely to the strong
radial field regions.
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We have in the discussion above used a radial mapping of the location of the
spacecraft down to our reference magnetic field model at 400 km. The obvious
alternatives are to compare to the magnetic field values of an extrapolated math-
ematical model (i.e. the Cain model) at the actual altitude of observation or do
field-tracing along such a model, which must be coupled to an IMF / draped field-
line model to justify the effort of such a precise mapping. The latter is desirable
but outside the scope of our current work. We have tried the former but it suffers
from the fact that all extrapolated model fields are weak at high altitudes whereas
the radial field can be stretched out and therefore stronger during certain events.
Relatively strong crustal fields at high altitude always correspond to strong crustal
magnetic fields at low altitude as well.

3.4 Distribution of events with no entrance deflection

The small data set from December 2005 to March 2006 (when IMA was run with
entrance deflection off) is particularly important both because of its higher time
resolution and its better ability to measure low energy ions. We have visually
inspected all such orbits and picked out ion beam events in the lower altitude
part. The heavy ion counts summed over all energies are plotted along the satellite
track as shown in figure 7 (background count levels subtracted). Also shown in
figure 7 is a grayscale map of the radial crustal magnetic field at 400 km altitude
[13] so that the fine structure of the ion counts can be compared with the fine
structure of the radial field. About half of the data points were obtained below
1500 km altitude, and altitudes up to 4000 km have been used. Clearly many of
the events occur where there are no strong magnetic anomalies straight below the
spacecraft. Fine structures also occur when no magnetic anomaly is nearby. A
number of events with significant structure do occur close to magnetic anomalies,
and the structure could possibly arise either from an interaction between pick-
up ions and the anomalies or because the ions emanate from the anomalies as in
the cases reported by Lundin et al [24]. We leave a closer investigation of this
to future case studies but show two sample cases here. The first, from 2006-02-
16, numbered 2 in figure 7, is a sample of a beam that appears very structured
and occurs away from any anomaly, as shown in figure 8. The other sample is
shown in figure 9 and was taken in the close proximity of a significant crustal
magnetic anomaly. Both figures have four panels, where the first shows electron
counts from the ELS electron spectrometer, the second shows proton counts, the
third shows oxygen ion counts and the fourth shows altitude (black line, left y-
axis) and radial magnetic field at 400 km altitude, interpolated from the statistical
MGS results (red line, right y-axis). The oxygen ion counts dominated but may
contain contributions from heavier ions [see 9, for details]. Just as the impression
one gets from the overview shown in figure 7, there is indeed significant structure
in the heavy ion counts in both cases. These are often correlated with variability
in the electron counts but we leave the detailed comparison for future studies.
In the case observed close to an anomaly it turns out that low energy ions are
observed at a peak in the radial magnetic field (dashed red line). On both sides
of the low energy ions we observe beams with a narrow energy distribution. Low
energy ions are those most likely to be affected by the magnetic fields, and such
low energy ionospheric ions are usually not observed in the ion beam events, (e.g.
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Fig. 7 Counts in the heavy ion mass channels mapped radially to the planet , superposed on a
map of the radial crustal field at 400 km as obtained from the MGS spacecraft. Three cases are
marked with a number, these are discussed in more detail in the text.

the samples shown in figures 2 and 8). The low energy ions were not observed at
the lowest point in the orbit, nor were low energy ions observed at the peak in the
radial field which the spacecraft passed at a lower altitude at about 7:46 UT. The
observed structure is therefore consistent with an influence due to the anomaly,
but this is not a clear proof that this is really the case and anomalies are clearly
not associated with such enhancements all the time. Rather the opposite is true
according to our statistical results discussed in section 3.3, where ion beams were
less common above moderately strong (10-40 nT) crustal fields than over regions
with the lowest crustal fields.

The most important observation is that the events occur everywhere regardless
of the presence of anomalies and there is a considerable amount of fine structure
everywhere, not only close to anomalies. One may note that fine structure in the
”no entrance deflection” cases can be due to flow direction changes, not necessar-
ily a particle flux modulation, but it still represents a small scale structure in the
plasma characteristics.
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Fig. 8 Sample energy spectra of a heavy ion beam from 2006-02-16 when no entrance deflec-
tion scanning was used. The first panel show the corresponding electron spectra summed over
all sectors (the electrons are typically rather isotropic). The two consecutive panels show the
H+ and O+ ion counts, summed over all sectors. Only a few sectors (of 22.5◦ ×5◦) detect any
ions at all. The Y-axis shows particle energy in eV for all of the first three panels, and the x-axis
time (UT). The bottom panel shows the altitude of the spacecraft (black line, left y-axis [km])
together with the radial (red dashed line) and transverse (red solid line) magnetic field at 400 km
altitude, radially below the spacecraft (right y-axis, [nT]).

4 Discussion and conclusions

The data shown in this paper clearly indicate that heavy ion beams (and thus of
planetary origin) occur over most locations above Mars. This is a very expected
result as planetary ions are expected to dominate in the magnetic pile-up region
which is draped around the planet. There are, however, three interesting findings
in our data set:

(1) There is some north-south asymmetry in the data. Ion beams are some-
what less common at low altitudes (up to 1000) over the southern hemisphere and
more common just below the equator in the southern hemisphere for high altitude
(above 3000 km). North-south asymmetries are sensitive to orbit characteristics
but the data we show have been normalized to take into account the number of ob-
servations in the different latitude-longitude-altitude intervals used in our study.
There is no longitudinal variation resembling those of the magnetic anomalies.
Our conclusion is that the latitudinal asymmetry is not directly caused by mag-
netic anomalies. One may have to compare with the average solar wind electric
field direction and possibly planet rotation axis tilt to explain the difference. As
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Fig. 9 Sample energy spectra of a heavy ion beam from 2006-12-29 when no entrance deflec-
tion scanning was used. The first panel show the corresponding electron spectra summed over
all sectors (the electrons are typically rather isotropic). The two consecutive panels show the
H+ and O+ ion counts, summed over all sectors. Only a few sectors (of 22.5◦ ×5◦) detect any
ions at all. The Y-axis shows particle energy in eV for all of the first three panels, and the x-axis
time (UT). The bottom panel shows the altitude of the spacecraft (black line, left y-axis [km])
together with the radial (red dashed line) and transverse (red solid line) magnetic field at 400 km
altitude, radially below the spacecraft (right y-axis, [nT]).

was shown by Dubinin et al [16]; Fedorov et al [17] the heavy ion flux distribu-
tion is well organized by the solar wind electric field. Furthermore the ion beam
occurrence rate increases somewhat with altitude. This is consistent with an ex-
tended altitude region where ion energization up to the beam energies of 100 eV
and above occurs.

(2) A study of the dependence of ion beam occurrence rate vs. radial magnetic
field at 400 km altitude revealed no dependence on ion beam occurrence at alti-
tudes above 2000 km. For altitudes below 2000 km a dependence on ion beam
occurrence could be seen. The occurrence frequency was highest for the lowest
magnetic field region (0-10 nT) and decreased for the moderately strong crustal
fields (about 40 nT). For higher magnetic field values the variability was large,
mainly because of poor statistics but the decrease seen from about 0 to 40 nT mag-
netic field strength can clearly not be extrapolated to higher magnetic field cases.
There was no signature of magnetic anomalies discernible in the longitude distri-
bution of the ion beams, and the latitude asymmetry discussed above seems not to
be directly related to magnetic anomalies. This is different from what is the case
for electrons where the ionopause and magnetic-pileup boundary as detected from
electron data are clearly modulated by the presence of magnetic anomalies (see
references in introduction), and the strongest fields have a clear and pronounced
effect. Typical electron signatures associated with magnetic anomalies have been
demonstrated [26; 33]. The reason for the discrepancy between ion and electron
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observations is most likely finite gyro radii effects of the ions for the energies
observable by the IMA instrument. The beams observed by IMA typically have
energies of several 100 eV. In a magnetic field of 50 nT a 300 eV O+ ion has a
gyro radius of 200 km. When the field is down to 10 nT the gyro radius is 1000
km. Therefore ions may be tied to the magnetic fields at low altitudes where the
magnetic field is strong and the ion energy typically low. As the ions gain energy
they will still be affected by magnetic anomalies, but in a dynamical way, they will
not stay in place the way the electrons do. The ions may be accelerated along the
field-line, in which case the mirror force will keep the outflowing ions beam-like
and tied to the original field-line [24] which is indeed the only clear ion-magnetic
anomaly association reported). The influence may also be through small scale rip-
ples in the draped field-lines, causing non-adiabatic drift and acceleration through
the centrifugal force mechanism [10; 11].

It could, despite gyro-radius considerations, be possible that the actual num-
ber flux and ion composition would be influenced by magnetic anomalies. This
would then mainly concern ionospheric upflow and escape, not pick-up ions. At
Earth the ionospheric escape is a two-stage process consisting of initial upflow in
the ionosphere observable for example by incoherent scatter radar [e.g. 29; 32]
and subsequent energization to escape velocity at higher altitudes. The initial up-
flowing ions are typically gravitionally bound and flow down again unless fur-
ther heating processes take place at higher altitudes (as is the case at Earth, from
the topside ionosphere and throughout the magnetosphere, e.g see discussion and
references in Nilsson et al [30]). The lower altitude processes regulate the num-
ber flux of planetary origin ions and, if something similar occurs at Mars, would
most likely be strongly affected by the magnetic anomalies as these regulate iono-
spheric scale height and heating rates [e.g. 19]. A possible explanation for our
results of decreasing ion beam occurrence for intermediate strength crustal fields
is that most field-lines close below the spacecraft and reduce the vertical transport
of ionospheric ions. It would therefore be worthwhile to study the number flux and
detailed composition of the planetary origin fluxes as a function of geographic lo-
cation above Mars. This is, however, a rather demanding task as the detailed ion
composition requires a manual inspection of every mass spectrogram [e.g. 9] and
is thus beyond the scope of this report.

(3) There is considerable small scale structure in many of the ion beams ob-
served. Some of these structures may indeed be caused by magnetic anomalies
which show variations on the proper spatial scale. It would be of interest from a
fundamental plasma physics point-og-view to identify some such cases and study
them in detail, but if magnetic anomalies disperse or further energize already
picked-up ions passing through them this should not be of major importance for
the total outflow. Outflow caused more directly by processes associated with the
crustal fields could have some influence on the total outflow. If that is the cause
of small scale structures then due to the small size it cannot have a large overall
impact on the ion escape from Mars. Inhibition of vertical transport and therefore
lower escape is rather more in line with the results obtained in this study (see point
2 above). The data we presented in figure 7 contained cases with considerable fine
structure also when no magnetic anomalies were nearby so clearly there are other
plasma structuring processes at work as well.
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J, Krupp N, Woch J, Luhmann J, McKenna-Lawlor S, Cerulli-Irelli R, Orsini S, Maggi M,
Mura A, Milillo A, Roelof E, Williams D, Livi S, Brandt P, Wurz P, Bochsler P (2004) Solar
wind induced atmospheric erosion at Mars: First results from ASPERA-3 on Mars Express.
Science 305:1933–1936

23. Lundin R, Winningham D, Barabash S, Frahm R, Andersson H, Holmström M, Grigoriev A,
Yamauchi M, Borg H, Sharber J, Sauvaud JA, Fedorov A, Budnik E, Thocaven JJ, Asamura
K, Hayakawa H, Coates A, Linder D, Kataria D, Curtis C, Hsieh K, Sandel B, Grande M,
Carter M, Reading D, Koskinen H, Kallio E, Riihela P, Schmidt W, Säles T, Kozyra J, Krupp
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Abstract

In December 2006, a single active region produced a series of proton solar flares, with X-

ray class up to X9.0 level, starting on 5 December 2006 at 10:35 UT. A feature of this X9.0 

flare is that associated MeV particles were observed at Venus and Mars by Venus Express 

(VEX) and Mars Express (MEX), which were  ~80° and ~125° east of the flare site, 

respectively, in addition to the Earth, which was ~79° west of the flare site. On 5 

December 2006, the plasma instruments ASPERA-3 and ASPERA-4 on board MEX and 

VEX detected a large enhancement in their respective background count levels. This is a 

typical signature of solar energetic particle (SEP) events, i.e., intensive MeV particle 

fluxes. The timings of these enhancements were consistent with the estimated field-aligned 

travel time of particles associated with the X9.0 flare that followed the Parker spiral to 

reach Venus and Mars. Coronal mass ejection (CME) signatures that might be related to 

the proton flare were  twice identified at Venus within <43 hours and <67 hours after the 

flare. Although these CMEs did not necessarily originate from the X9.0 flare on 5 

December 2006, they most likely originated from the same active region because these 

characteristics are very similar to flare associated CMEs observed at the Earth. These 

observations indicate that CME and flare activities on the invisible side of the Sun may 

affect terrestrial space weather as a result of traveling more than 90° in both azimuthal 

directions in the heliosphere. We would also like to emphasize that during the SEP activity, 

Mars Express data indicate an approximately one-order of magnitude enhancement in the 

heavy ion outflow flux from the Martian atmosphere. This is the first observation of the 

increase of escaping ion flux from Martian atmosphere during an intensive SEP event. This 

suggests that the solar EUV flux levels significantly affect the atmospheric loss from 

unmagnetized planets. 

Keywords

Solar flare, Space weather, Atmospheric evolution, ion escape, Mars, Venus, Heliosphere, 

SEP



1. Introduction 

Solar flares are violent eruptions seen in the solar atmosphere. Especially strong events, 

called X-class flares, influence the Earth and human activities. They are associated with 

the generation of high energy particles, which can potentially cause satellite malfunctions, 

and with the ejection of hot plasma clouds called coronal mass ejections (CMEs) giving 

rise to magnetic storms. Severe magnetic storms can cause energization of radiation belt 

particles. Further, strong aurora activities can be triggered which stimulates increased 

charging and strong currents in the terrestrial ionosphere, potentially causing problems 

with regard to telecommunications and, in the worst case, black-outs of the power grids. 

While large solar flare events have been investigated over several decades [e.g. Reames et 

al., 1999; Woods et al., 2003; Tsurutani et al., 2005; Thuillier et al., 2005], it is worthwhile 

to report on the characteristics of recent large solar flare events. 

Geoeffective X-class flares typically occurs several times per year. It is known that large 

flare events occur more frequently around the time of solar maximum than at solar 

minimum. One of the  most famous series of X-class flares occurred from October 28, 

2003. This sequence is called the 'Halloween event', and has been investigated by many 

researchers. For example, Tsurutani et al. [2005] investigated the response of the terrestrial 

ionosphere to EUV flux by using global positioning system (GPS) data. They found that 

the total electron content at the subsolar ionosphere increased by 30% above the 

background. Similar work using an EUV sensor on TIMED satellite and an energetic 

particle sensor aboard FAST during another X-class flare event (21 April 2002) was 

carried out by Woods et al. [2003]. 

The Halloween event affected not only the Earth, but also Mars.  Mars was around the 

opposition of the Earth at that time. Using Mars Global Surveyor data, several 

investigations were conducted.  Crider et al. [2005] reported that the high pressure solar 

wind compressed the Martian plasma environment. They pointed out that such a 

compression allows solar wind to access the lower atmosphere, which theoretically 

resulting in an increase in mass loss from the Martian atmosphere. Espley et al. [2005] 

found powerful coherent oscillations even in the Martian nightside during the passage of a 

CME.  They concluded that these oscillations implied an ambient increase in ions of 

planetary origin. 

As seen using a heliospheric wide view of solar flares and of certain associated 



phenomena, field-aligned MeV particle streams originating from events associated with 

Solar Energetic Particles (SEPs) and CMEs are known to spread widely in the heliospheric 

azimuthal direction as they travel outward from the Sun (e.g., Reames [1999] and 

references therein). Large CMEs starting at the solar limb sometimes reach the terrestrial 

magnetosphere and SEPs may travel over a yet wider angle in the heliosphere. The largest 

CMEs and SEPs can extend more than 90° in azimuth between the solar corona and the 

Earth, and therefore some of the magnetospheric disturbances and proton events at the 

Earth can originate from CMEs/flares that take place on the back (invisible side) of the 

Sun. This possibility potentially demands attention for space-weather forecasting. Hence, it 

is important to know how far the largest CMEs and SEPs can expand in the azimuthal 

direction.

In December 2006, when a large active region produced a series of CMEs and proton 

related solar flares close to the time of solar minimum phase of Solar Cycle 23, we could 

simultaneously achieve three point plasma observations, one aboard the European Space 

Agency's (ESA) Mars Express (MEX) mission, one aboard ESA’s Venus Express (VEX) 

mission, and the third aboard satellites near Earth (SOHO and GOES). MEX and VEX 

carry plasma sensors capable of detecting in situ CMEs (directly) and SEPs (indirectly).  

A unique feature of the present investigation is that we can detect effects of this SEP event 

on atmospheric escape at three Earth-type planets simultaneously, which is important for 

making comparable planetary studies. For example, the ion escape from the terrestrial 

ionosphere is known to drastically increase in both its flux and characteristic energy during 

periods of high solar wind dynamic pressure (e.g., Cully et al, 2003). 

While physical mechanisms of the ion outflow from unmagnetized planets such as Mars 

are thought to be quite different from those at the Earth due to the lack of a large 

magnetosphere, a SEP/CME event is thought to induce ion escape from unmagnetized 

planets [e.g. Lammer et al., 2003; Modolo et al., 2005; Ma and Nagy, 2007]. One possible 

mechanism is the extra-charging of the ionosphere.  An enhanced flux of MeV ions which 

reach the lower atmosphere causes extra ionization of the exospheric particles there. Part of 

this extra ionized population is expected to escape through ordinary escape processes. 

Another mechanism is that the plasma boundary (magnetic pileup boundary or ion induced 

boundary) is lowered by high dynamic pressure or high magnetic pressure, so as to weaken 

the shielding effect of ionospheric and atmospheric particles [Crider et al., 2005; Kaneda et 

al., in Press]. In order to investigate the characteristics of the escape flux and its associated 



mechanisms, it is important to compare the ionospheric response to the same CME/SEP 

event at different planets. 

In December 2006, VEX (at Venus) and MEX (at Mars) were located at about ±160° away 

from the Earth in opposite directions in the ecliptic plane viewing from the Sun, (see 

Figure 1). Furthermore, both Venus and Mars were on the same magnetic field line of the 

ideal Parker spiral. The solar minimum conditions militate against the likelihood that 

CMEs and SEPs originating in two or more different active regions which would cause 

ambiguity in the measurements. During this ideal opportunity to pinpoint azimuthal 

propagation, SEP signatures associated with the large proton flare (X9.0) of 10:35 UT on 5 

December were observed at Venus, the Earth, and Mars. Venus and Mars were located at 

80° and 125° east of the flare site, and the Earth was located at 79° west of the flare site. 

The arrival times of the SEPs strongly indicated that the proton streams detected at the 

different planets originated from the X9.0 flare of 5 December, 2006. In this paper, we 

report on the SEP observations made aboard VEX and MEX, and discuss influences 

exerted on the plasma environments of unmagnetized planets. 

2. Instrument 

The hot plasma was measured by the Analysers of Space Plasma and ENergetic Atoms 

(ASPERA) experiments on board MEX (ASPERA-3), and VEX (ASPERA-4), 

respectively. The ASPERA-3 and ASPERA-4 instruments are almost identical: Hot ions 

(10 eV to 30 keV) are observed by the Ion Mass Analyser (IMA), and hot electrons (up to 

20 keV) are measured by the ELectron Spectrometer (ELS). IMA covers  × 2  3-D 

directions and ELS covers 2  2-D directions. Detailed descriptions of ASPERA-3 and -4 

are contained in Barabash et al. [2006]. 

Although the ASPERA experiment is not designed to detect energetic protons, both IMA 

and ELS are capable of detecting high-dose radiation (X-ray, gamma-ray, or MeV ions) 

through recording the high level of uniform background counts produced because particle 

radiation can penetrate through the aluminum wall of the instrument and impact on the 

microchannel plate (MCP). This is a well known phenomenon in the Earth's radiation belt 

where such penetration can give rise to satellite malfunctions. Because of this radiation, the 

enhancement of background levels in ASPERA caused by high-dose radiation which is 

independent both of the energy steps of the instrument and the ambient plasma domain: 

such as the solar wind, the magnetosheath, the induced magnetosphere boundary (or 



magnetic pileup boundary) [Lundin et al., 2004], the photoelectron boundary [Mitchell et 

al., 2000] and so on. 

The orbital period for VEX is ~24 hours, and ASPERA-4 was operated only close to 

Venus. In December 2006, the observations were conducted over about 4 hours (from 

~05:30 to ~09:30 UT) in each orbit. This means that an ~20 hours data gaps existed 

between the observations of ASPERA-4. The orbital period for MEX was ~6 hours, and 

the ASPERA-3 operations were limited to ~3 hours close to Mars. There were ~3 hours 

data gaps between the observations. 

3. Observations: 5 December 2006 flare 

A large solar flare, X9.0, occurred at the east limb (S07,E79) of the Sun as seen from the 

Earth at 10:35 UT on 5 December 2006 in the active region NOAA 0930. It was 

accompanied by a halo-type CME. This was the only X-class flare on 5 December 2006. 

Other X class flares in the same region were: the X6.5 flare on 6 December 2006, the 

X3.4/4B flare on 13 December 2006, and the X1.5 flare on 14 December 2006 [McKenna-

Lawlor et al., 2007]. A proton event at the Earth was observed to start at 15:55 UT on 6 

December 2006, and it reached maximum at 19:30 UT on 7 December 2006, as recorded 

aboard GOES satellites (http://www.sec.noaa.gov/ftpdir/indices/SPE.txt). Venus and Mars 

were respectively at about 80˚ and 125˚ east, while the Earth is west (W79˚) relative to the 

flare site (see Figure 1).

3.1 SEP Events at Venus and Mars 

Figures 2 and 3 show, respectively, ion energy-time spectrograms and time series of ELS 

background level obtained by ASPERA-4 on board VEX and by ASPERA-3 on board 

MEX over a 10 day period (2-12 December 2006). In both figures, (a) the integrated ion 

counts from IMA and (b) the total count rates of the highest 15 energy steps of ELS are 

displayed (because this energy range is normally free from real data, we can consider the 

total count rate in this energy range to provide a proxy for the background level). In Figure 

2 the uniform background level drastically increased during the data gap between 05 

December 09:30 and 06 December 05:30 UT. This high background level continued until 9 

December with peak enhancement on the morning of 7 December. The same type of high-

background level is seen in Figure 3a (MEX/IMA) and in Figure 3b (MEX/ELS) between 

5 December near noon and 8 December.  



The background levels of both ASPERA-4 and ASPERA-3 were uniform in at all energies 

(Figures 2a and 2b) and in all  x 2  directions (not shown here). The uniformity of the 

background, its long duration (3 days), and good correspondence between the 

measurements at Venus and Mars suggests that the background enhancement was caused 

by SEPs because solar X-ray or gamma-ray bursts do not normally last for 3 days. 

Although we cannot identify the exact starting time of the background level increase 

because of the data gap, the most likely source was the X9.0 flare on 5 December 2006, 

perhaps supplemented by the X6.5 flare on 6 December 2006, which occurred in the same 

active region. We have no other possible candidate source region including on the back 

side of the Sun as seen from the Earth during this period thanks to the pertaining solar 

minimum conditions.  

If this scenario is correct, the SEPs traveled from the flare site westward 79° to the Earth 

and eastward 80° to Venus and 125˚ to Mars (Figure 1). Scaling to 1 AU, a large proton 

flare which takes place on the invisible side of the Sun as seen from the Earth could cause 

a severe SEP event at the Earth that could potentially give rise to a satellite malfunction. 

From the travel times of the SEPs, we can in principle estimate the energy of the high 

energy doses. Since there is too long data gap in the case of VEX, we used only MEX data 

in making this estimation. The high background started before 14:00 UT on 5 December 

2006, which means that the high energy flux arrived at Mars in less than 3.5 hours (~ 

1.3×104 s). Assuming the flying distance to be along a straight Sun-Mars line (2.3×108

km), the velocity should then have been more than 2.3×108 km/ 1.3×104 s ~ 1.8×104 km/s 

(=1.7 MeV for protons). Since the high energy particles concerned were positively 

charged, they would have traveled along the Parker spiral magnetic field lines, thereby 

causing the trajectory to be longer. The energy should therefore correspondingly be higher. 

We can compare our observations with previous investigations of this kind of wide-

spreading, solar flare related SEP events. Figure 3.4 in Reames et al. [1999] depicts the 

typical longitude dependence of high energy particle flux.  Generally, when an observer 

located east of a flare site (location of Mars in this observation), SEPs increases quickly, 

and decreased monotonically. This signature can be seen in Figure 3b. The rise time of 

high energy particle flux we observed at Mars was very quick (less than 3.5 hours). On the 

other hand, when an observer is located west of a flare site (the Earth in this observation), 

the increase in the SEPs is gradual, and extends monotonically over several days before 

starting to decrease. The observation at Earth (W79˚) agrees well with this picture (see 



bottom panel of Figure 1 by GOES 11 and Figure 2 by SOHO EPHIN in McKenna-Lawlor 

et al. [2007]). It took about 3 days to reach peak proton flux at the Earth.  At Venus, the 

signature was rather similar to the Earth. It took 2 days to reach the highest flux even 

though it located in the eastern longitude (E80˚). This is probably because the associated 

CME had a large extent in longitude covering Venus and the Earth, but it did not arrive at 

Mars (as discussed in Section 3.3).

3.2 Heavy Ion Escape from Mars 

Figure 4 shows the in situ observations of heavy ion fluxes around Mars recorded by 

ASPERA-3 before the SEP event on December 3 (top panel) and during the SEP event on 

December 7 (middle panel). The bottom panel shows the solar wind proton flux observed 

on December 7. In these plots, background levels, which were estimated from energy 

channels where no physical counts were expected, have been subtracted. During the SEP 

event, heavy ion counts can be clearly seen in the keV energy range (up to ~3 keV). The 

count rate of the heavy ions exceeded 2,000 counts per sample, which is approximately one 

order of magnitude higher than the pre-flare observations of 3 December (up to ~100-200 

cnts/sample). Note that the count rate observed on 3 December 2006 is of the same order 

as the nominal escaping heavy ion count rate between April and December 2004 reported 

by Carlsson et al. [2006]. The particle energy is also extremely high (~3 keV) compared 

with the typical energy of several hundred eV observed on 3 December 2006 as well as the 

nominal energy reported by Carlsson et al. [2006]. Such an energization and enhancement 

of heavy ion flux during SEPs and CMEs has been reported to occur at Venus [Luhmann et 

al., 2007], and at the Earth [for example, Cully et al., 2003] even though in the latter case 

the generation mechanisms for escaping flux are completely different owing to the 

presence of a large magnetosphere. We in particular would like to emphasize that this is a 

first report of enhanced escape flux (both flux and energy) during a SEP event at Mars. 

The SEP related observation of enhanced escaping flux may explain, from the perspective 

of solar activity, a discrepancy between the Phobos-2 and MEX observations such that the 

ASPERA-3 experiment displays a much lower level of ion outflow from Mars than was 

recorded aboard Phobos-2 in early 1989 [Lundin et al., 1989; Barabash et al., 2007]. 

During the latter solar maximum period in 1989, the solar EUV flux can be expected to 

have been higher. Thus, assuming that SEPs produce a similar effect to that caused by 

EUV flux, i.e., extra-ionization in the Martian ionosphere, the December 2006 event can be 

taken as a proxy for observations made under solar maximum conditions. The level of 



EUV flux is one of the most important parameters influencing the flux of escaping ions, 

and can potentially account for the difference in outflow observed at solar maximum 

(Phobos-2) and at solar minimum (Mars Express).  

Recently several numerical models have estimated the ion outflow flux and its dependence 

on solar activity. Modolo et al. [2005] discussed the EUV dependence of the escaping flux 

of heavy ions at Mars using their hybrid model. Their calculations show that the O+ ion 

outflow is 4-5 times higher during solar maximum (high EUV flux) than at solar minimum 

(low EUV flux).  Another simulation, using a 3-D MHD model, was made by Ma and 

Nagy [2007].  Their conclusion was that the total escape rate of heavy ions is 2-3 times 

larger under a high EUV flux condition than a low EUV condition. They also mentioned 

that under an extremely high solar wind condition, the escape flux could be increased by 

two orders of magnitude. While our ASPERA-3 observations do not cover the complete 

energy range (we can only detect heavy ions with energies higher than ~100 eV), we can 

conclude that our observation (an increase of one order in flux) is qualitatively consistent 

with the numerical simulations. 

Further careful analysis of the present event, as well as future observations and analyses of 

similar events, should be continued in this regard. In addition, it will be important to 

conduct statistical studies of the escaping flux under various solar EUV conditions at Mars 

and Venus. Such measurements are essential for estimating the loss rate of the atmospheres 

of Mars and Venus, which influences, in turn, the atmospheric evolution of these planets in 

a geological time scale [Lammer et al., 2003; Chassefière and Leblanc, 2004]. 

3.3 CMEs at Venus and Mars 

Since VEX/ASPERA-4 was operated only 4 hours each day (at around 05:30-09:30 UT) 

during this period, we cannot detect the moment of CMEs' arrival , although we can 

monitor daily changes in the solar wind. On 5 December 2006 and 6 December 2006, the 

solar wind velocity was about 350km/s (700 eV protons). This increased to about 550 km/s 

(1.7 keV protons) on 7 December 2006, and to about 750 km/s (3 keV proton) on 8 

December 2006.  

Similar changes in the solar wind velocity were observed at the Earth, starting from a level 

of about 300 km/s on 5 December 2006. Data from the Mass Time-Of-Flight (MTOF) 

sensor on SOHO (not shown here) indicate that both the solar wind velocity and density 

gradually increased on two occasions: first from 320 km/s and 5/cm3 at 17:00 UT to 400 



km/s and 7/cm3 at 21:00 UT, 5 December 2006 (reaching 10/cm3 at 20:00 UT). Then from 

470 km/s and 7/cm3 at 08:00 UT to 560 km/sand 7/cm3 at 18:00 UT on 6 December 2006 

(attaining 10/cm3 at 10:00-14:00 UT). Both increases likely belong to by CMEs. The solar 

wind velocity increased to 700 km/s but with reduced density on 7 December 2006. A third 

CME arrived at 4 UT on 8 December 2006, at which time the solar wind density jumped 

by nearly a factor of 3, with a slight accompanying increase in velocity. 

The timing of the increase in the solar wind speed agreed quite well both at Venus and at 

the Earth, which were separated by nearly 160° in heliospheric longitude. The second 

CME (velocity increase at the Earth on the afternoon of 6 December) most likely 

corresponded to the increased solar wind velocity on 7 December at Venus (it is recalled 

that data are taken at Venus only once a day between 0530-0930 UT). The third CME 

(enhancement at the Earth on the morning of 8 December) most likely corresponded to the 

increased solar wind velocity on 8 December at Venus. These timings and velocities are 

consistent with the timings of the X9.0 flare (and accompanying CME release) of 5 

December and the following X6 flare on 6 December. The solar minimum condition 

singles out the source location of the CMEs identified at both Venus and the Earth as the 

same active region that produced the X9.0 flare, even if this flare was itself not directly 

linked to the genesis of the observed CME. The location of Venus at only 0.72 AU from 

the Sun indicates that CMEs, as well as SEPs, may each expand more than 90° in azimuth 

at 1 AU. 

At Mars, it is difficult to investigate the solar wind velocity around the time of flare 

eruption because there was no meaningful data between 5 December 20:40 and 7 

December 13:30 due to limitations in the operation. However, an increase in the energies 

of solar wind proton and alpha particles was identified between 7 December 13:30 UT 

(~1.4 keV for protons and ~3 keV/q for alpha particles) and 8 December 09:30 UT (~2.4 

keV for protons and ~5 keV/q for alpha particles). This high energy solar wind (>2 keV) 

lasted until 11 December.  After 12 December, the solar wind energy decreased to ~1.4 

keV.

These signatures were compared with the HAF v.2 solar wind model [for description see 

Dryer et al. (2004)]. The heliospheric-wide model does not show any strong CMEs toward 

Mars between 7 December and 8 December. Then, this change in energy is interpreted to 

be independent of the solar flare events.  On the other hand, HAF v.2 solar wind model 

indicated that a corotational interaction region (CIR) passed at Martian orbit on 11-12 



December (not shown here). Therefore, the decrease of the energy from 11 December to 12 

December can be interpreted as an enter to different solar wind sector. It is noted that the 

HAF v.2 model was successfully used (McKenna-Lawlor et al., 2005) to predict (ex post 

facto) shock arrivals at Mars recorded by the SLED instrument aboard Phobos-2 during 

multiple orbits of Mars in March 1989. Also for the present series of flares in December 

2006, the predicted shock arrival time on 19-20 December 2006 coincides with a signature 

of ion heating recorded by ASPERA-3/IMA, which can be interpreted as the successful 

prediction of the interplanetary shock passage [McKenna-Lawlor et al., 2007]. 

4. Concluding remarks 

In December 2006, an active region (NOAA 0930) produced four proton flares close to the 

time of solar minimum. An X9.0 flare in the sequence occurred at the eastern limb 

(S07E79) of the Sun at 10:35 UT on 5 December 2006. Within one day, both 

VEX/ASPERA-4 and MEX/ASPERA-3 recorded enhancements in their uniform 

background levels, which constitute signatures of flare-related SEP radiation. The source 

of these SEP particles is interpreted to have been the X9.0 flare, because no other region on 

the Sun (including the invisible side from the Earth) produced an X-class flare on 5 

December 2006 close to the time of solar minimum. It is inferred that SEP particles must 

have traveled from the flare site westward 79° to the Earth and eastward 80° to Venus and 

125˚ to Mars (shadowed area in Figure 1). The time series of the high energetic particle 

fluxes at these three different planets are consistent with characteristic view of the fluxes 

caused by typical solar flare as reviewed in Reames et al. [1999]. 

Signatures of CMEs originating in NOAA 0930 were identified at both Venus and the 

Earth, i.e., 160˚ apart in heliospheric longitude. It is notable that, at both planets, we can 

see correlated multiple increases of the solar wind proton energy. This correlation indicates 

that the CMEs hit both of the Earth and Venus, separated by 160˚ from each other.  On the 

other hand at Mars, we did not see clear CME signatures. 

The region influenced by the CMEs is also schematically depicted in Figure 1. The 

location of Venus at only 0.72 AU from the Sun indicates that CMEs, as well as SEPs, may 

expand more than 90° in longitude at 1 AU. Thus the heliosphere-wide multi-point 

observation of solar flares and related phenomena suggests that an active region on the 

invisible side as seen from the Earth could produce geoeffective flares and CMEs. This 

potentially has a significant bearing on space weather forecasts. 



Another important consequence of the analysis of SEP events is the insight they potentially 

provide into the process of planetary atmospheric evolution. During the SEP event of 5 

December 2006, the heavy ion escaping flux was enhanced by approximately one order of 

magnitude. This event provides the first observation of a sporadic enhancement in the flux 

of escaping energized heavy ions from Mars under extreme solar conditions. 

During the next solar maximum period, it is anticipated that there will be several plasma 

instruments distributed widely in the heliosphere (in addition to Earth orbiting spacecraft, 

Cassini, Mars Express, Venus Express, Messenger, New Horizon, STEREO, etc, are 

expected to monitor the interactions between planetary environment and the solar wind). 

This will provide a good opportunity to conduct further stereo observations during 

energetic solar flare events and, thereby, to investigate the 2-D structure of CMEs. This 

will not only increase our knowledge of the physics of solar flares and the response of 

various planets to these events, but it will also enable us to investigate the historical impact 

of the solar wind and solar flares on a geological time scale at various planets. 
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Figures

Figure 1: The locations of Venus, the Earth, and Mars relative to the Sun in December 2006. 
The location of the flare of 5 December is indicated by an arrow. The solid curves are the 
magnetic field lines of the ideal Parker spiral. Shadowed and hatched areas indicate the regime 
deduced to be affected by CMEs and SPEs originating in active region 930 (see text for 
details). These areas are deduced from available data at Earth, Venus and Mars, therefore the 
affected areas are expected to be wider than those shown in the figure. 



Figure 2: (a) The observed energy-time spectrogram from ASPERA-4/IMA and (b) a total 
count rate in the highest 15 energy steps of ASPERA-4/ELS (a proxy for background 
level) on board VEX between 2-12 December 2006.

Figure 3: (a) The energy-time spectrogram obtained from ASPERA-3/IMA and (b) a total 
count rate in the highest 15 energy steps of ASPERA-3/ELS (a proxy for background 
level) on board Mars Express between 2-12 December 2006. 



Figure 4: Energy-time spectra of escaping ions inside the induced magnetosphere boundary 
recorded by MEX/IMA before the solar flare happened (on 3 December 2006, top panel) and 
during the SEP event (on 7 December 2006, middle panel). The energy-time spectrum for solar 
wind protons on 7 December 2006 is shown in the bottom panel. Background counts have been 
subtracted. Due to high background counts, onboard memory overflowed and data have been 
lost between 14:56-15:02 UT and 15:12-15:22 UT.
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Abstract

The formation process(es) responsible for creating the observed geologically recent gully features on Mars has remained the subject of intense
debate since their discovery. We present new data and analysis of northern hemisphere gullies from Mars Global Surveyor data which is used to
test the various proposed mechanisms of gully formation. We located 137 Mars Orbiter Camera (MOC) images in the northern hemisphere that
contain clear evidence of gully landforms and analyzed these images in combination with Mars Orbiter Laser Altimeter (MOLA) and Thermal
Emission Spectrometer (TES) data to provide quantitative measurements of numerous gully characteristics. Parameters we measured include
apparent source depth and distribution, vertical and horizontal dimensions, slopes, orientations, and present-day characteristics that affect local
ground temperatures. Northern hemisphere gullies are clustered in Arcadia Planitia, Tempe Terra, Acidalia Planitia, and Utopia Planitia. These
gullies form in craters (84%), knobby terrain (4%), valleys (3%), other/unknown terrains (9%) and are found on all slope orientations although the
majority of gullies are equator-facing. Most gullies (63%) are associated with competent rock strata, 26% are not associated with strata, and 11%
are ambiguous. Assuming thermal conductivities derived from TES measurements as well as modeled surface temperatures, we find that 95% of
the gully alcove bases with adequate data coverage lie at depths where subsurface temperatures are greater than 273 K and 5% of the alcove bases
lie within the solid water regime. The average alcove length is 470 m and the average channel length is 690 m. Based on a comparison of measured
gully features with predictions from the various models of gully formation, we find that models involving carbon dioxide, melting ground ice in
the upper few meters of the soil, dry landslide, and surface snowmelt are the least likely to describe the formation of the martian gullies. Although
some discrepancies still exist between prediction and observation, the shallow and deep aquifer models remain as the most plausible theories.
Interior processes involving subsurface fluid sources are generally favored over exogenic processes such as wind and snowfall for explaining the
origin of the martian gullies. These findings gleaned from the northern hemisphere data are in general agreement with analyses of gullies in the
southern hemisphere [Heldmann, J.L., Mellon, M.T., 2004. Icarus 168, 285–304].
Published by Elsevier Inc.
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1. Introduction

The Mars Global Surveyor (MGS) Mars Orbiter Camera
(MOC) revealed the presence of geologically young small-scale
features resembling terrestrial water-carved gullies in 2000
(Malin and Edgett, 2000) and initial research mostly concen-
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trated on studying gully features in the southern hemisphere.
Gullies have been previously reported in the northern hemi-
sphere (Edgett et al., 2003; Heldmann et al., 2005a) and in this
work we systematically analyze these northern hemisphere gul-
lies to (1) determine their physical and dimensional properties,
(2) place constraints on potential mechanisms of formation, and
(3) compare and contrast the northern hemisphere gullies with
their southern hemisphere counterparts.

Gullies in both the northern and southern hemisphere dis-
play similar morphologies and age relations. The superposition
of the gullies on geologically young surfaces such as dunes and
polygons as well as a general scarcity of superposed impact
craters indicate the relative youth of the gullies, suggesting that
the gullies formed within the past few million years (Malin and
Edgett, 2000, 2001; Edgett et al., 2003). These features exhibit
a characteristic morphology indicative of fluid-type erosion and
liquid water has been suggested as a likely fluid. However,
since liquid water is currently unstable on the surface of Mars
with respect to boiling and freezing, the relatively young ge-
ologic age of these gullies has been perceived as a paradox.
Heldmann et al. (2005b) have shown, however, that the for-
mation of the gullies is consistent with simultaneous freezing
and boiling of liquid water on the martian surface under current
martian environmental conditions. The precise gully formation
mechanism remains controversial, though, and numerous mod-
els for a source of water have been proposed, along with other
potential erosional agents such as dry debris and CO2. Here we
compare the proposed models with numerous observations of
the physical and dimensional properties of these gully features.
Our goal is to better constrain the hypothesized models of gully
formation and to support future modeling efforts.

Numerous models have been proposed which invoke vari-
ous physical processes, as well as various agents of erosion,
to explain the origin of the martian gullies and the origin of
the erosive agents. Musselwhite et al. (2001) proposed that an
aquifer could provide liquid CO2 to carve the gullies. Malin and
Edgett (2000) and Mellon and Phillips (2001) suggested that a
shallow aquifer of liquid water could feed the gully systems,
while Gaidos (2001) argued for a deep water aquifer. Costard
et al. (2002) suggested that melting shallow ground ice is the
source of the water. Gilmore and Phillips (2002) argue for the
presence of an aquiclude which drives meltwater from the near-
surface ice towards the gully sites. Lee et al. (2002), Hartmann
(2002) and Christensen (2003) suggested that the gullies may
be formed by liquid water from dissipating snowpacks. In ad-
dition, Treiman (2003) proposed that mass-wasting is also a
candidate mechanism of gully formation.

Any viable model of the formation of these gullies, the type
of erosive fluid, and its source, must be consistent with the ob-
servational constraints. In this work we combine MGS MOC,
Mars Orbiter Laser Altimeter (MOLA), and Thermal Emission
Spectrometer (TES) measurements for 137 MOC gully images
in the northern hemisphere to determine systematic trends in
these data and test the various proposed mechanisms for the
formation of the gully features. In subsequent sections we de-
scribe the method of data collection as well as measurements of
various gully parameters including apparent source depth and

distribution, vertical and horizontal dimensions, slopes, orien-
tations, and properties controlling the local thermal regimes.
These observed gully properties are analyzed for implications
relevant to gully formation and the results are then compared
with several proposed theories of gully formation to place addi-
tional constraints on these mechanisms. We also compare these
findings with results obtained for the southern hemisphere to
determine any differences and/or similarities between the two
populations of gullies in the northern and southern hemispheres
of Mars.

2. Methodology

We utilized MOC narrow-angle images from mission phases
AB1 through R15 (September 1997 through March 2004) and
systematically examined 13,710 of these images over latitudes
30◦ N to 90◦ N for the presence of gullies. Gullies were geo-
morphically identified primarily based on the presence of dis-
tinctive incised V-shaped channels emanating from an eroded
alcove. Debris aprons further confirm the positive identifica-
tion of gully features, but were sometimes cut off by the finite
image size. Images containing potential gully landforms with
ambiguous or unclear evidence of incised channels and alcove-
channel morphology were discarded. For example, gully-like
features found on crater central peaks and sand dunes were not
included due to significant deviations from this requisite mor-
phology (Heldmann et al., 2004). Also, many gully locations
have been imaged by MOC multiple times and so duplicate im-
ages of the same gully systems were not used here. A total of
137 MOC images containing well-defined gully features in the
northern hemisphere of Mars were found and used in this analy-
sis.

The MOC data were radiometrically calibrated and geomet-
rically transformed to an equal-area sinusoidal map projection
using ISIS (Integrated Software for Images and Spectrome-
ters) (Kirk et al., 2001a). For each image where a simultaneous
MOLA track was taken with the MOC image, an elevation map
was assembled using all MOLA ground tracks over and around
the area to maximize the density of elevation data in each gully
locale. Typical MOLA coverage was approximately 10 MOLA
tracks per MOC narrow angle image. MOC and MOLA data-
bases were co-registered by aligning the datasets based on the
spacecraft clock time and then calculating the resultant differ-
ence in geographic coordinates. A final correction was applied
to account for the boresight offset between MOC and MOLA
(Kirk et al., 2001a). Bilinear interpolation was applied to the
irregularly gridded data before contouring. These MOLA ele-
vation data were then used to create a topographic map of the
region.

Linear distances were determined directly from the ISIS-
projected MOC image and elevations were extracted from the
topographic map. The schematic in Fig. 1 shows the horizontal
and vertical gully parameters that were measured. Through-
out this paper, an individual gully is composed of one alcove
with one or more channel(s) originating from the alcove base.
A gully system is composed of numerous gullies which em-
anate from the same slope face, occur side by side along the
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Fig. 1. Schematic depicting the various horizontal and vertical gully parameters measured from the MOC and MOLA datasets. Ridge elevation (ZR), alcove head
elevation (ZAlc1), alcove base elevation and channel head elevation (ZAlc2 and ZChan1), channel base elevation and debris apron head elevation (ZChan2 and
ZApr1), and debris apron base elevation (ZApr2) as well as alcove, channel, and debris apron length (LAlc, LChan, and LApr, respectively) were measured for each
gully with adequate data coverage of each feature. The schematic also shows the location of a proposed liquid aquifer.

slope, and have similar vertical and horizontal dimensions.
A gully image refers to a MOC image which has clear evidence
for at least one gully; each MOC image may contain numerous
gullies and/or gully systems. Depending on clipping along im-
age boundaries not all properties could be measured for each
individual gully. Up to 13 individual gullies were measured for
each gully system; variability of horizontal and vertical gully
parameters was found to be small within a gully system, thus
13 individual gullies well represented the gully system. This
variability increases when comparing gullies among different
systems.

The elevation of the ridge above each gully alcove (assum-
ing the ridge was not cut off in the MOC image due to the finite
image size), ZR, was measured directly above each gully al-
cove head. The break in slope between the plateau and the slope
surface containing the gullies is primarily determined by the el-
evation data. The break in slope is further verified by brightness
differences in the MOC image between the flat upslope plateau
and the slope containing the gullies.

The elevation of the alcove head (ZAlc1) and base (ZAlc2)
was also measured. The identification of an alcove was based
on the presence of an eroded theater-shaped depression from
which emanate a system of roughly V-shaped channels. The al-
cove base was marked by the location where the alcove tapered
to form a narrower, more condensed network of channels. The
alcove base elevation (ZAlc2) is also the channel head elevation
(ZChan1), unless otherwise noted.

The debris apron begins at the transition point where chan-
nels are no longer prominent and instead the terrain transi-
tions into a widened fan with less relief (i.e., lack of V-shaped
channels). The debris apron head elevation (ZApr1) is also the
channel base elevation (ZChan2), unless otherwise noted. The
elevation of the debris apron base (ZApr2) at its furthest visible
location from the debris apron head was measured as well.

The horizontal extents of the alcoves (LAlc), channels
(LChan), and debris aprons (LApr) were also measured for each

gully. Lengths were measured directly from the MOC images
and therefore along-slope lengths may be slightly longer than
reported here since these features are found on sloped terrain.
The length of the alcoves was measured from the alcove head
to the alcove base. Channel lengths were measured from the
alcove base to the beginning of the debris apron or until the
channel ended if there was no clear debris apron. The horizon-
tal extent of the debris apron was measured from the head of
the apron to the debris apron end.

The range of gully orientations was measured for each gully
system within an image. Gully orientations were measured
from the map projected MOC images along the gully axis
formed by the alcove-channel-debris apron structure with re-
spect to the geographic pole.

We estimate that elevations derived from MOLA data and
lengths derived from MOC data are both typically accurate to
∼10 m. The vertical accuracy of MOLA is 1.5 m (Zuber et
al., 1992) and elevation maps were created at 50 m contour
intervals; smaller contour intervals proved impractical due to
the high density of contours obscuring the gully slopes. The
horizontal accuracy of MOLA is ∼100 m which is smaller
than the 160 m diameter MOLA footprint (Zuber et al., 1992;
Kirk et al., 2001b). Hence, our elevation uncertainty is mainly
an artifact of our contour map interpolation. Horizontal length
uncertainties are governed by the lowest image resolution of
∼10 m/pixel.

TES thermal inertia and albedo measurements are valuable
in characterizing the surface and subsurface temperature en-
vironment, and were extracted from 1/20◦ resolution binned
maps (Mellon et al., 2000, 2002) for each MOC image con-
taining gullies. TES resolution is significantly lower than the
scale of individual gullies; a single TES footprint is about the
same as the width of an entire MOC image. Thermal inertia and
albedo values are therefore representative of the general terrain
surrounding the gully systems.
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Fig. 2. Distribution map showing location of all MOC images containing clear evidence of gullies. Gullies in the northern hemisphere are clustered in Arcadia
Planitia, Tempe Terra, Acidalia Planitia, and Utopia Planitia. Location of southern hemisphere gullies from Heldmann and Mellon (2004).

3. Observations

In this section we present our observations of gully dimen-
sions and properties for the northern hemisphere. We examine
the variation of these properties to look for specific trends that
may help constrain the process by which gullies form.

Martian gullies occur in a wide variety of terrain types. For
the northern hemisphere, 84% of the gullies form in craters, 4%
in knobby terrain, 3% in valleys, 7% in other terrain types, and
2% in unknown terrain (no wide angle MOC context image).
Most gullies (63%) are clearly associated with competent rock
strata, 26% are not associated with strata, and 11% are ambigu-
ous cases (unclear imagery and/or the alcoves are clipped by the
finite image size). Where gullies emanate from more competent
strata, the alcoves are not always associated with the uppermost
layer but may be embedded within a sequence of strata that are
morphologically indistinguishable.

Fig. 2 shows the geographic location of the 137 gully im-
ages located in the northern hemisphere. Gully locations in the
southern hemisphere are from Heldmann and Mellon (2004).
Northern hemisphere gullies are clustered in Arcadia Plani-
tia, Tempe Terra, Acidalia Planitia, and Utopia Planitia. These
trends of regional clustering appear to be real and not a result of
biased imaging at particular locations given the relatively even
distribution of MOC narrow-angle images within the studied
latitude range.

The latitudinal distribution of gully images is shown in
Fig. 3. As latitude increases from 30◦ to ∼45◦ N the number
of gully images also increases. From ∼45◦ to 72◦ N the num-
ber of gully images declines with the exception of a spike in the
occurrence of gullies between 48◦–51◦ N. MOC images were
searched up through 90◦ N but no gullies were found at these
higher latitudes above 72◦ N.

The distribution of the absolute elevation of the gully alcoves
as a function of latitude is shown in Fig. 4 relative to the global
elevation trends. The gullies span a range in elevations from

Fig. 3. Histogram showing the number of MOC images containing clear evi-
dence of gullies per 3◦ latitude bin.

+0.8 km to −5.4 km. The gullies do not display a distinct pref-
erence for any specific elevation since they tend to be found
at the average elevations of Mars as well as higher elevations
where such terrains are available (e.g., 32◦–50◦ N).

Most gullies (95%) are located at elevations below the 0 m
datum on Mars as the majority of the northern lowlands (where
the gullies are located) is below 0 m. Poleward of 50◦ N gullies
are not observed at elevations higher than −2.2 km, possibly
because of the lack of terrains at higher elevations in these
regions as shown in Fig. 4. The minimum gully elevation pole-
ward of 50◦ N is −4.9 km.

The depth from the overlying ridge to each gully alcove base
(ZR–ZAlc2) was measured for each alcove where coalignment
of the MOC and MOLA data was possible given the existence
of a simultaneous MOLA track taken with the MOC image.
Forty-two alcove base depths were measured from 10 indi-
vidual MOC images and these values ranged from 100 m to
550 m with an average depth of 350 m. Visual inspection of the
remaining MOC images (without the coaligned MOLA data)
indicate that (1) the vast majority of alcove base depths likely
fall within this measured range and (2) most alcoves form in the
upper reaches of the encompassing slope.

The latitudinal distributions of alcove, channel, and debris
apron lengths (LAlc, LChan, LApr) are shown in Fig. 5. Gullies



328 J.L. Heldmann et al. / Icarus 188 (2007) 324–344

at each latitude have a wide range of alcove, channel, and de-
bris apron lengths with no strong trends with respect to latitude.
Alcove lengths span a range from 0.10–1.6 km with an aver-
age value of 0.469 km. Channel lengths show the most variance
with lengths ranging from 0.192–2.65 km and the average is
0.688 km. Debris aprons range from 0.120–0.970 km in length
with an average value of 0.387 km.

Fig. 6 shows the relationship between alcove and channel
lengths for each individual gully. The majority of gullies (66%)
have longer channels than alcoves. There is only once instance
of equal alcove and channel length (located at 38.38◦ N). The
ratio of channel length to alcove length varies from 0.34 (al-
cove length = 1.6 km, channel length = 0.54 km) to 5.0 (alcove
length = 0.18 km, channel length = 0.90 km) with an average
of 1.76.

The orientation of the gullies is shown with respect to lat-
itude in Fig. 7. An inherent bias may exist in the orientation

Fig. 4. Gully elevations (red diamonds) compared with the global elevation
distribution in the northern latitudes. Contours show the zonal distribution of
elevations for each 1◦ latitude bin at 1 km intervals. Contour values are the
fraction of each elevation bin per latitude zone; contour intervals are 0.05.

results due to MOC targeting and the common saturation of
more brightly lit equatorward-facing slopes in MOC images
which makes gully identification difficult. In spite of potential
biases, we find that gullies occur on all orientations of slopes.
Gullies are fairly evenly divided between poleward and equator-
ward facing orientations at the lower latitudes (30◦–44◦ N) with
a slight preference for equatorward facing slopes. At the mid-
latitudes (44◦–58◦ N) the gullies are almost exclusively found
on equatorward facing slopes. Then again at the higher latitudes
(58◦–72◦ N) the gullies are again fairly evenly divided between
poleward and equatorward facing orientations. Overall, more
gullies are found on equatorward facing slopes. This result is
consistent with the findings of Edgett et al. (2003) which state
that “In the northern hemisphere, more gullies face south than
north.” Gullies also show a wide range in the east–west orienta-
tion component, so the equatorward or poleward preference of
gullies at any latitude should not be overemphasized.

The thermal inertia and albedo of the regions in and around
gullies are compared with the general thermal inertia and
albedo distributions of terrain between 30◦ and 72◦ S in Fig. 8.
The gullies tend to be found in regions of lower thermal iner-
tia and higher albedo relative to the global thermal inertia and
albedo trends.

Most alcoves are found on slope angles that are less than the
angle of repose (Fig. 9). The average alcove slope is 28◦ with
a standard deviation of 9◦. About 45 and 46% of alcove slopes
are within and below the range of angle of repose, respectively.
Of the values outside of this range, most (83%) are below the
lower limit on the angle of repose.

The MOC data also reveals several additional interesting ge-
omorphic characteristics of northern hemisphere gullies which
may be important for understanding the formation history of
these gully systems. These observations include the relation to
superposed impact craters, associations with ice features, and
the eroded appearance of the gully features.

First, there are several examples of gullies with superposed
impact craters. Fig. 10 shows a gully system with small impact
craters overlain on top of the gully features. Small impact fea-
tures were observed on 20% of the gully systems in this study.

Fig. 5. Horizontal alcove length (LAlc), channel length (LChan), and debris apron length (LApr) of each gully versus latitude.
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Gullies in the northern hemisphere are also sometimes as-
sociated with ice-related morphologies. There are several such
examples of this relationship with the coexisting morphologies
indicative of ice activity including pasted-on material, lobate
apron features, and associations with patterned ground, rampart
craters, and other ice-related morphologies.

Fig. 11 shows the pasted-on terrain first reported by
Christensen (2003) in the southern hemisphere. It has been ar-
gued that this material is remnant ice/snow covered by a layer
of dust which inhibits the water ice from rapidly sublimating
away into the martian atmosphere and allows for heating and
subsequent melting of the snowpack (Christensen, 2003).

Gullies can also be found associated with features which
suggest the presence of ice in the near surface at some time. For

Fig. 6. Horizontal alcove length (LAlc) versus horizontal channel length
(LChan). Generally longer alcoves are associated with longer channels.

example, patterned ground and rampart craters associated with
gully features are rare but exist nonetheless. Fig. 12a shows a
rampart crater with lobate ejecta; gullies are found on the crater

Fig. 7. The orientation of the martian gully systems are plotted for three latitude
bins (30◦ to 44◦ N, 44◦ to 58◦ N, 58◦ to 72◦ N) as well as for all latitudes (30◦
to 72◦ N). The labels “N,” “S,” “E,” and “W” on each orientation plot indicate
gullies that are on north, south, east, and west slopes, respectively. Contours are
in intervals of two gullies within each angle bin of 1◦.

Fig. 8. Histogram of the thermal inertia and albedo in regions containing gullies (solid line) compared with the general distribution of thermal inertia (dotted line)
for all terrains between 30◦–90◦ N.
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Fig. 9. Gully alcove slopes compared with the angle of repose. Alcove slopes
are determined by dividing the change in vertical gully alcove elevation
(ZAlc1–ZAlc2) by the horizontal gully alcove length (LAlc).

Fig. 10. Arrows point to superposed impact craters on gully systems. MOC
image M2300984 (3.16 km in width) located at 39.18◦ N, 18.69◦ W.

walls. The gully system shown in the crater of Fig. 12b is par-
ticularly interesting because this poleward facing crater wall
has an interesting feature comprised of a raised slab of ma-
terial flowing downslope in a lobate form with compressional
cracks.

In the northern hemisphere, 15% (21 MOC images) of the
gully systems exhibit lobate debris apron morphologies (also
described as arcuate ridges by Berman et al., 2005). These de-

Fig. 11. Arrows point to pasted-on material on gully systems. MOC image
E1400478 (3.33 km in width) located at 39.93◦ N, 254.86◦ W.

bris aprons have crescent-shaped terminal ridges with relatively
rounded, lobate planforms. The majority of these gully sys-
tems with ridged, lobate apron structures are polefacing. Fig. 13
shows an example of the lobate morphology of the gully debris
aprons.

Gullies in the northern hemisphere of Mars also often have
an exceptionally eroded and degraded appearance. Many of the
gullies lack sharp, crisp morphologies reminiscent of other clas-
sic examples of martian gullies. The topography appears muted
and in some cases the gullies appear to be overlain by a layer
of dust and/or sediment. Fig. 14 shows several examples of de-
graded gully morphologies. Fig. 14a shows evidence of eroded
alcoves that may have once had a more pristine and defined
morphology. Fig. 14b shows what may have been alcoves and
channels that are now infilled with another material. Fig. 14c
shows evidence of both degraded and sharp gullies within the
same crater at different locations on the crater wall. The gul-
lies on the northernmost wall face appear muted and degraded
in appearance. In contrast, the gullies on the southernmost wall
appear sharper and clearer with more well-defined incised chan-
nel structures.

4. Discussion

The data based on the MGS observations as described
in Section 3 may be useful for determining the formation
processes of these enigmatic gully features. We now discuss
possible implications of these MGS observations of the north-
ern hemisphere gullies and then compare and contrast these
observations with those documented for gullies in the southern
hemisphere.
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(a)

(b)

Fig. 12. Fig. 12a is a MOC wide-angle image showing a rampart crater harboring gullies. The white box indicates the location of the MOC narrow-angle image.
Fig. 12b shows an ice tongue on the poleward facing slope on the walls of a rampart crater. Note no ice tongues are visible on the equatorward facing slope. Fig. 12a
is MOC image R1104040 (136.23 km in width) located at 57.33◦ N, 263.69◦ W, Fig. 12b is MOC image R1102183 (3.30 km in width) located at 33.61◦ N,
241.75◦ W.

4.1. Northern hemisphere gullies

Gullies in the northern hemisphere of Mars have formed over
a wide range of absolute elevations (+0.8 km to −5.4 km) as
shown in Fig. 4. The fact that gullies are found at such extreme

ranges in elevation suggests that gullies can form regardless of
present conditions of stability with respect to boiling. Haberle
et al. (2001) used a general circulation model to determine the
current locations on Mars where liquid water is presently stable
with respect to boiling, i.e., where the ambient CO2 pressure is



332 J.L. Heldmann et al. / Icarus 188 (2007) 324–344

Fig. 13. Arrows point to lobate debris aprons. MOC image M1500907 (3.09 km
in width) located at 43.87◦ N, 25.60◦ W.

greater than the water vapor pressure at the local temperature.
In the northern hemisphere, liquid water could be stable with
respect to boiling between 0◦–30◦ N in the plains of Amazo-
nis, Arabia, and Elysium (Haberle et al., 2001). Gullies are not
found equatorward of 30◦ N and are clustered in Arcadia Plani-
tia, Tempe Terra, Acidalia Planitia, and Utopia Planitia, none of
which are regions of water stability as outlined by Haberle et al.
(2001). However, liquid water could persist transiently, while
boiling, if emplaced on the surface at higher elevations (Hecht,
2002). The formation of the gullies has been shown to be con-
sistent with the action of liquid water simultaneously boiling
and freezing under current martian conditions (Heldmann et
al., 2005b) and thus, in light of these results, it is not surpris-
ing that the gullies form in regions of water instability. Most
of the northern hemisphere gullies form at elevations below the
0 m datum and surface pressures are greater than 6.1 mbar, the
triple point of water. If gullies can only form when the water
is simultaneously evaporating and freezing (Heldmann et al.,
2005b) then this may suggest that the northern hemisphere gul-
lies formed in a different epoch when surface pressures may
have been lower in these low elevation plains. In any case, the
gullies are able to form at locations independent of absolute el-
evation.

The gully alcoves may be indicative of a source region of
any erosive fluid which ultimately carves the gully features. The
depths to the alcove bases may be representative of subsurface
depths where the eroding fluid might be sequestered before be-
ing released onto the martian surface. The fluid may be released
at the alcove base with subsequent headward erosion forming
the alcove or may originate from a broader zone in the middle
or top of the alcove and cause alcove erosion both above and be-
low the location where the fluid is introduced onto the surface.

Based on observations of MOC images, we find that the al-
coves typically commence within the upper reaches of the slope
face. Assuming an erosive fluid originates within the alcove
then this fluid must correspondingly originate towards the top
of the slope. Models of gully formation that would be expected
to operate at any location along the full length of the slope are
therefore inconsistent with this observation.

Erosion forming the alcoves and channels occurs once the
eroding fluid reaches the martian surface. The length of the
alcoves and channels are shown in Fig. 5. Channel length is rep-
resentative of the distance the fluid has traveled across the mar-
tian surface while alcove length may be representative of the
amount of headward erosion carving the alcove from the host
rock. Channel and alcove lengths show no systematic trends
with respect to latitude. The inferred mean surface temperatures
(Mellon et al., 2000) for the gully locations over this latitude
range span from 179 to 219 K in the northern hemisphere. This
may indicate that the degree of gully activity is independent of
latitude (and the corresponding mean surface temperature gra-
dient) since no obvious changes in gully size are observed as a
function of latitude.

The range in alcove and channel lengths, however, may be
attributed to several processes. First, shorter gullies may form
in shorter timespans than longer gullies, resulting in less time
for the liquid water to flow across the martian surface and carve
the gully features. Sustained flow may be able to travel further
on the martian surface and create longer gullies. Water released
later in time may be able to take advantage of an already-carved
channel structure which allows water to flow relatively unim-
peded down the length of the channel. The water would then
slow only towards the channel base where the channel length
is extended by additional erosion. Second, shorter gullies may
simply form from less water than the longer gullies. Increased
flow rates can result in longer channels as more liquid water is
available to carve the features before rapidly evaporating and
freezing on the martian surface (Heldmann et al., 2005b).

As shown in Fig. 6, longer channels are usually associated
with longer alcoves. Assuming that longer alcove lengths are
formed via increased headward erosion, longer alcoves may be
formed due to an increased amount of fluid emanating from
the alcove and/or higher fluid exit velocities. Channel lengths,
however, are typically longer than the alcove lengths by a factor
of 1.76.

Most of the slopes containing the alcoves in the northern
hemisphere fall outside of the range in angle of repose (Fig. 9).
Although smaller regions within the alcove appear to exhibit
higher slope angles, these may form from subsequent mass
wasting and headward erosion within the alcove caused by
an undermining of the slope surface. These slope angles sug-
gest the formation of the gully alcoves is probably not initiated
solely by a dry downslope movement of unconsolidated soil for
the majority of the gullies.

Gullies exhibit a complex latitudinal trend in orientation,
including varying east–west components and north–south con-
centrations (see Fig. 7). The majority of gullies in the northern
hemisphere are observed on equatorward facing slopes. How-
ever, since gullies are found on such a range of slope orienta-
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(a)

(b)

Fig. 14. Figs. 14a, 14b, and 14c show eroded gullies. Arrows in Figs. 14a and 14b point to eroded or infilled alcoves. Fig. 14c shows more well-preserved gullies
on the poleward facing slope and more eroded and/or infilled gullies on the equatorward facing slope. Fig. 14a is MOC image E020228 (3.14 km in width) located
at 39.38◦ N, 244.11◦ W, Fig. 14b is MOC image E1601187 (3.10 km in width) located at 35.08◦ N, 239.83◦ W, and Fig. 14c is MOC image E2200251 (3.11 km in
width) located at 39.08◦ N, 18.54◦ W.

tions at all latitudes, models of gully formation must be consis-
tent with both poleward and equatorward facing processes and
characteristics, as well as all orientations in between.

There are several geomorphic features associated with the
gullies which suggest a connection with the presence of past
and/or recent water. First, the pasted-on material (Fig. 11) asso-
ciated with the gullies may be evidence of recent snow and/or
ice. Christensen (2003) suggests that the pasted-on material is
the remnant of snowpacks deposited from during periods of
high obliquity which subsequently melt to form the gullies. Al-
ternatively, the pasted-on material may be a remnant ice deposit
resulting from the freeze-up of the gullies as the liquid water
flows on the martian surface. In either case, the pasted-on ma-

terial may represent a connection with the presence of water in
association with the gullies.

Second, the presence of patterned ground within and around
craters harboring gullies may suggest water ice and/or melt is
or was present in these locales. Patterned ground is commonly
observed in the polar regions on Earth and forms via the ther-
mally derived stresses of subsurface ice and/or sand wedges
which can be manifested as ice and/or sand wedge polygons
(Ritter et al., 1978). Thermal contraction cracking typically oc-
curs in frozen, ice-rich materials with a high internal cohesive
strength and generally produces polygonal patterns on the sur-
face as the cracks intersect one another (Yoshikawa, 2000). As
tensile stresses exceed tensile strengths, fractures form in the
ice-rich soils. These fractures can later be filled with (1) melt-
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(c)

Fig. 14. (continued)

water to create ice wedges or (2) sand and other surface mate-
rials to create sand wedges (although water is still required for
sand wedge formation). Modeling suggests such processes are
expected on Mars (Mellon, 1997) and hence the formation of
thermal contraction polygons (10–100 m diameter) is expected.
Since polygons have been observed within a crater which ex-
hibits gullies on its crater walls, this region may have been
dominated by ice-rich soils. However, polygons are rare in as-
sociation with gullies since most craters containing gullies do
not show polygonal ground, perhaps suggesting gullies do not
preferentially form in ice-rich regions.

Third, rampart craters are also suggestive of subsurface ice
on Mars. Rampart craters form by surface flowage as ejecta
surges lose fluidizing vapors and transported particles are de-
posited en masse (Wohletz and Sheridan, 1983). Such craters
may form as a result of impact melting of ground ice (Carr et
al., 1977) and thus may suggest that gullies forming on rampart
crater walls may have formed in regions where ground ice is or
once was present. However, rampart craters are relatively rare in
association with gullies since most craters containing gullies do
not show such lobate ejecta deposits, perhaps suggesting gullies
do not preferentially form in ice-rich regions.

Fourth, lobate debris apron morphologies associated with
martian gullies may also indicate the presence of near-surface
water ice on Mars. These lobate ridge features are reminis-
cent of terrestrial rock glaciers (Hartmann et al., 2003; Howard,
2003). These aprons may have formed from sublimation of gul-
lied fans and from massive ice (Howard, 2003). Alternatively,
the lobate apron morphologies may form from a perched ice

lens created from water stored in a subsurface aquifer which
freezes before reaching the martian surface to flow and form
the gully (Hartmann et al., 2003). Regardless of the precise
origin, such structures likely result from the presence of wa-
ter and/or ice. However, the lobate debris aprons are relatively
rare in association with gullies, perhaps suggesting gullies do
not preferentially form in ice-rich regions.

4.2. Comparison of north and south hemisphere gully data

Gullies on Mars show more similarities than differences be-
tween the northern and southern hemispheres. For example,
gullies in both hemispheres show regional clustering. Gullies
in the south are most abundant in Dao Vallis, chaotic terrain
north of Terra Sirenum, and the south polar pits (Heldmann
and Mellon, 2004; Balme et al., 2006). Gullies in the north-
ern hemisphere are clustered in Arcadia Planitia, Tempe Terra,
Acidalia Planitia, and Utopia Planitia. With respect to latitudi-
nal trends, the gully population in both hemispheres tends to
taper off approaching 60◦. In the south a spike in gully occur-
rence is seen at 72◦ S which coincides with the south polar pits.
A similar spike is not seen in the northern hemisphere which
is perhaps not surprising since no analogous polar pits exist in
the north. Gullies in both hemispheres show association with
layering, though, as competent strata layers are observed in the
majority of the gully alcoves in both the north and the south.
Gullies in both hemispheres also show similar overall mor-
phologies with continuous alcove, channel, and debris apron
structures.
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Gullies in both the northern and southern hemispheres of
Mars exhibit several similar aspects of morphology. For exam-
ple, gullies in both hemispheres are characterized by the char-
acteristic alcove, channel, and debris apron structures. Gullies
in both hemispheres have been observed with pasted-on ter-
rain (Christensen, 2003; Heldmann and Mellon, 2004). Gullies
in both hemispheres have likewise been observed with lobate
and/or arcuate debris aprons (Berman et al., 2005).

The gullies form at a wide range of elevations. Considering
the locations of gullies in both hemispheres, gullies are found
at a total range of elevations from approximately −5000 m to
+3000 m. The majority of this elevation range is attributed to
the southern hemisphere gullies since the range of available ter-
rains is less in the northern highlands (see Fig. 4). As previously
mentioned, gullies in the north are not found in regions where
water is expected to be stable with respect to temperature and
pressure, e.g., Amazonis, Arabia, and Elysium (Haberle et al.,
2001). In the southern hemisphere, liquid water would only be
stable with respect to boiling in the Hellas and Argyre basins
(Haberle et al., 2001). However, gullies are not found in these
locations (Heldmann and Mellon, 2004) and so gullies in both
the northern and southern hemispheres of Mars do not form in
regions of water stability.

Channel and alcove lengths do not show strong trends with
respect to latitude in either hemisphere. No strong trend is ob-
served for the northern hemisphere gullies (Fig. 5). This finding
is somewhat consistent with the findings based on data in the
southern hemisphere. Alcove and channel lengths of gullies in
the south only showed a latitudinal trend of shorter gullies at
higher latitudes due to the presence of many small gullies in
the south polar pits (72◦ S) (Heldmann and Mellon, 2004). Re-
moval of these high-latitude gullies from the dataset results in
no latitudinal trend between 30◦–70◦ S. The south polar pit data
may be a product of geographical biasing and so overall, al-
coves and channels exhibit similar lengths at various latitudes
on Mars.

The formation of gullies does not seem to be controlled by
local surface temperatures in either hemisphere. Inferred mean
surface temperatures (Mellon et al., 2000) range from 218 K at
the lower latitude to 190 K at the higher latitudes in the south-
ern hemisphere (Heldmann and Mellon, 2004) compared with
a range of 179 to 219 K in the northern hemisphere.

Longer alcoves are generally associated with longer chan-
nels in both hemispheres. Alcove and channel lengths in
the southern hemisphere more closely showed a 1:1 ratio
(Heldmann and Mellon, 2004) compared with a 1:1.76 ratio for
the northern hemisphere. There is no particular reason to expect
a 1:1 alcove:channel ratio but our findings may indicate that the
gullies in the northern hemisphere are forming in a substrate
more resistant to headward erosion. Alternatively the northern
hemisphere alcoves may be more degraded than the southern
hemisphere counterparts and so we are measuring only the
remnants of once-longer alcoves. However, such degradation
would be expected to affect the channels as well and assuming
the channels and alcoves are degraded similarly then our cur-
rent measurements would retain the same alcove:channel length
ratios. Nonetheless, in both the north and the south, longer al-

coves are generally correlated with longer channels. This is
consistent with increased water activity carving these longer
features (alcoves and channels) and decreased amounts of wa-
ter activity carving the shorter features.

Most of the alcoves in the northern hemisphere fall outside
of the range in angle of repose (Fig. 9) as do the majority of
alcoves in the southern hemisphere (Heldmann and Mellon,
2004). Although smaller regions within the alcove appear to ex-
hibit higher slope angles in both hemispheres, these may form
from subsequent mass wasting and headward erosion within the
alcove caused by an undermining of the slope surface.

Northern hemisphere gullies exhibit a complex latitudinal
trend in orientation, including varying east–west components
and north–south concentrations (see Fig. 7). Such variation
in orientation is also seen in the southern hemisphere gullies
(Heldmann and Mellon, 2004; Balme et al., 2006). A slight ma-
jority of gullies are observed on poleward facing slopes in the
southern hemisphere (which may be attributed to biased MOC
targeting of poleward slopes and/or image saturation of the
brightly lit equatorward slopes) (Heldmann and Mellon, 2004)
whereas a slight majority of gullies are observed on equator-
ward facing slopes in the northern hemisphere. Due to these
variations in orientation, any proposed mechanism of gully for-
mation must be consistent with both poleward and equatorward
facing gullies.

The gullies in the northern hemisphere may be older than
their southern hemisphere counterparts based on observations
in the north of (1) high degrees of gully degradation and (2) su-
perposed impact craters on gully systems. The exceptionally
eroded and degraded appearance of many of the northern hemi-
sphere gullies (see Fig. 14) suggests that either (1) these gullies
are relatively old and have had time to be eroded or else that
(2) the northern hemisphere gullies are simply subject to higher
erosion rates than the southern hemisphere gullies and both sets
of gullies are of the same age. The presence of superposed im-
pact craters on northern hemisphere gully systems (see Fig. 10)
is also suggestive of a relatively older age for the northern hemi-
sphere gullies. Alternatively, these gullies may be of the same
age as the southern hemisphere gullies but may have formed in
areas of unusually high impact rates.

5. Constraint on proposed models

In this section we review several proposed hypotheses of
gully formation and the potential source of an erosive mater-
ial. We examine these hypotheses for predicted characteristics
that can be used to constrain these models including (1) mor-
phology, (2) subsurface temperature regime, (3) latitudinal dis-
tribution, (4) orientation, (5) alcove depth, and (6) slope angle,
taking into account the data pertaining to both the northern and
southern hemisphere gullies.

5.1. Liquid carbon dioxide reservoir

Liquid carbon dioxide has been proposed as the main agent
of erosion in the formation of the gullies where a liquid CO2
reservoir forms in the martian subsurface behind the exposed
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slope housing the gullies and below the upslope plateau as
shown in Fig. 1 and detailed in Musselwhite et al. (2001).

There are several difficulties that arise from the CO2 model
that were discussed by Heldmann and Mellon (2004) and still
remain unresolved. These issues are more thoroughly explained
in Heldmann and Mellon (2004) and are only summarized
here. For example, CO2 cannot condense from the atmosphere
into the subsurface because of unfavorable surface and subsur-
face temperature regimes. Carbon dioxide would be unstable in
the martian subsurface over geologic timescales (Stewart and
Nimmo, 2002). Likewise, an adequate supply of CO2 to supply
the subsurface has yet to be found (Stewart and Nimmo, 2002).

5.1.1. Morphology
Gully morphology is also inconsistent with a carbon diox-

ide formation process. The exit velocity of the CO2 is expected
to be on the order of 100 m/s (Stewart and Nimmo, 2002).
The morphology of the martian gullies in both the northern
and southern hemispheres (i.e., sinuous channels and the de-
flection of channel paths around low topographic features) im-
plies lower flow velocities. Plus, carbon-dioxide ladened debris
would travel through the atmosphere approximately 100 m after
being ejected from the subsurface (Stewart and Nimmo, 2002),
but both the northern and southern hemisphere martian alcoves
and channels are not discontinuous and show no evidence of
such large eruptions.

5.1.2. Latitudinal distribution
The carbon dioxide model also does not explain the geo-

graphical distribution of gullies. The dearth of gullies between
30◦ N and 30◦ S (Malin and Edgett, 2000; Edgett et al., 2003)
still remains unresolved. Also, the general latitudinal distribu-
tion shown in Fig. 3 also remains unexplained. Gullies follow a
similar latitudinal trend in both the northern and southern hemi-
spheres (most gullies are located at more equatorward latitudes
(30◦–45◦) with the concentration of gullies decreasing with in-
creasing latitude up to ∼72◦).

5.1.3. Orientation
The orientation trends of the martian gullies may not be en-

tirely inconsistent with the carbon dioxide model. Gullies in the
southern hemisphere have been observed more often on pole-
ward facing slopes (Heldmann and Mellon, 2004) while gullies
in the northern hemisphere have been observed more often on
equatorward facing slopes (Fig. 7; Edgett et al., 2003). The CO2
model provides no mechanism in which the reservoir would
form or release liquid CO2 on a preferred slope orientation as a
function of latitude if such trends are real. However, orientation
may not be a driving factor in gully formation since overbur-
den soil thermal properties may compensate for the orientation
(and resultant surface thermal conditions) (Mellon and Phillips,
2001).

5.1.4. Subsurface temperature regime
If the gullies are formed via release from a CO2 reservoir,

then this reservoir must reside within the temperature–pressure

Table 1
Subsurface temperature calculations: Model parameters

Property Param-
eter

Icy soil
(CO2 ice)e

Icy soil
(H2O ice)e

Dry
soil

Units

Soil density ρ 2274b 2018d 1650d kg/m3

Heat capacity c – 1287d 837d J/(kg K)
Thermal conductivity k 0.5c 2.4 I2/ρc W/(m K)
Gravity g 3.71 3.71 3.71 m/s2

Geothermal heat fluxa q 30 30 30 mW/m2

a The martian geothermal heat flux (q) has never been measured but theo-
retical values range from 20–45 mW/m2 and so we adopt the typical value
of 30 mW/m2 (Johnston et al., 1974; Fanale, 1976; Toksoz and Hsui, 1978;
Toksoz et al., 1978; Davies and Arvidson, 1981; Stevenson et al., 1983;
Franck and Orgzall, 1987; Schubert and Spohn, 1990; Spohn, 1991). Results
are not very sensitive to the value of q . See Mellon and Phillips (2001) for fur-
ther discussion of geothermal heat values.

b Weast (1986).
c Kravchenko and Krupskii (1986).
d Mellon and Phillips (2001).
e Values assume ice saturation at 40% porosity.

stability field of liquid CO2. To examine the potential pres-
ence of a liquid CO2 reservoir at the observed alcove depths
we compare estimates of subsurface pressure and temperature
with the phase stability regime of carbon dioxide. Here we cal-
culate the pressure–temperature regimes of 41 individual alcove
bases from 10 different MOC image scenes containing gullies.
(We are limited to performing these calculations on these 41
alcove bases because accurate coalignment of the MOC and
MOLA data requires a simultaneous MOLA track taken with
each MOC image. Most MOC gully images in the northern
hemisphere were taken later during the MGS mission, after the
MOLA instrument ceased collecting data.)

Following the methodology of Heldmann and Mellon (2004),
we use the measured TES thermal inertia (I ) at each gully site
as well as modeled mean surface temperatures (T0) (Mellon et
al., 2000) to compute the subsurface temperature at the depth of
each individual alcove base. For a given alcove base depth (z)

the lithostatic pressure of a subsurface aquifer is calculated as
P = ρgz and the aquifer temperature is calculated from con-
duction of geothermal heat as T = (q/k)z + T0 using values
for gravitational acceleration (g), geothermal heat flux (q), and
thermal conductivity (k) from Table 1. We assume a constant
thermal conductivity through the soil column and determine the
subsurface thermal regime for a dry overburden and an icy CO2
overburden to consider a wide range of possibilities with re-
spect to the overlying soil type. For the dry overburden case we
compute the thermal conductivity based on the TES thermal in-
ertia at each location since thermal inertia (I ), thermal conduc-
tivity (k), density (ρ), and specific heat (c) are related by I =√

kρc. Because the thermal inertia only characterizes the ther-
mal properties of the upper few centimeters of the soil surface,
we recognize that the resulting thermal conductivity may not be
representative of the conductivity of the entire soil column and
so we also consider different plausible conductivity values.

Depth and subsurface temperature of gully alcove bases are
compared with the CO2 phase space for both the dry and icy
overburden cases. Assuming a dry overburden soil with model
parameters as listed in Table 1, all of the gully alcove bases
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fall within the gaseous CO2 regime. Assuming a CO2-ice laden
soil overburden with model parameters as listed in Table 1,
still none of the gully alcove bases fall within the temperature–
pressure space of liquid CO2.

Although our initial calculations suggest that none of the
gully alcoves lie within the liquid CO2 regime, we consider the
possibility that the thermal conductivity of the overlying soil
may be different from the values used in the previous calcula-
tions due to variations in the overburden composition. We there-
fore calculate the effective thermal conductivity needed to po-
sition all of the gully alcoves within the temperature–pressure
regime of liquid CO2. Alcoves originally located within the
solid CO2 regime require thermal conductivities ranging from
0.12 to 22.48 W/(m K) with an average value of 3.09 W/(m K)
to reach subsurface temperatures equaling the CO2 triple point
temperature. It is therefore theoretically possible to increase the
calculated temperatures at the measured depth of the alcove
bases by generally assuming a drier overburden (lower ther-
mal conductivity) such that these values are above the triple
point temperature of CO2. However, the pressure at these depths
is still too low to move the alcove bases into the liquid CO2
regime. Increased overburden ice content can increase the over-
burden pressure at depth but this is inconsistent with the temper-
ature analysis since increasing the temperature at depth requires
a drier overburden with less ice content. It is therefore not pos-
sible for all of the gully alcove bases to reside within the liquid
CO2 temperature–pressure regime; a liquid CO2 aquifer cannot
exist at the observed alcove base depths for all the gullies. This
finding is consistent with results for the southern hemisphere
(Heldmann and Mellon, 2004).

There are several unresolved problems with the carbon diox-
ide gully model and these same problems exist for gullies in
both the northern and southern hemispheres on Mars. Liquid
CO2 cannot condense in the subsurface in sufficient quantities
to form the martian gullies. The morphology of the gullies is in-
consistent with a CO2 origin and the CO2 hypothesis does not
explain the geographic or orientation distribution (if applicable)
of the martian gullies. It is not possible given the observational
constraints imposed by the MGS data for all supposed aquifers
at the observed alcove base depths to reside in the liquid tem-
perature and pressure phase space of CO2. Based on all of these
reasons, we conclude that carbon dioxide is an unlikely eroding
agent to carve the martian gullies.

5.2. Shallow liquid water aquifer

The shallow aquifer model (detailed in Mellon and Phillips,
2001) predicts several gully trends which we now test via com-
parisons with the observations.

5.2.1. Latitudinal distribution
First, gullies should be found poleward of 30◦ where ground

ice (for the icy-soil plug) is thermodynamically stable (Mellon
and Phillips, 2001). This dependence on ground ice stabil-
ity would explain the lack of any gullies between 30◦ N and
30◦ S (Malin and Edgett, 2000; Edgett et al., 2003). Addition-
ally, Mellon and Phillips (2001) predict that a dearth of gullies

should occur between latitudes of ∼60◦ and 65◦. As the martian
obliquity varies between 20◦ and 40◦, the depth to the 273 K
melting isotherm undergoes the least amount of change near
60◦ latitude. At these latitudes a shallow aquifer would not un-
dergo the freeze–thaw cycles necessary to build up the required
pressures within the aquifer to cause the subsequent release of
the aquifer water. The latitudinal distribution of gullies shown
in Fig. 3 indicates that the number of gullies decreases as lati-
tude increases up to ∼60◦ N and then the least amount of gullies
are found poleward of 60◦ N. This trend in latitudinal gully dis-
tribution with a minimum number of gullies near 60◦ is largely
consistent with the predictions of the shallow aquifer model of
Mellon and Phillips (2001). A dearth of gullies was also ob-
served in the southern hemisphere near 60◦ S (Heldmann and
Mellon, 2004).

5.2.2. Subsurface temperature regime
Assuming that the liquid water source for the gullies is a

shallow aquifer and that the alcove bases are the most likely lo-
cations of water release, then the alcove bases must be within
the temperature–pressure regime of liquid water. We test this
hypothesis by comparing the subsurface pressure and temper-
ature of the alcove base depths with the water phase stability
diagram. Similar to the analysis previously used to examine
the potential for a CO2 liquid reservoir, we consider a liquid
water reservoir buried beneath the upslope plateau at depths
corresponding to the gully alcove bases in the same configu-
ration as shown in Fig. 1. Based on the measured TES thermal
inertia (I ) at each gully site as well as modeled surface temper-
atures (Mellon et al., 2000), the subsurface temperature at the
depth of each observed alcove base is computed for both the
water-ice laden soil and dry soil overburden cases. Assuming an
icy overburden soil with model parameters as listed in Table 1,
98% of the gully alcove bases fall within the solid H2O portion
of the phase diagram. An icy overburden soil results in depths
to the 273 K isotherm ranging from 4525 to 7933 m which
is inconsistent with the observed depths of the gully alcoves.
However, assuming a dry overburden soil with parameters as
listed in Table 1, only 5% of the gully alcoves fall within the
solid H2O regime while 95% of the gully alcoves fall within
the liquid H2O regime. This computation assumes that the sub-
surface thermal conductivity is constant throughout the entire
column of overburden.

If the gullies were formed via liquid water in a shallow
aquifer, then the subsurface regime at the alcove base depth
must lie within the stability field of liquid water. We there-
fore examine several different mechanisms which may effec-
tively move the 5% of the gullies from the solid water regime
to the liquid water regime. The presence of soluble salts re-
sults in a freezing point depression that can allow water on
Mars to exist in the liquid state below 273 K (Brass, 1980;
Knauth and Burt, 2002). The lowest calculated subsurface tem-
perature of an alcove base is ∼239 K (assuming a dry overbur-
den) which would require a freezing point depression of 34 K.
Such freezing point depressions are possible given a unique
mixture of salts, and so this scenario remains possible (Brass,
1980). However, such a situation is geologically improbable
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given the lack of evidence of salt deposits associated with the
gullies and the geologically unique set of circumstances which
would have to persist over vast geographic areas to produce wa-
ters with complex salt eutectic chemistries in regions of gully
formation.

Alternatively, the gully alcove bases originally placed within
the solid water regime may actually lie within the temperature–
pressure regime of liquid water if different values for the ther-
mal conductivity of the overburden soil are applicable. Given
that thermal conductivities can vary by orders of magnitude
for different geologic materials (Farouki, 1986), the effective
thermal conductivity was calculated such that each gully alcove
base would have a subsurface temperature of 273 K. The nec-
essary thermal conductivities range from 0.04 to 0.24 W/(m K)
with an average value of 0.16 W/(m K) which are geologically
possible and plausible values consistent with a composite sub-
surface material composed of rock and loosely consolidated
soil. In addition, these thermal conductivity values can be ob-
tained from a higher conductivity subsurface soil with a varying
amounts of low conductivity layered material; the presence of a
layered subsurface is consistent with the frequent occurrence
of layered strata at the gully alcove locations. Additionally,
our calculated thermal conductivity values are plausible when
compared with experimental values of soil conductivities un-
der martian atmospheric pressures (Presley and Christensen,
1997). The lowest conductivity is that of fine soil and cor-
responds with observed martian thermal inertias (Presley and
Christensen, 1997; Mellon et al., 2002). Hence it is very pos-
sible that all the gully alcove bases lie within the stability field
of liquid water. Such a finding implies that liquid water could
exist in an aquifer at these depths. A similar result was found
for gullies in the southern hemisphere (Heldmann and Mellon,
2004).

5.2.3. Orientation
At lower latitudes gullies are expected to preferentially form

on poleward-facing (colder) slopes to preserve the near-surface
ground ice for the ground-ice plug. Closer to the poles one
should expect less preference for gully orientation because
ground ice is stable on all slopes. The latitudinal distribution of
gully orientation angles is shown in Fig. 7. Gullies are preferen-
tially found on equatorward facing slopes closest to the equator
(30◦–58◦ N) which is unexpected. At the more poleward lati-
tudes (58◦–72◦ N) the gullies are more evenly divided between
equatorward and poleward facing slopes. These trends are not
entirely consistent with the original predictions of Mellon and
Phillips (2001) and there are two possible explanations for these
apparent discrepancies: (1) the shallow aquifer model may be
incorrect or (2) regional variations in the thermal properties of
the soil may compensate for the deviation from original predic-
tions of gully orientations (Mellon and Phillips, 2001).

5.2.4. Alcove depth
The depth to the bottom of the alcove may serve as a good

proxy for determining the depth to a subsurface aquifer that
is the water source because typically fluids emanate from the
alcove base and cause headward erosion of the alcove struc-

ture. We calculate the depth to the 273 K isotherm using the
model parameters as listed in Table 1 along with measured val-
ues of TES thermal inertia and modeled surface temperatures
for each gully location. The depth to the 273 K isotherm is typ-
ically within a few hundred meters which is consistent with
the actual measured alcove depths reported here and in previ-
ous works (Gilmore and Phillips, 2002; Heldmann and Mellon,
2004), thereby suggesting that liquid water can exist at the ob-
served alcove base depths. A similar result was found for gullies
in the southern hemisphere (Heldmann and Mellon, 2004).

Hartmann (2001) has also suggested that a shallow aquifer
may be the source of water for the martian gullies and hypoth-
esizes that the aquifer is kept warm via localized geothermal
heating which melts permafrost ice. Several studies including
martian meteorite analysis (Nyquist et al., 2001) and crater
density studies of lava flows (Hartmann and Berman, 2000;
Hartmann and Neukum, 2001) have suggested that geothermal
heating has occurred on Mars in the last 10–300 Ma and possi-
bly more recently. Hartmann (2001) suggests that these heating
events would be relatively low intensity and thus would not be
manifested as surface expressions of volcanism which explains
why gully sites are not associated with observations of volcanic
features. Localized geothermal heating could, however, explain
the clustering in the geographic distribution of the gullies since
gullies would only form in the discrete locations of enhanced
geothermal activity. The geothermal activity model remains as
an intriguing hypothesis and perhaps warrants further explo-
ration with observations and numerical modeling of heat con-
vection and mantle plume behavior in the martian subsurface.

5.3. Melting ground ice

The melting ground ice model (Costard et al., 2002) predicts
several trends that can be tested by observation. Several of these
trends are also outlined in Heldmann and Mellon (2004) and
are summarized here in light of the new northern hemisphere
observations.

5.3.1. Subsurface temperature regime
If gullies form from melting ground ice then the gullies

should be found where subsurface temperatures reach the melt-
ing point of water. According to Costard et al. (2002), daily
mean temperatures reach 273 K in the mid and high latitudes
above 30◦ on poleward-facing slopes during the past obliquity
cycles. Therefore gullies are expected to form in these locales.
However, Mellon and Mellon and Phillips (2001) show that the
maximum temperature of the ice table is more highly depen-
dent upon the atmospheric saturation temperature than slope
and the ice table does not reach the melting point. Temperatures
above 273 K do not occur where ground ice is present because
as subsurface temperatures increase, the ice sublimates away
quickly and is gone before the subsurface temperature reaches
273 K. Also, Mellon and Jakosky (1995) predict that near-
surface ground ice should be present globally at high obliqui-
ties. Thus if the ice table could ever reach the melting point,
then gullies should be able to form on all slopes globally, which
is not observed.
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Also, near-surface ground ice should be present throughout
the martian subsurface along the length of a slope and tem-
peratures should not vary significantly along a slope surface
at different elevations (Mellon and Phillips, 2001). Therefore,
there should be no location along a slope face that would favor
gully formation. If ground ice could melt, ground ice should
melt along the entire length of a slope. However, the gully al-
coves typically are found near the top of the slope, inconsistent
with the melting ground ice model.

Mellon and Phillips (2001) have shown that ice will not be
present in the subsurface where temperatures reach 273 K. As
temperatures rise, ice quickly sublimates away such that the
depth of the 273 K isotherm is always above the depth of the
near-surface ground ice. Temperatures are only high enough at
high obliquities to melt the ice if the ice is composed of 15–40%
salts. Such high salt concentrations could leave high albedo de-
posits near the gullies, though such features have not yet been
observed.

Gilmore and Phillips (2002) have expanded upon the ground
ice hypothesis and suggest that the exposed layers of cohesive
strata associated with the gully alcoves act as an aquiclude. In
this model, ground ice melts and trickles down into the sub-
surface until the meltwater encounters an impermeable rock
layer. The water then flows along this impermeable layer until
it reaches the martian surface and flows down a cliff face to cre-
ate a gully. In this scenario, the water should flow along the first
rock layer it encounters. However, gully alcoves are often found
embedded within numerous rock strata layers. Assuming each
of these morphologically indistinct rock layers have similar per-
meabilities, it is difficult to reconcile why the gullies would not
be primarily associated with the uppermost rock layer, which
would be the first layer that the trickling water would encounter.
Also, since the ground ice would first melt near the surface, it
will be difficult for this water to trickle down through unmelted
ground ice and the colder subsurface soil to reach the underly-
ing impermeable rock layer without first refreezing. Although
we maintain that a genetic relationship between the gullies and
the exposed rock layers does exist, the rock layers are probably
not acting as an aquiclude as suggested by Gilmore and Phillips
(2002).

5.4. Dry landslide

Treiman (2003) suggests that the gullies were formed from
the downslope movement of fine granular material in the form
of dry landslides. The morphology, spatial distribution, orien-
tation, and slope angles of expected dry landslides are now
compared with observations to test this hypothesis. Several of
these lines of reasoning are also outlined in Heldmann and Mel-
lon (2004) and are summarized here in light of the new northern
hemisphere observations.

5.4.1. Morphology
First, dry landslides exhibit several morphologic properties

inconsistent with the martian gully systems. The martian gul-
lies have sinuous, incised, V-shaped channels that often fol-
low the local topography. The morphology of dust avalanches

or dry landslides is typically narrow, fan-shaped dark streaks
which gradually taper and run down a slope in a linear fashion
(Sullivan et al., 2001). These slope streak features lack well-
developed alcoves, sinuous or incised channels, and broadened
triangular-shaped depositional aprons with noticeable topo-
graphic relief. Such features are very distinct from gully mor-
phology. Snow avalanches are sometimes used as a terrestrial
analog for dry debris flows, and in these cases eroded alcoves
can form but as conceded by Treiman (2003), “no dry snow
avalanches . . . show the deep entrenched meanders of the mar-
tian gullies.” Dry landslides also do not explain the incision
of gully channels into the host rock; any channel-type fea-
ture formed by such mass wasting is due to the deposition of
avalanching material instead of erosion of the pre-existing, un-
derlying rock. Hence, the martian gullies are geomorphically
inconsistent with a dry landslide origin.

5.4.2. Slope angle
Second, if the gullies have formed via mass wasting proc-

esses then the slope angle of the source region should be greater
than the angle of repose. This angle typically ranges between
26◦–35◦ depending on the climate and the lithology of the ma-
terial (Ritter et al., 1978). The angle of the broad slope encom-
passing the gully alcove has been determined using the alcove
length as well as the alcove head and base elevations. Fig. 9
shows that most alcoves are found on slope angles that are less
than the angle of repose. Fifty-five percent of alcove slope val-
ues are outside of the range of repose angles and of the values
outside of this range, most (83%) are less than the angle of re-
pose. Therefore mass wasting is most likely not the dominant
mechanism acting to form the gully alcoves. Post-gully modi-
fication by mass wasting could occur on steeper slopes within
the alcoves once they have already formed but the main cause
of alcove formation is not due to mass-wasting.

5.4.3. Latitudinal distribution and orientation
Additionally, the dry mass wasting theory has difficulty ac-

counting for the geographic distribution (Fig. 2) and the poten-
tial slope orientation trends (Fig. 7) of the martian gullies. Ac-
cording to this hypothesis, gullies should be most abundant east
of Tempe Terra and in western Chryse because this is where the
winds decelerate significantly and hence eolian sediment will
be deposited and accumulate in these regions (Treiman, 2003).
As shown in Fig. 2, gullies are found within Tempe Terra and
more abundantly in nearby Acidalia Planitia, but are also found
in Utopia Planitia and Arcadia Planitia in significant numbers
which is not predicted by the dry landslide model. The land-
slide hypothesis also predicts that gullies will preferentially be
found on poleward facing slopes in the southern hemisphere
because according to the GCM, winds mostly blow into the
southern hemisphere from the north-north-west and hence most
sediment deposition will occur on the lee sides of slopes, i.e.,
pole-facing slopes. In the northern hemisphere, Treiman (2003)
predicts that the orientation of the gullies will be more irregu-
lar since the wind patterns in the north are much less consistent
than in the south. The martian gullies show a complex pattern
with respect to orientation as shown in Fig. 7 with an overall



340 J.L. Heldmann et al. / Icarus 188 (2007) 324–344

preference for equator-facing slopes. This equator-facing pref-
erence is most pronounced between 44◦–58◦ N but is evident at
other latitude bands as well. A connection between wind direc-
tion and gully orientation is unclear and further work may help
to elucidate this issue.

The observations of spatial extent and localized trends in
gully occurrence are difficult to reconcile by correlating wind
behavior with gully formation. Gully systems are composed of
multiple gully alcove-channel-debris apron structures and of-
ten can be observed at the scale of MOC narrow angle images.
The gully systems sometimes only span a small fraction of the
horizontal length of a cliff face and if gully formation were de-
pendent on the large-scale atmospheric process of wind decel-
eration and subsequent sediment deposition, one might expect
the gully features to be much larger in extent and/or not limited
to a relatively small portion of a given slope. Plus, it is diffi-
cult to explain why gullies are sometimes found on one scarp
face and not on an adjacent scarp which should theoretically
be exposed to a similar wind regime. Similarly, if gully loca-
tions are tied to preferred wind directions then gullies should
not form on all orientations of a given crater unless wind di-
rections changed drastically over time. However, gullies can be
found on all sides of the walls of some craters and appear to be
contemporaneous; therefore it is difficult to explain this obser-
vation by invoking changing wind directions over time. There
is also no reason to expect the observed regularity in the alcove
depth distribution and so again the dry landslide idea does not
explain the observed characteristics of the gullies.

However, a potential correlation between gully occurrence
and locations of sediment deposition based on GCM wind mod-
els is still interesting even if the gullies are not formed via mass
wasting. As pointed out by Heldmann and Mellon (2004), the
shallow aquifer model of Mellon and Phillips (2001) requires
a low thermal conductivity overburden layer (i.e., significant
quantities of loosely consolidated material overlying the sub-
surface aquifer) in order to have a liquid water aquifer at several
hundred meters depth. The deposition of fine grained mate-
rial in regions of gully formation may provide a mechanism
for preferentially providing this insulating overburden layer in
many areas where gullies are found.

5.5. Snowmelt

Christensen (2003) has proposed that the martian gullies are
formed by snowmelt. As discussed in Heldmann and Mellon
(2004), the snowmelt model predicts several trends which can
be tested by observation.

5.5.1. Orientation
First, the orientation of the gullies should show a distinct

preference for poleward-facing slopes in the snowmelt model
since these slopes are the coldest regions for ice and snow
accumulation at all latitudes at current and higher obliquities
(Mellon and Phillips, 2001). Similar to the theory of Bridges
and Hecht (2002) and Hecht (2002), local coldtrapping in these
preferred (pole-facing) locations of water ice, frost, and snow
may allow for accumulation which can then melt under ideal

conditions. However, as shown in Fig. 7, gullies form on all
slope orientations and most gullies face equatorward in the
northern hemisphere. One might also expect the gullies to
follow the cold traps for snow deposition such that the gul-
lies would be preferentially located on poleward facing slopes
closer to the equator (where temperatures are generally colder)
and then this slope preference would gradually dissipate since
closer to the pole, all slopes are generally colder. However,
Fig. 7 shows that this is not the case and instead the gullies show
a complex orientation distribution with respect to latitude.

5.5.2. Alcove base depth
The snowmelt model also still does not explain the observed

locations of the gullies along the slopes as pointed out previ-
ously by Heldmann and Mellon (2004). Gullies generally form
near the top of the encompassing slope and individual gul-
lies within a gully system begin at the same depth below the
overlying plateau. However, insolation which provides heat for
melting is relatively evenly distributed along a slope and so one
would expect melting to occur at any location of snow accumu-
lation. Therefore gullies would be expected to form all along
a given slope which is not observed. Additionally, gully al-
cove base depths range from 100 to 550 m with an average
depth of 350 m in the northern hemisphere. Most gullies fol-
low this trend of alcoves depths of a few hundred meters and
the snowmelt model does not account for this observation.

5.5.3. Latitudinal distribution
Also as pointed out by Heldmann and Mellon (2004), if the

gullies have a snowmelt origin then one might expect a rel-
atively homogeneous geographic distribution of gullies. This
model is dependent upon the widespread phenomenon of snow-
fall and it is unclear why gullies would be so clustered in terms
of location (see Fig. 2). Additionally, gullies are often found
where adjacent scarps and cliffs lack gullies. If gully forma-
tion is dependent upon snowfall then it is puzzling why gullies
would be found in one location and not another nearby location
if both regions are subjected to similar atmospheric conditions
and hence snowfall. These inconsistencies between prediction
and the geographic distribution of the gullies are problematic
for the snowmelt hypothesis.

5.5.4. Morphology
The identification of potential remnants of the original snow-

packs that are protected from sublimation by a layer of desic-
cated dust has been an important component in the snowmelt
hypothesis. This “pasted-on” material (or occupied alcoves as
classified by Malin and Edgett, 2000) is cited as observational
evidence for these remnant snowpacks (Christensen, 2003).
However, the pasted-on material is present only rarely and one
might expect a bigger abundance of occupied alcoves if snow
is a dominant source of water for the gullies. There are sev-
eral alternate possibilities to explain the origin of this pasted-on
material. These deposits could be (1) isolated events not as-
sociated with gully formation, (2) ice of subsurface origin, or
(3) remnant ice deposits formed from the freeze-back of water
that flowed through the gully channels.
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5.5.5. Temperature regime
Another major issue for the snowmelt hypothesis comes

from the results of numerical modeling of snowpacks on Mars.
Clow (1987) showed that to get significant runoff from a melt-
ing snowpack requires a 100 mbar atmosphere. Also, as the
snowpack becomes too thick (∼35 cm for this Mars case), melt-
water (which is generated at the top of the snowpack) refreezes
before reaching the base due to the cold conditions of the lower
snowpack. This finding highlights the important distinction be-
tween meltwater and runoff (Clow, 1987). It is runoff that is
needed to carve the gullies into the underlying host rock; the
generation of meltwater is not enough.

Kossacki and Markiewicz (2004) likewise suggest that snow
cannot melt in sufficient quantities to create the gullies on
current Mars. They find a typical melt rate generating only
0.2 kg/m2 of liquid. Their overall conclusion is that the pre-
dicted amount of moisture is probably not enough to destabilize
the slope and cause flow of the surface material (Kossacki and
Markiewicz, 2004).

Recent modeling of snowpacks on Mars by Williams and
Toon (2006) find that (1) snowpacks on Mars sublime away
very quickly and (2) if melting temperatures are reached within
the snowpack, it is only for few cm of remaining snow, which
would only generate a tiny amount of runoff (should it melt).
Their results suggest that a 10 m thick dirty snowpack of mod-
erate density (550 kg/m3) and albedo (0.21) would sublime in
less than five years. A cleaner snow-pack would sublime in less
than 20 years. In addition, snowpack temperatures never reach
the melting point, raising serious questions regarding the avail-
ability of runoff for gully incision.

Based on the combination of observational data and numer-
ical modeling results we therefore conclude that the snowmelt
model could be possible but is not the most likely explanation
for the origin of the martian gullies.

5.6. Deep liquid water aquifer

Gaidos (2001) suggested that the martian gullies might de-
rive their water from a deep subsurface source. There are sev-
eral observational trends that can be tested using this model for
gully formation. These lines of reasoning are also explained in
Heldmann and Mellon (2004) and are summarized here in light
of our new observations.

5.6.1. Latitudinal distribution
The deep aquifer model predicts that gullies should only be

found poleward of 30◦ because (1) the cryosphere is too thin
closer to the equator and will not impinge on the underlying
water to form a confined aquifer against the basement rock and
(2) an aquifer can become desiccated at lower latitudes where
ground ice is unstable. These arguments explain why gullies are
found poleward of 30◦ N but do not explain the increase in gully
occurrence between 30◦–45◦ N and the subsequent decline in
the number of gullies as one moves closer to the pole from
45◦ N as shown in Fig. 3.

Second, it is hypothesized that gullies form when water from
a sill erupts onto the martian surface to release the liquid water.

The water stops moving upwards in the fracture or fissure and
forms a sill where the horizontal normal stress exceeds the ver-
tical normal stress. However, it is unclear why sills would erupt
onto the surface only on specific terrains such as the walls of
impact craters, valleys, pits, and graben as opposed to flatter
surfaces. Water that moves upwards where there is flat ter-
rain overhead instead of steep-walled terrain should freeze in
place. This freezing process could be manifested on the surface
since the volume of water will undergo a 9% expansion as it
freezes to ice. This model allows for a continuous supply of liq-
uid water from the deep aquifer, and therefore raised, mounded
structures formed by the near-surface freezing of a deep water
supply might be expected on flatter terrain. Increased pressures
induced from the water propagating upwards through the frac-
ture which encounters a frozen sill could be great enough to
exceed the vertical (overburden) stress, and so occasional out-
bursts of liquid water could theoretically be observed on flat
terrain. Such features have not yet been observed on Mars but
could be an intriguing area of future study.

5.6.2. Alcove base depth
Third, in this model the sills are predicted to form 100–

1000 m below the surface due to low vertical stresses or failure
of the surrounding rock. The depth of the sills should correlate
with the observed depths of the gully alcoves since the sill rep-
resents the source region of the water. Therefore the predicted
range in sill depth is broadly consistent with the observed al-
cove base depths although it is difficult at the present time to
account for individual variations in alcove depth amongst vari-
ous gully systems.

5.6.3. Orientation
Fourth, according to the deep aquifer model, gullies should

show a preference for poleward facing slopes closer to the equa-
tor whereas this preference should diminish at latitudes closer
to the pole. Gullies would tend to form on the colder slopes be-
cause an ice-saturated regolith would allow for easier horizontal
propagation of the sill or dike compared to a dry, incompetent
regolith. On the Sun-facing slopes water will not reach the sur-
face but instead will seep back into the dry, desiccated regolith.
This prediction is not fully in agreement with the observa-
tions as shown in Fig. 7 since the majority of gullies overall
are on equator-facing slopes. However, the distribution of gul-
lies between equator-facing and pole-facing orientations is most
evenly distributed within the highest latitude band (58◦–72◦ N)
which may suggest that a preference for equator-facing versus
pole-facing orientation is lessened closer to the pole. Given all
the observational data, we conclude that a deep aquifer source
feeding each gully system is possible, although not all of the
observations can be explained by this model.

All of the proposed mechanisms of gully formation previ-
ously discussed are listed in Table 2 and compared with several
lines of observational evidence as gathered from this work.
Based on an analysis of predicted trends of each model, we
determine if the predictions conform to each observation to as-
sess the relative validity of each model. The shallow aquifer
(Mellon and Phillips, 2001), deep aquifer (Gaidos, 2001), and
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Table 2
Summary of proposed mechanisms of gully formation and observational constraints used to test each model

Observational constraints

Morphology Subsurface
temperature
regime

Latitudinal
distribution

Orientation Alcove
depth

Slope angle Overall
potential

Model Reference Sinuous and
V-shaped
channels
consistent with
fluid erosion,
continuous
alcove and
channel

Calculated
subsurface
temperature at
depth of
observed alcoves
based on a range
of thermal
conductivities

Relative number
of MOC images
containing
gullies at
latitudes
between
30◦–72◦ S

Preferred
orientation of
gully systems
with respect to
geographic pole
as a function of
latitude

Depth
to gully
alcove
measured
with
respect to
overlying
ridge

Incline angle
for observed
gully
alcoves

Carbon
dioxide

Musselwhite et
al. (2001)

No No No No No N/A Low

Shallow
aquifer

Mellon and
Phillips (2001)

Yes Yes Yes No Yes N/A High

Melting
ground ice

Costard et al.
(2002),
Gilmore and
Phillips (2002)

Yes N/A No No No N/A Low

Geothermal
heating

Hartmann
(2001)

Yes Yes Maybe No Yes N/A High

Landslide Treiman (2003) No N/A No No No No Low
Snowmelt Christensen

(2003)
Yes N/A No No No N/A Low

Deep aquifer Gaidos (2001) Yes Yes No No Maybe N/A High

geothermal heating (Hartmann, 2002) hypotheses most ade-
quately conform to the observational tests listed in Table 2
whereas the carbon dioxide (Musselwhite et al., 2001), melting
ground ice (Costard et al., 2002), dry landslide (Treiman, 2003),
and snowmelt (Hartmann, 2002; Lee et al., 2002; Christensen,
2003; Lee et al., 2006) hypotheses are the most unlikely expla-
nations for the origin of the martian gullies. No model perfectly
explains all of the observations, but overall the gullies seem
intimately tied to subsurface phenomenon as opposed to at-
mospheric phenomenon such as wind deposition of sediment
or snowfall.

6. Summary

We have analyzed 137 MOC images containing clear ev-
idence of recent gully activity on Mars between 30◦ N and
90◦ N using MOC, MOLA, and TES data. We have reported
and analyzed trends in the dimensional and physical properties
of the northern hemisphere gullies and their surrounding terrain
and compared these findings with data gleaned from a study
of the southern hemisphere gullies. We find that the number of
gully systems rises between 30◦–45◦ N and then tends to taper
off at higher latitudes. Also, the gully alcove bases occur typ-
ically within the first several hundred meters of the overlying
ridge. Additionally, northern hemisphere gullies are found on
all slope orientations at all latitudes but are preferentially found
on equatorward facing slopes. Using thermal conductivities de-
rived from TES surface measurements as well as modeled sur-
face temperatures and assuming a dry overburden soil, we find
that 95% of the gully alcove bases lie at depths where subsur-
face temperatures could be greater than 273 K and 5% of the

alcove bases lie within the solid water regime. A low conduc-
tivity overburden results in temperatures above 273 K for all of
the alcove bases which suggests that liquid water could exist in
a shallow aquifer at these depths to carve the gully features. As-
suming an icy overburden soil, all of the alcove bases lie within
the temperature–pressure regime of solid CO2 and it is not pos-
sible for all of the alcove bases to be located within the liquid
regime, implying that CO2 is not the most likely agent of ero-
sion in comparison with liquid water.

No model yet proposed explains all of the observed gully
features, but based on the data we can place additional con-
straints on future models. In general, the subsurface water
sources are more consistent with the observations than the sur-
face water, near-surface water, and any carbon dioxide models.
We find that the carbon dioxide, melting ground ice, dry land-
slide, and snowmelt models inadequately conform to the MGS
observations and are the least likely mechanisms of gully for-
mation proposed to date. Although the shallow aquifer, geother-
mal heating, and deep aquifer models do not explain all of the
MGS observations, these models remains as the most viable
theories to explain the origin of the martian gullies.

Findings reported here pertaining to the northern hemisphere
gullies are generally consistent with findings previously re-
ported for the southern hemisphere gullies (Heldmann and Mel-
lon, 2004). Northern hemisphere gullies appear more eroded
and sometimes show evidence of superposed impact craters,
suggesting a possibly older age than their southern hemi-
sphere counterparts. However, gullies in both the north and the
south appear to be intrinsically similar and likely were cre-
ated by similar formation mechanisms. Since data from this
study of northern hemisphere gullies is not inconsistent with
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data previously published for gullies in the southern hemisphere
(Heldmann and Mellon, 2004), conclusions reached for the
southern hemisphere analysis (Heldmann and Mellon, 2004)
are supported by this northern hemisphere data. We note, how-
ever, that taken alone, the northern hemisphere data supports
these conclusions less concretely than the southern hemisphere
dataset.
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