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Abstract

The development of life on Earth is believed to have resulted in permanent
changes in the composition of the atmosphere. A search for atmospheric biosig-
natures is one of the major objectives of the powerful telescopes currently being
designed to search for terrestrial extrasolar planets. In our own solar system,
Mars is considered one of the best candidates for the development of life. How-
ever, identification of an atmospheric biosignature on Mars is not possible until
all potential abiotic processes have been accounted for. At present we are par-
ticularly limited by our understanding of the role of atmospheric escape at Mars
through its history. This paper summarizes the present understanding of the
physics of atmospheric escape to space at Mars, discusses the constraints on the
estimates of loss (both at present and over Martian history), suggests important
measurements and model improvements that would significantly improve our
understanding of this important process, and relates the current understanding

to the possibility of detection of an atmospheric biosignature.



Introduction

With the discovery of more than 100 extra-solar planets in the past decade,
increased attention has been given to possible methods of remote detection of
biological activity on planetary bodies [Des Marais et al., 2002]. It is well-
accepted that the presence of life has affected Earth’s atmosphere [e.g. Wayne,
1992]. Therefore, one promising type of observation is of disequilibria in at-
mospheric composition, chemistry or temperature [Lederberg, 1965; Lovelock,
1965]. Such methods have not yet been exploited in attempts to detect life on
other planets in our solar system [Sagan et al., 1993]. The Martian atmosphere
in particular could be studied for global or local biosignatures of subsurface
life [Summers et al., 2002]. However, unambiguous detection of extant (or ex-
tinct) life is only possible after the contributions of the many abiotic processes
at work on Mars have been understood, quantified, and eliminated. Part of
the procedure for determining disequilibrium conditions is understanding the
abiotic interaction of the atmosphere with its boundaries. For example, surface
liquid water can remove substantial amounts of COs, as in the case of Earth
[Pollack, 1979], while loss or accretion from the upper boundary can measurably
alter composition and isotope ratios, as in the case of the D/H ratio at Venus
[Donahue et al., 1982]. The effects of these processes are of course accumulated
over time.

The Martian atmosphere is thin and cold today, relative to the atmospheres
of Earth and Venus, but this has probably not always been the case. Geo-
logic features (dendritic valley networks, lack of small craters) indicate that the
Martian atmosphere was at one time capable of supporting liquid water at the
surface for substantial periods of time [Jakosky and Phillips, 2001, and refs.
therein]. Since the Martian atmosphere is currently incapable of supporting

liquid water [Jakosky and Haberle, 1992], we know that atmospheric sinks have



played an important role in the evolution of the Martian climate. Several of the
many atmospheric sources and sinks are shown in Figure 1. Of the possible loss
processes that acted and/or are acting at Mars, escape to space is the one pro-
cess by which atmospheric particles are permanently removed from the planet.
Escape to space is likely the major loss process acting today, and has played a
significant role in atmospheric evolution over Martian history.

Here we review current understanding of atmospheric escape at Mars, in-
cluding the processes that are acting today, our knowledge of the current escape
rates, and atmospheric escape over Martian history. We discuss the major
questions that remain to be addressed, and suggest measurements and model-
ing efforts for an improved understanding of escape. We also relate the current

understanding to the goal of detection of an atmospheric biosignature.

Current Understanding

Solar Wind Interaction

The solar wind interaction at Mars is particularly relevant to the study of at-
mospheric escape. Mars’ small size (and mass) mean that the atmosphere is
more extended (relative to planetary radius) than planets like Venus or Earth.
Moreover, because Mars lacks a protective global magnetic field, this extended
atmosphere interacts directly with the solar wind, with the result that upper
atmospheric particles are continuously removed [Michel, 1971]. The Martian
exobase is typically observed around 190 km, and plasma dominated by shocked
solar wind electrons has been observed at altitudes as low as 170 km [Mitchell
et al., 2001]). Above the exobase collisions are unimportant. Any neutral atom
or molecule that is moving with a velocity greater than the escape velocity of

~ 5 km/s and is on an escape trajectory can leave the planet. Similarly, as will



be discussed below, any ion produced in the atmosphere above the ionopause
can be removed by the solar wind regardless of its initial velocity or direction,
provided that it is not carried on a collision course with the exobase. Those
ions that do strike the exobase in fact give rise to yet another loss process called
sputtering. Therefore we briefly describe the plasma environment at Mars, and
the interaction of the solar wind with a planetary atmosphere.

At Mars the plasma environment is determined by the solar wind (Figure 2),
which consists of charged particles (mostly electrons and protons) and an em-
bedded magnetic field. The solar wind originates in the solar corona and streams
radially away from the Sun at high speeds (~400 km/s). The solar wind proton
density and temperature at Mars are ~ 1 —2cm~2 and ~ 4 x 10* K [Luhmann
et al., 1992b]. The 25 day rotation period of the Sun causes the magnetic field
lines (which are carried away from the Sun with the charged particles) to form a
spiral shape with an increasing azimuthal component with heliocentric distance.
At Mars, the magnetic field encounters the planet at an angle of ~50 degrees,
and has a magnitude of ~3 nT [Brain et al., 2003].

Planetary magnetospheres can be divided into three broad categories based
on the obstacle that the planet presents to the solar wind. Earth and Jupiter
present global obstacles to the solar wind by virtue of dynamo action in their
electrically conducting and rotating interiors. Global magnetospheric obstacles
rely mainly on the pressure of the global magnetic field (B2/2u) to deflect
the dynamic pressure of the solar wind (pv?). The Moon does not possess
an intrinsic global magnetic field, and the solar wind plasma interacts directly
with the planetary surface. Between these two extremes are planetary bodies like
Venus and comets, which have no global magnetic field but do have atmospheres
that are substantial enough to deflect the solar wind (Figure 3). In such an

interaction solar radiation ionizes the upper portions of the atmosphere, creating



an ionosphere. The flow of the solar wind particles past the planet leaves a wake
region on the nightside where much of the solar wind plasma is excluded. The
electrically conducting ionosphere interacts with the passing solar wind magnetic
field, generating currents in the ionosphere that shield the lower portions of the
atmosphere from the solar wind. The boundary at which this shielding occurs
is usually called the ionopause, and is thought to be the location where the
solar wind dynamic pressure is balanced by atmospheric pressure contributions,
including ionospheric thermal pressure and magnetic pressure from ionospheric
currents. This third type of magnetospheric obstacle is sometimes called an
induced obstacle.

The question of which of the above categories Mars falls into has been the
subject of some debate over the last 35 years. There were arguments for a mag-
netospheric obstacle [e.g. Dolginov, 1978a, b; Dolginov et al., 1976], an iono-
spheric obstacle [e.g. Russell et al., 1995; Russell, 1978a, b], a combined magne-
tospheric/ionospheric obstacle [e.g. Bogdanov and Vaisberg, 1975], and even a
combined (ionospheric/remanent magnetism) obstacle [Curtis and Ness, 1988].
The most convincing evidence supported either an ionospheric or combined ob-
stacle, and early observations detected a number of characteristic boundaries
and plasma regions near Mars that had similarities to those observed at Venus
and comets [see Breus, 1992]. Most recently, the MGS MAG/ER experiment
resolved any lingering questions about the presence of a dynamo, reducing the
upper limit on the Martian dipole moment by a factor of 5-10 compared to
previous estimates, to ~ 2 x 1021 G — cm? [Acunia et al., 1998]. To first order,
then, Mars can be classified with Venus and comets as having an induced ob-
stacle resulting from the interaction of the solar wind with an atmosphere. In
the canonical solar wind / atmosphere interaction a number of boundaries are

observed, including a bow shock upstream from the planet, a chemical boundary



separating plasma dominated by solar wind protons from plasma significantly
composed of planetary ions (called the cometopause, planetopause, Mass Load-
ing Boundary, and Magnetic Pileup Boundary by different investigators), and a
physical boundary called the ionopause, below which the solar wind is nominally
excluded (analogous to a magnetopause at Earth). The solar wind magnetic field
“drapes” around the atmospheric obstacle downstream from the shock on the
planetary dayside. The tail region of Mars contains draped convected magnetic

field lines.

Atmospheric Loss Processes

Atmospheric escape involves the loss of both neutral particles and ions from
a planet. The known escape processes can be broadly classified according to
whether they are primarily responsible for loss of neutrals or loss of ions, and
according to whether they are important processes for the current Martian at-
mosphere (Table 1). Before an atmospheric particle can escape by any process,
it must have an energy corresponding to a velocity in excess of the Martian
escape velocity of ~5 km/s. The escape energy for atomic hydrogen is about
0.1 eV, while an oxygen atom requires about 2 eV before it can escape.

Some escape processes contribute to atmospheric fractionation, where lighter
species (or lighter isotopes of a single species) are preferentially removed, mak-
ing the heavy species more abundant in the atmosphere. The most convincing
observational evidence suggesting that the Martian atmosphere has been ex-
tensively depleted since its formation comes from measurements of a variety of
isotopes, including hydrogen, carbon, nitrogen, argon, and xenon [Jakosky and
Jones, 1997, and refs. therein|. Determination of the magnitude of atmospheric
loss over Martian history is problematic for two reasons. First, the atmosphere

has exchanged with different surface and subsurface reservoirs over its history,



meaning that different amounts of atmospheric species have been available to
the atmosphere at different epochs [Jakosky and Jones, 1997]. Second, processes
other than escape (e.g. surface interactions) can contribute to fractionation [e.g.
Musselwhite and Drake, 2000].

The main escape mechanisms are briefly summarized below

e Hydrodynamic outflow and impact erosion are not significant for the
current atmosphere, but likely contributed to significant loss of neutrals
early in Martian history. Hydrodynamic outflow occurs when a light
species (such as hydrogen) is present in the upper atmosphere in abun-
dance, with energy greater than the planetary escape velocity. The light
species escapes to space, and drags heavier species along with it through
collisions. Light species are prefentially carried away with the fluid outflow
because gravity counter-acts the upward drag. This process is thought to
be important for early terrestrial atmospheres, which were hydrogen rich

[Zahnle and Kasting, 1986].

e Impact erosion removes atmospheric particles when the vapor plume
from a large impactor (or the impactor itself for smaller objects) ener-
gizes and accelerates atmospheric particles above the escape velocity. This
mechanism is most significant for large impactors, is assumed not to con-
tribute to fractionation, and is a less species-selective process because of
the manner in which the energy is deposited into the atmosphere. Impact
erosion is thought to be the chief loss mechanism for Mars after hydrody-
namic outflow ceased and before the end of the late heavy bombardment

[Melosh and Vickery, 1989)].

e Thermal escape occurs when a portion of the thermal distribution for an
atmospheric species exceeds the energy necessary for escape. This process

(also called Jeans escape) contributes to fractionation since lighter species



require less energy to achieve escape velocity. Jeans escape is thought to
be the dominant loss process for neutral atmospheric hydrogen at Mars

[Yung et al., 1988; Kass, 2001].

e Non-thermal escape is a collection of processes that result from ad-
ditional energy inputs to certain atmospheric species. These processes

include:

— Photochemical escape In this process solar EUV radiation and
ionospheric chemistry combine to produce a species that undergoes
dissociative recombination. This reaction imparts superthermal en-
ergies to its atomic products, thereby increasing the fraction of atoms
with energies above that needed for escape. This process is extremely
important in the current Martian atmosphere [Luhmann and Brace,
1991], producing both direct escape of the key constituents O and N,
and the hot oxygen corona that is a reservoir for the production of

the pickup ions that escape and sputter neutrals as described below.

— Ton Pickup The acceleration or pickup of atmospheric ions occurs
because these charged particles experience an electric field from the
magnetized solar wind when they are produced above the ionopause.
They can be accelerated to speeds of up to 100s of km/s. Some are
accelerated along trajectories that carry them downstream into the
distant solar system, while others are on a collision course with the
deeper atmosphere. The latter may participate in another nonther-

mal loss process called sputtering.

— Sputtering is an escape process that can act to remove heavy atmo-
spheric neutrals. Both solar wind protons and recently picked up ions
impact the Martian atmosphere where they undergo charge exchange

near the exobase. Charge exchange neutralizes the ion which then



imparts its relatively large energy to surrounding particles by colli-
sions. If the collision products have upward velocities larger than the
escape velocity they may be directly lost, while the rest contribute
to the density of the neutral corona (which is the source of pickup
ions in the first place, making an interesting feedback loop). The loss
rate due to sputtering is debated in the literature [Luhmann et al.,
1992a; Kass and Yung, 1996]. It is thought to be a contributing loss
process whose importance may have been especially significant early

in Mars’ history [Luhmann et al., 1992a).

— Bulk removal of planetary atmospheres is thought to occur at
Venus, Mars, and comets. These processes are not well-understood,
and can include wave and fluid instabilities at the solar wind / at-
mosphere boundary layer that strip away large portions of the atmo-
sphere at one time [Perez-de-Tejada, 1987], or outflows analogous to

the Earth’s “polar wind” [Hartle and Grebowsky, 1990].

Contemporary Processes

The loss mechanisms of Jeans escape, non-thermal chemical loss, ion pickup,
and sputtering (listed above) are believed to be important for the current Mar-
tian atmosphere. Jeans escape is only thought to be relevant for atmospheric
hydrogen [Kass, 2001]; the three latter processes are discussed here in further
detail.

Mars’ chief atmospheric constituent is COg[Nier and McElroy, 1977], and
OFis the dominant ionospheric ion [Hanson et al., 1977] (Figure 4). While many
atmospheric species escape, the relationship between the major loss processes
can be illustrated by examining the possible fates of the oxygen that results from

photolysis of COy(Figure 5). OF formed by photolysis is a major constituent of
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the ionosphere. It dissociatively recombines to form hot oxygen atoms, some of
which exceed the escape velocity and are lost from the atmosphere. Other hot
oxygen atoms reach high altitudes, forming a corona. A fraction of these are
ionized, and then picked up by the solar wind. Depending upon the orientation
of the solar wind magnetic field with respect to Mars and the location of the
oxygen when it is ionized, it is either lost by the pickup process, or re-impacts
the planet. Re-impacting oxygen ions can cause multiple atmospheric atoms to
be sputtered out of the atmosphere.

Evidence that the dissociative recombination process is active at Mars is
inferred from ionospheric altitude profiles from the Viking landers (Figure 4),
which showed that the Martian ionosphere is predominantly O;[Hanson et al.,
1977]. Dissociative recombination produces hot oxygen with a predicted energy
distribution, part of which exceeds the escape velocity at Mars (Figure 6). In
contrast, Venus has a COsatmosphere and produces a hot oxygen corona, but
the energy distribution of hot oxygen at Venus does not exceed the planetary
escape speed. Dissociative recombination results in significant atmospheric loss
at Mars of several important species; model calculations have been published
for oxygen [Fox and Hac, 1997; Kim et al., 1998; Hodges Jr., 2000], nitrogen
[Fox, 1993], and carbon [Foz and Hac, 1999; Nagy et al., 2001].

Non-thermal photochemical processes supply the hot oxygen corona at Mars;
solar wind pickup of ionized coronal atoms depletes it. As discussed above,
pickup requires that atmospheric particles be ionized, and that they have ac-
cess to the solar wind electric field. Three main ionization process act at Mars:
photoionization, charge exchange, and electron impact ionization. The effects
of each of these three ionization processes on pickup loss has been modeled,
and all three are thought to be important [Luhmann and Bauer, 1992; Zhang

et al., 1993b; Jin et al., 2001]. The solar wind is excluded below the ionopause,
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meaning that ions above the ionopause are subject to the pickup process. In-
deed, photochemical models that do not include solar wind effects predict higher
ionospheric densities than are actually observed at high altitudes (Figure 7), in-
dicating that the solar wind is responsible for substantial removal of ions at
the top [Shinagawa and Cravens, 1989]. The gyroradius of pickup ions at Mars
can be large compared to the planetary radius, with the result that pickup is
asymmetric with respect to the planet [Wallis, 1972]. Gyroradius scales with
ion mass, and is inversely proportional to background field strength (gyroradii
are not as large relative to the planetary radius at Earth or at Venus because
the strength of the interplanetary field is lower at Mars, and because Mars is
smaller). The gyroradius for OTin a few nanotesla background magnetic field
is several Mars radii. In the inner magnetosheath, where the draped interplan-
etary field is compressed against the obstacle to ~ 30 nT [Vignes et al., 1998],
the gyroradius is reduced to a fraction of a Mars radius. Sample pickup ion
trajectories are shown for Venus and Mars in Figure 8. Pickup ions have been
directly observed in the optical shadow of Mars by the ASPERA and TAUS in-
struments on the Phobos-2 spacecraft [Lundin et al., 1990; Verigin et al., 1992],
as shown in Figure 9.

As mentioned above, not all pickup ions are expected to escape from Mars.
The orientation of the solar wind magnetic field determines the path of a fresh
pickup ion, and many of these new ions have trajectories that direct them down
into the atmosphere as they are accelerated by the solar wind, as shown in
Figure 9. Reimpacting oxygen ions can achieve energies as high as 10 keV
(Figure 10). This energy is redistributed to neutral atmospheric particles below
the exobase through charge exchange and other collisions, and some of these
particles will be backscattered and escape. There is currently no observational

proof that sputtering occurs at Mars. Observable evidence could consist of a
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coronal density that exceeds that expected for the photochemical source, or the
direct detection of sputtered neutral particles.

Non-thermal mechanisms are more effective than Jeans escape at removing
oxygen. However, Jeans escape can be an important loss process for hydrogen,
which is sixteen times lighter than oxygen, and therefore has an escape energy
which is sixteen times smaller. Hydrogen is lost in a variety of forms, including
H, H2, D, and HD [Yung et al., 1988]. Jeans escape is the dominant loss process
for H [Kass, 2001], and dominates at solar maximum for H2 and D [Krasnopolsky

et al., 1998]. Non-thermal processes dominate the HD loss [Kass, 2001].

Other factors affecting the escape processes

A variety of other factors affect the above atmospheric escape processes at Mars.
One extremely important parameter is the solar EUV radiation flux. Solar ion-
izing radiation has great influence over the ionosphere at Mars because it de-
termines photoionization rates, and therefore affects the hot oxygen production
and thus the amount of oxygen available for ionization and pickup by the solar
wind. It also affects the rate of pickup ion production, and through the related
sputtering, increases the coronal density in an interesting non-linear feedback
loop. The solar EUV flux varies over timescales ranging from days to billions of
years. In the current epoch, solar radiation is known to vary predictably over
the solar cycle (Figure 11). The solar radio flux at 10.7 cm (F19.7 is correlated
with the sunspot number, and is commonly taken as a proxy for solar variability.
The variation over the solar cycle is particularly large in the UV and EUV (Fig-
ure 12), which are the wavelengths that are important for photoionization. The
amount of loss from Mars should be very different over the solar cycle; models
predict factors of 10 or more difference between solar maximum and solar min-

imum [e.g. Nagy et al., 2001; Kim et al., 1998; Fox, 1997]. This is potentially
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important for understanding the evolutionary consequences, as will be discussed
later, because the early Sun may have been bright in EUV wavelengths.

The solar wind also critically affects atmospheric loss. Variations in the the
solar wind affect collison rates in the upper atmosphere, the strength of the
IMF affects the gyroradii of pickup ions, and the solar wind dynamic pressure
affects the altitude of the ionopause. While many models for present-day at-
mospheric loss explore the effects of changes in solar EUV on loss, very few
consider only the effects of variations in the solar wind density, velocity, and
magnetic field strength and orientation [Luhmann et al., 1992a]. Finally, the
solar wind not only removes atmospheric constituents, but may also serve as a
source of volatiles (especially helium and rare gases) to the Martian atmosphere
[e.g. Krasnopolsky, 2000].

Coronal Mass Ejections (CMEs) produce large ejections of coronal material
into the solar wind that sometimes travel fast enough relative to the normal
400 km/s plasma flow to create an interplanetary shock wave. This shock wave
produces large fluxes of energetic particles as well as a solar wind pressure
pulse. A CME encounter with the Martian atmosphere could result in significant
enhancement to the atmospheric escape flux for short periods of time if it leads to
heating, extra ionization, or sputtering. The number and magnitude of CMEs
encountering the Martian atmosphere may contribute substantially to time-
averaged atmospheric loss rates. Analyses of this possible episodic increase of
solar wind interaction losses remain to be done.

There is currently no evidence for a dynamo magnetic field at Mars, but
regions of strongly magnetized crust have been observed by the Mars Global
Surveyor MAG/ER instrument [Acuna et al., 1998]. Crustal sources do not pro-
vide global atmospheric protection from solar wind scavenging. However, crustal

sources may protect regions of atmosphere locally, forming “mini-magnetospheres”
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that provide sufficient magnetic pressure to deflect the solar wind to significant
altitudes [Acuna et al., 1999]. In addition, the field line configuration resulting
from the interaction of the solar wind with crustal magnetic fields allows for
unusual topologies where magnetic field lines connected at one end to the Mar-
tian surface can reconnect to the solar wind magnetic field, similar to the polar
auroral regions at Earth [Krymskii et al., 2002]. Such topologies would provide
conduits for particle deposition into the Martian atmosphere (resulting in ion-
ization and heating), and particle acceleration out of the ionosphere (escape).
It is unclear whether this effect is significant at Mars.

Dust storms on Mars occur on an annual basis, and global, planet-encircling
dust storms occur less frequently. Dust storms heat the atmosphere, and are
known from radio occultation measurements to raise the ionosphere to higher
altitudes as a result [Zhang et al., 1990]. They also may affect the energetics and
chemistry in the upper atmosphere, thereby affecting escape. The implications

of these effects for loss rates are unknown.

Current Escape Rates

Investigators are reasonably certain that the major removal processes described
above act at Mars, but there is disagreement about the present-day escape rates,
and about the relative importance of these processes for different species. Three
approaches have been employed to determine escape rates for neutrals and for
ions: observation, basic estimates of total atmospheric loss rates, and models
for individual species and/or processes.

Given the large number of spacecraft that have visited Mars relative to other
solar system planets, it is suprising that there have not been more observations
capable of addressing the problem of escape. As mentioned above, the Phobos

spacecraft had two instruments that persistently measured heavy ions in the
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magnetotail of Mars. The ASPERA ion composition experiment had sufficient
mass resolution to separate observed ions into three groups: H, O, and molec-
ular ions [Lundin et al., 1990]. Proton and heavy ion spectra were also measured
by the TAUS spectrometer | Verigin et al., 1992]. Outflowing ions were observed
in the central tail, and also in the outer tail regions by both instruments, but
there was disagreement about the magnitude of the ion fluxes, and the region of
the tail where loss was greatest. In addition, TAUS estimates were based on ions
with energy greater than 180 eV. Ion fluxes ranged from ~ 10 — 107cm—2s~!.
Translating fluxes into global loss rates requires an assumption about the area
over which ionosphere is being lost, and the assumption that fluxes observed
in the tail are characteristic of fluxes over the entire ionosphere. Overall, the

025 ions/s, or on the order of 1

estimated ion loss in the Martian tail was ~ 1
kg/s of ionospheric loss.

Upper limits on global loss rates of ions may also be estimated using very
simple physical considerations. In these rough estimates, the solar wind is as-
sumed to transfer all of its momentum to stationary ionospheric ions, so that the
mass flux of incident solar wind ions is equivalent to the mass flux of escaping
planetary ions. The calculation is sensitive to assumptions about the cross-
sectional area of the obstacle to the solar wind, which is probably quite vari-
able. Different investigators have estimated upper limits of ~ 4.5 x 10%%ions/s
and ~ 4 x 10%%ions/s, assuming that all escaping particles are atomic oxygen
[Luhmann and Bauer, 1992; Lundin et al., 1990]. Such calculations assume
that the supply of ions to the ionosphere is rapid enough to maintain a steady
state. A similar type of estimate is sometimes employed for individual species
by using ionization rates of that species by different processes (electron impact,
photoionization, and charge exchange), upper atmosphere neutral density pro-

files, and the assumption that all ions created above the ionopause will be lost
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(effectively ignoring re-impact and sputtering). This type of calculation predicts
loss of ~ 10%° ions/s, in general agreement with the loss rates inferred by the
Phobos spacecraft [Luhmann and Bauer, 1992].

Physical models are a third commonly used means of prediction for atmo-
spheric loss rates. A variety of models (and combinations of models) have been
used, including Monte Carlo simulations [Kallio and Barabash, 2001; Leblanc
and Johnson, 2001; Jin et al., 2001; Johnson et al., 2000; Hodges Jr., 2000;
Kim et al., 1998; Fox and Hac, 1999; Kass and Yung, 1995, 1996], test parti-
cle models [Cravens et al., 2002; Leblanc and Johnson, 2001; Jin et al., 2001;
Kallio and Koskinen, 1999; Luhmann and Kozyra, 1991], photochemical models
[Nair et al., 1994; Krasnopolsky, 1993; Yung et al., 1988], MHD simulations [Ma
et al., 2002; Liu et al., 2001], and two-stream models [Nagy et al., 2001; Nagy
and Cravens, 1988; Kim et al., 1998]. These models have been applied to several
mechanisms for many species, including (but not limited to) dissociative recom-
bination of CO*, OF, and N3 [Hodges Jr., 2000; Fox and Hac, 1999, 1997; Foz,
1993; Kim et al., 1998; Nagy and Cravens, 1988]; ionization and pickup of O and
He [Jin et al., 2001; Kallio and Koskinen, 1999; Krasnopolsky and Gladstone,
1996; Krasnopolsky et al., 1993; Luhmann and Kozyra, 1991]; and sputtering of
neutrals at the exobase by O%Vpickup ions [Johnson et al., 2000; Hutchins and
Jakosky, 1996; Kass and Yung, 1995, 1996; Luhmann and Kozyra, 1991].

Each of the three approaches above has problems. Observations to date have
not sampled loss from the entire atmosphere (Figure 13) and did not have the
mass resolution required to determine loss rates for individual heavy ion species.
Further, there have been no spacecraft measurements of neutral loss other than
of hydrogen inferred from Lyman-alpha profiles measured by the Mariner space-
craft ultraviolet spectrometer. Estimates of total atmospheric loss are based on

simplifying assumptions. Model-dependent predictions of atmospheric escape
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have become increasingly sophisticated. However, these models are poorly con-
strained by observations.

Table 2 summarizes the current escape rates due to processes unrelated to
the solar wind for four biologically significant species: H, O, C, and N. The
escape rates range from 10%s~' to 10%5s~!. Among these species, only H has
been estimated entirely based on observations [Krasnopolsky et al., 1998]. The
escape rate for the other three species rely on model predictions, and have not
been validated. Figure 14 suggests that the oxygen escape flux for Mars is
comparable to the hydrogen escape flux at Earth in the form of polar wind and

energetic neutral H from ring current decay.

Evolution of the Atmosphere

The relative importance of each process, and the escape rates for neutrals and
ions has changed over Martian history. The history of the atmosphere as it is
currently understood (cf. Jakosky and Phillips [2001]) is as follows: The original
Martian atmosphere formed 4.6 Ga from impact delivery of volatiles and from
outgassing events. Hydrodynamic escape stripped away the early atmosphere,
until enough hydrogen had been removed that this fluid-like escape process was
no longer possible. Impact erosion was the dominant escape process until the
end of the late heavy bombardment (about 3.5 Ga), removing large portions of
atmosphere with every large impact (but also adding volatiles to the atmosphere
with every impact, large or small). A secondary atmosphere probably formed as
a result of impact delivery and large outgassing events. A global magnetic field
prevented escape by solar wind related mechanisms. After the flux of impactors
declined, Jeans escape and photochemical mechanisms dominated neutral loss.
After the dynamo ceased, solar-wind mechanisms dominated ion loss. These

mechanisms have continued to remove and fractionate the atmosphere over the
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last 3.5-3.7 Gy. Exchanges with the polar caps and surface have also affected
the atmosphere.

Three main factors have governed escape rates and the integrated atmo-
spheric loss since the end of the late heavy bombardment. These are the timing
of the Martian dynamo, the evolution of the solar ionizing radiation, and the
evolution of the solar wind.

Current evidence supports the idea that Mars had a global dynamo early
in its history and that this dynamo did not exist at the time of resurfacing of
the northern hemisphere and at the time of formation of the two large southern
impact craters (Hellas and Argyre) [Acuria et al., 1999]. Recent experiments
demonstrate that the oldest SNC meteorites formed in the presence of a strong
magnetic field, and therefore the dynamo had turned on within the first 0.5
billion years of Martian history [Weiss et al., 2000]. There is some debate as to
whether the dynamo was capable of restarting later in Martian history [Schubert
et al., 2000]. A dynamo provides significant protection from solar wind related
loss mechanisms (Figure 15), because the pickup process is only effective above
the magnetopause. The altitude of the Martian magnetopause as a function of
time is therefore an important parameter for evolutionary calculations, and the
timing of the dynamo is an important constraint. Evolutionary calculations of
atmospheric loss have incorporated different models for the time evolution of
the global magnetic field (Figure 16), and for the altitude of the magnetopause
(Figure 17). Additional atmospheric protection might be offered by crustal
magnetic sources [Acunia et al., 1999]. If these sources existed over the entire
planet, and have gradually been erased by impacts and resurfacing events over
Martian history, then solar wind mechanisms may have been largely prevented
for a long period of time after the dynamo turned off [Jakosky and Phillips,
2001].

19



Observations of sun-type stars show that the solar EUV flux was substan-
tially higher in the past than it is today (Figures 18) [Ayres, 1997]. Models
predict that a higher EUV flux would account for higher exobase altitudes and
increased scale heights (Figure 19), providing for the existence of ionosphere
at higher altitudes than the present ionosphere, and a more extended corona
(Figure 20). Both the dissociative recombination loss and the loss from pickup
and sputtering would have been greater in the past as a result [Luhmann et al.,
1992a]. The magnitude of the solar cycle variability in EUV flux in the past is
currently not known. Escape rates would have been affected if the solar activity
level was higher.

Very little is known about the history of the solar wind, because observations
of the solar wind at sun-type stars has to this point not been possible [Ayres,
1997]. Model predictions suggest that the flow velocity and field strength of the
solar wind were higher in the past (Figure 21). A higher flow velocity would
increase the incident mass flux at Mars (allowing for removal of a greater number
of ions), as well as the dynamic pressure of the solar wind (reducing the altitude
of the ionopause, above which pickup can occur). Higher field strength would
decrease the gyroradii of pickup ions, perhaps affecting the fraction of pickup
ions directly escaping versus participating in sputtering.

The integrated loss over Martian history is very difficult to determine. Mod-
els for ion production and sputtering loss have included the effects of EUV,
solar wind, and possible dynamo models [Hutchins et al., 1997; Luhmann et al.,
1992a). It is generally predicted that loss rates were higher in the past than they
are today [Luhmann et al., 1992a; Kass and Yung, 1995, 1996]. Calculations
that incorporate nominal EUV histories and solar wind behaviors estimate that
the oxygen equivalent of a 50 m global water layer has been lost to space in the

past 3.5 Gy, along with 150 mb of COq[Luhmann et al., 1992a]. For comparison,
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the current atmosphere contains 6-7 mb COs, and has an atmospheric water
content equivalent to a 7 x 107% m global layer. Other evolutionary models
have accounted for 1 bar of atmospheric COsloss [Kass and Yung, 1995, 1996].
Isotope measurements seem to indicate that anywhere from 25 — 90% of the at-
mosphere that existed at the last time that isotope ratios were “reset” has been
removed through fractionating escape mechanisms [Jakosky and Phillips, 2001].
In addition, up to 50 — 90% of the atmosphere that existed at the formation
time of the oldest geologic surface units has been removed by impact erosion
[Brain and Jakosky, 1998]. Overall, it is possible that substantial amounts of
atmosphere have been removed in the last 3.5 Gy — perhaps enough to account

for an early climate capable of supporting liquid water on the Martian surface.

Suggestions for Improved Understanding

Currently, our understanding of atmospheric escape at Mars is largely model-
dependent, and is based on relatively few direct observations. Progress can be
made in three general areas. First, the escape processes thought to remove
atmosphere must be validated by observations. Second, observations should
be made of global escape rates over time periods long enough to establish esti-
mates of variability and the response to extreme conditions. Third, observations
should be made that will improve models for the history of Martian atmospheric
escape. Specific observations, model improvements, and spatial and time scales

are discussed below.

Observations

Observations are vital to the improvement of estimates of current and past loss.

Five observations are listed here, in order of priority:
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e Orbiting ion mass spectrometry lon mass spectrometers in orbit
around Mars would both measure the lower altitude (< 300km) iono-
spheric cold ions that undergo dissociative recombination, thereby con-
straining the variability of the hot oxygen source, and at higher altitudes
measure pickup ion fluxes moving down the wake and reimpacting the at-
mosphere. Special spectrometers would have to be developed to measure
the low energy neutral sputtering products and validate the contribution
of the sputtering process. Such spectrometers should improve on the mass
resolution of the ASPERA instrument on Phobos 2, which was unable to
distinguish between molecular ion species [Lundin et al., 1990]. Several
relevant instruments are on the Nozomi spacecraft, scheduled to arrive at

Mars in 2004.

e Ultraviolet spectrometry A UVS instrument at Mars could provide
much-needed information about energetic atmospheric neutrals in the corona.
Its measurements could be used to infer the energy spectrum of neutrals
produced by the dissociative recombination (and sputtering) process, as
well as composition and density in the corona. In combination with the
ionospheric ion measurements mentioned above, a UV instrument could
establish some evidence for a sputtered component of the corona. Ultravi-
olet airglow emission at Mars between 1100 and 4000 A was measured by
the Mariner 6 and 7 spacecraft [Barth et al., 1971], and includes emissions
from CO, COT, COJ, and O, as well as Lyman a. EUV measurements
have been made of He at 584 A [Krasnopolsky et al., 1994]; O and O+

emit in the EUV as well. Nozomi carries both EUV and FUV instruments.

e Supporting EUV and Solar Wind measurements Supporting mea-
surements of the solar wind (velocity, density, and magnetic field) and solar

EUYV flux and energetic particles in concert with the above measurements
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are needed to understand the range of variability in escape over a solar
cycle and under extreme solar activity conditions. In the absence of an
upstream solar wind and EUV monitor at Mars, investigators are forced
to make assumptions about the values of the relevant parameters. Many
investigators adopt “typical” values of the relevant parameters, thereby
assuming no time variability. Others [Mitchell et al., 2000; Vennerstrom
et al., 2003] extrapolate from spacecraft measurements near Earth (these

extrapolations are most reliable over long timescales).

Sun-like star observations The history of the solar wind is poorly con-
strained from observations or models, and only the average history of the
EUV flux for Sun-type stars is known. Observations of sun-type stars
that provide information about the evolution of the solar wind, and in-
formation about the frequency and magnitude of variability in the EUV
flux as a function of time would be useful for calculations of integrated
loss at Mars. Recent models suggest achieving warmer temperatures on
early Earth and Mars can be achieved by assuming that the early Sun was
brighter than predicted by typical models; such a bright Sun might have
existed if it were a few percent more massive than it is today [Sackmann
and Boothroyd, 2003]. The assumptions of these models are testable using

helioseismology [Sackmann and Boothroyd, 2003].

Low altitude field measurements The chronology of the global field
is important for evolutionary calculations of atmospheric loss. The tim-
ing of the Martian dynamo could be further constrained with low-altitude
magnetic field surveys. These surveys would need to take place from an
atmospheric platform, rather than from an orbiting spacecraft. The Mars
Scout missions provide possible opportunities for this type of observation.

Low altitude surveys are also of interest to investigators interested in look-
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ing for subsurface water on Mars on local scales [Sprenke and Baker, 2003].

Species and Scales

Different escaping species are important at Mars for different reasons. H,C,0,
and N are biologically important species, and the rate at which they escape must
be known before their current abundance in the atmosphere can be related to
biological activity. In particular, their atmospheric abundance over Martian
history gives clues to when biological processes were possible at Mars. The
escape of H and O are especially important because they determine water loss
at Mars, contribute to the oxidation state of the atmosphere and surface (is
H escaping twice as fast as O7), and are important for the formation of many
ancient and recent geologic features. C and O are important because COais
the chief atmospheric constituent, and a greenhouse gas that warmed the early
atmosphere. The most likely explanation for the geologic evidence on Mars is
that it had a thick COsatmosphere and a climate hospitable to liquid water long
ago, and that much of the COywas lost. Lack of detection of abundant surface
carbonates to this point [Christensen et al., 1998] suggests that the COywas lost
to space, but predictions for this loss vary by orders of magnitude. Integrated
loss estimates for COsby all possible significant processes must be improved
before we can reliably state what happened to the ancient atmosphere.

A variety of spatial domains are also important to measurements of present
atmospheric escape. Ideally, a survey of escape at Mars would cover a wide
range in altitude, solar zenith angle, and local time. In this way the uniformity
(or nonuniformity) of the escape flux could be determined (Figure 13), including
the low altitude photochemical processes and high altitude solar wind related
processes. Simultaneous measurements by spacecraft in the equatorial plane

and in a polar orbit would be tremendously useful, in addition to supporting
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solar EUV and solar wind measurements at Mars.

One key consideration for future measurement strategies is the timescale
over which measurements are taken. For current escape rates, measurements
should be taken over timescales ranging from one sol to one solar cycle. Crustal
magnetic sources affect the ionopause altitude and the shape of the obstacle
that Mars presents to the solar wind as Mars rotates. There may be seasonal or
annual variation in escape due to dust storms or obliquity variation. The solar
EUV flux varies periodically over the solar cycle, affecting ionization, ionopause
altitudes, and escape. The effect of variations over each of these timescales must

be considered when modeling the evolution of the Martian atmosphere.

Models

Improved models will result from improved observations. Model refinements
will have the largest impact in the area of atmospheric evolution. First, models
of the early Martian atmosphere are needed to provide initial conditions for
calculations of integrated loss over Martian history. Models of the early EUV
flux already exist, but the variability superposed on the “average” EUV history
has not been determined. There are very few models of the history of the
solar wind, which is responsible for pickup and sputtering loss. Finally, a time
history of the Martian global magnetic field is critical for determining the extent
to which the solar wind related loss processes which are important today acted

in the past.

Astrobiological Implications

The discussions above focus on the current understanding of atmospheric es-
cape at Mars, and suggested measurements for an improved understanding and

extrapolation to the past. The astrobiological connections of the proposed mea-
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surements are less direct. Martian biology would have to measurably affect the
species or processes involved, either in the ionosphere, in the exosphere, or at
the exobase. In this case, study of the lower atmosphere would be a more direct
method of detecting these anomalies, and would further enable the detection of
“local” atmospheric biosignatures confined to limited geographic regions.

Isotope ratios are commonly taken as proof that escape has occurred at Mars,
with heavier isotopes more abundant than light isotopes. If there were an isotope
ratio that could be affected by biology, did not fit the observed trend in isotope
ratios of different species (e.g. favored the light isotope), and could not be
explained by escape or geological processes, then one might consider biological
activity as a potential contributor. However, given the probability that different
resevoirs have been in contact with the Martian atmosphere at different times
over its history, unambiguous interpretation of a biological isotopic signature
seems unlikely.

Another possible biosignature could be present in the oxidation state of the
Martian atmosphere. For example, if Mars is observed to have an oxidizing
atmosphere, but escape and other loss processes cannot account for sufficient
loss of reducing species, then biology might be at work.

Each of the above approaches contains uncertainties that may never be re-
solved. Perhaps the most promising constraint that studies of atmospheric es-
cape can place on Martian biological activity is not in the area of biosignature
detection, but in determination of the climate and atmospheric composition at
each point in Martian history. If we could state with reasonable certainty what
elements and climate conditions would have been available to life on Mars as a
function of time, then we could say something about when and where life might

have existed on Mars, and where evidence of that life might be preserved today.
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Figure 1. Cartoon of possible atmospheric sources and sinks for Mars.

Figure 2. Diagram showing radial solar wind plasma outflow with embedded
magnetic field lines, and the interaction of the solar wind with a planetary ob-

stacle.

Figure 3. Interaction of the solar wind with a planetary atmosphere. From

Luhmann [1995].

Figure 4. Viking altitude profiles of the neutral Martian atmosphere [Nier and

McElroy, 1977], and the ionosphere [Hanson et al., 1977).

Figure 5. Possible avenues of loss for atmospheric oxygen.

Figure 6. Expected energy distributions for hot oxygen at Venus (top) and Mars

(bottom). From [Luhmann and Kozyra, 1991].

Figure 7. Comparison of a model prediction for ionospheric density in the ab-
sence of any magnetic fields (top) to actual ionospheric density altitude profiles

(bottom). From Shinagawa and Cravens [1989].

Figure 8. Test particle trajectories for Otat Venus (top), OTat Mars (middle).
From Luhmann [1990].

Figure 9. (top) Cartoon of the solar wind interaction with Mars. Atmospheric

ions accelerated by the solar wind are either carried downstream, or re-impact

the atmosphere. From Luhmann [1995]. (bottom) Locations of oxygen ions ob-
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served downstream from Mars by ASPERA, from Kallio et al. [1995]. Locations
are projected into the y-z plane (in aberrated coordinates). Low energy oxygen
is observed in the central tail region, while high energy oxygen is observed in

the outer tail.

Figure 10. Energy spectra of precipitating OTions for Venus and Mars, calcu-

lated from a test particle model. From Luhmann and Kozyra [1991].

Figure 11. Correlation of sunspot number (a) and flux at 10.7 cm (b) over 5

solar cycles.

Figure 12. Solar irradiance as a function of wavelength (a), and the variability
over a single solar cycle (b). The variability is particularly large in the UV and

EUV.

Figure 13. Cartoon diagram showing the uncertainty in the determination of
the flux of escaping ions at Mars. Neither the spatial extent over which escaping
ions can be observed nor the spatial uniformity of the escape flux have not been

measured.

Figure 14. Planetary source strengths of different elements to the solar wind as

a function of heliocentric distance.

Figure 15. Comparison of the spatial extent of the Martian solar wind interac-

tion to that at Earth. From Luhmann and Brace [1991].
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Figure 16. T'wo models for the time evolution of the Martian dynamo, based on

the sulfur content of the core. From Hutchins et al. [1997].

Figure 17. Magnetopause altitude above the subsolar point calculated for the

model with xs=0.14 from Figure 16. From Hutchins et al. [1997].

Figure 18. Predicted time evolution of solar EUV luminosity (bottom), in units

of the contemporary value.

Figure 19. Atmospheric profiles for O and COsfor different values of the solar
EUV flux. The exobase altitude was higher in the past. From a model calcula-

tion by Luhmann et al. [1992a).

Figure 20. Model hot oxygen density profiles for different values of the solar
EUV flux. From Luhmann et al. [1992a] and Zhang et al. [1993a].

Figure 21. Modeled time evolution of the solar wind velocity and magnetic field

strength, adapted from Newkirk Jr. [1980] by Zhang et al. [1993a] and Luhmann
et al. [1992a].
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Table 1 Mechanisms for Loss to Space

NEUTRALS

IONS

hydrodynamic outflow
impact erosion
thermal escape
photochemical escape
sputtering

ion pickup
bulk removal
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Table 2 Non-Solar Wind Related Current Escape Rates (Global atoms/s)

H 1.2 x 1028 measurements®

0 5 x 10% —1 x 10%® measurements® and models®
C 2 x 1024 — 1 x 10?5 model?

N 3 x 10% model®

“Ly « corona

bViking ionosphere
¢dissociative recombination
dphotodissociation
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Figure 3

Planetary Atmosphere
(Neutral Atoms and

Molecules)\

44

lonosphere

(Photoions)\

— >4+ -4 -4 -

Interplanetary/ \

Magnetic Field

Magnetosheath



300

CONCENTRATION (cm™3)

250
E
o
w
(=)
D
= 200
5
.«
150
120 I: 4 5 ]s
102 10 10 10 10
5 .I x T . T L L T
350} :
VIKING |
-JULY 20,1976
N - Ne
300 X e 0,*
a A A co,t
'\ oot
& \
250 ¢
s \
> \,
\
\
R-znmx

ALTITUDE ‘(km)
™
o
[}
T

150

10"

37

38

Figure 4

102

ION CONCENTRATION (cm™3)

45

ALTITUDE (km)

10®

10°

10%° io" 10"

300

250

200

150~

100

T T T T T T T T T T

VIKING 2

===Ne
® 0%
& coft
o ot

.\
% .\.‘

e

/AL;

| L 1 1 1 1 1 1

‘SEPT. 3, 1976 -

53

51

-50

a9

a7

10!

1 1
102 10® 104 10°
ION CONCENTRATION (cm™3)



Figure 5

col+ 0 > 0y + €O

makes U, “hen

e

dissociative recombination

O,+e» 040

makes superthermal O

phatoionization lor Impact
lanization or charge exchange)

*
G4 hy - O'%e

|

'

direct solar wind pickup followead by
pichupland loss) reimpact

generation ot hackscatterad
or spuitered O with velocities
sometimes ahove \Vesc

46



Venus - Upward Moving Fluxes

(Al
o' it
N ; g;/ﬁaekﬂeauerud o
10 L Exosphere
10" P
- )
5 10 (Nagy et ' I'-'
£ 10% 4 al, 1901) =
R TTL \ Backacallered 0O
- 10 i \\ Ecpapo
q :
2 107 i
10® ]
1ot
'|ﬂu ¥ . 1 ¥ T T '"I"| L g i
10 10 10> 10" 10* 10' 10"
E (V)
Mars - Upward Moving O Fluxes
(b)
i -
I 1 Direct Exocaphere
‘g}*‘/ Escape
i &
& "<
2 i
] Hot ©
T (Nagy,
v Privata
e Communi-
. cation) N Backscattered O
3 Cseape
T

1008 10" 10 10° 107 10" 10°
E (eV)

47
Figure 6



MARS [ONOSPHERE

£
L
E
a

t.m-. Y

100 10! 102 10® 0% 10% 0B

DENSITY (cm-3)
400
VIKING 1
{Hanson et al. data)

I3 a00 b
E- - CO2+
[ o= 0y
E o O+
i L — N
. 200

100

107 102 10° 104 10° 10°

DENSITY (cm-3)

From Shinugawa and Cravena (10889)

The Top of Mars' lonosphere is Missing

48
Figure 7



i=10"

B=10* o T

Figure 8



Bow Shock

_____________ Atmospheric lon

________ "Pickup by
________________________ Solar Wind
Solar
Wind
Atmospheric lon
Atmospheric
Neutral Atoms
lonopause
Pressure Balance Surface
25f ' 241 ou ' - .
s Il Circular orbits
2t
1.5¢
1k
g 0.5¢ Esw -
é or Vsw *
£
N 05
-1
-1.5F 40_out * Vx{O+) > 250 km/s
o Vx(0+) < 50 km/s
-2 oo +Vx(0+) > 50 km/s
42;in' < 250 km/s
2.5 .

Figure 9

50



Figure 10
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Figure 11
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Figure 13
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Figure 16
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Lower Atmosphere History
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