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Abstract The evolution of the atmosphere of Mars and the loss of volatiles over the lifetime of the solar
system is a key topic in planetary science. An important loss process for atomic species, such as oxygen, is
ionospheric photochemical escape. Dissociative recombination of O, ions (the major ion species) produces
fast oxygen atoms, some of which can escape from the planet. Many theoretical hot O models have been
constructed over the years, although a number of uncertainties are present in these models, particularly
concerning the elastic cross sections of O atoms with CO,. Recently, the Mars Atmosphere and Volatile
Evolution mission has been rapidly improving our understanding of the upper atmosphere and ionosphere
of Mars and its interaction with the external environment (e.g., solar wind), allowing a new assessment of
this important loss process. The purpose of the current paper is to take a simple analytical approach to the
oxygen escape problem in order to (1) study the role that variations in solar radiation or solar wind fluxes
could have on escape in a transparent fashion and (2) isolate the effects of uncertainties in oxygen cross
sections on the derived oxygen escape rates. In agreement with several more elaborate numerical models,
we find that the escape flux is directly proportional to the incident solar extreme ultraviolet irradiance and is
inversely proportional to the backscatter elastic cross section. The amount of O lost due to ion transport in the
topside ionosphere is found to be about 5-10% of the total.

1. Introduction

A key process for loss of atomic oxygen from the atmosphere of Mars is photochemical escape.
Photochemistry in the upper atmosphere and ionosphere of Mars produces suprathermal atoms, which
populate hot atomic oxygen, nitrogen, and carbon exospheric coronae [McElroy, 1972; Nagy and Cravens,
1988; Lammer and Bauer, 1991; Kim et al., 1998; Johnson and Luhmann, 1998; Hodges, 2000, 2002; Lammer
et al,, 2003; Krestyanikova and Shematovich, 2005; Fox and Ha¢, 2009, 2014; Valeille et al., 2009a, 2009b,
2010a, 2010b; Gréller et al., 2014; Lee et al., 2015a, 2015b; Deighan et al., 2015; Rahmati et al., 2015; Lillis
et al, 2015]. A hot oxygen corona was observed at Venus by measurements of resonantly scattered solar
photons in the Ol 130.4 nm line made by the ultraviolet spectrometer on board the Pioneer Venus Orbiter
[Nagy et al., 1981, 1990] and now has also been observed at Mars [Deighan et al., 2015]. Hot O is produced
by the dissociative recombination (DR) of the major ion species in the ionosphere, O,* [McElroy, 1972;
Nagy et al., 1981, 1990; Nagy and Cravens, 1988]:

— O(*P) +O('D) +5.00 eV (0.42) (1)
— O('D) +0O('D) +3.02 eV (0.31)
—0('D) +0('s) +0.80 eV (0.05)

Note that the O escape energy near an altitude of 200 km is Eqsc ~ 2 €V, so that the first two branches of reac-
tion (1) produce O atoms that have sufficient energy to escape the planet and atmosphere. Each O atom is
produced with close to half the exothermic energy due to momentum conservation. Branching ratios
adopted for the reaction products have varied, but the values currently assumed by most modelers [see
Fox and Hac, 2009] are provided in equation (1) and are shown in the parentheses. The DR rate coefficient
[Peverall et al., 2001; Petrignani et al., 2005] is given by a=2x10""cm3s™" (300K/T.)%’, where T, is the
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Figure 1. CO,, CO, O, and N, density profiles for the Martian thermo-

sphere for solar minimum and maximum conditions. From MGITM
model [Bougher et al., 2015a] and used by Rahmati et al. [2014, 2016].

ions [Gréller et al, 2014], but these are
minor sources at Mars. At Venus and
Earth, all the hot O atoms produced by
the DR reaction have speeds less than
the escape speed and the exospheric O

These densities agree overall with the initial measurements of the density
by the NGIMS instrument on board MAVEN [Mahaffy et al., 2015]. The local
time assumed is 11:00.

atoms remain in bound orbits.

The atoms produced by the top two
reaction channels in equation (1) have
speeds greater than the vesc =5km/s escape speed for Mars and can escape the planet if they are produced
in the exosphere (see references above). This has been shown to be an important loss process for Mars and a
source of a hot O corona [e.g., Nagy and Cravens, 1988; Kim et al., 1998; Fox and Ha¢, 2014]. A variety of models
have been constructed to study the hot atom coronae (and escape) of Venus, Mars, and Titan (see earlier
references) using different methods. Fast oxygen atoms produced by various means, but especially from
DR, mainly collide elastically with ambient atoms and molecules resulting in changes in direction and energy
loss (or gain) that alter the trajectories of the O atoms. Such collisions cool the O atoms on average and, if the
altitude is low enough (i.e., below the so-called “traditional exobase”), prevent them from reaching the exo-
sphere and thus escaping if they have enough energy (i.e., 2 eV). However, atoms produced at high enough
altitudes can populate the exosphere/corona. The collision process has been modeled with methods like the
two-stream method or Monte Carlo methods, and a variety of cross sections for O collisions with CO,, O, and
other species have been adopted over the years [see Lillis et al.,, 2015, and above references], none of which
are entirely satisfactory. Figure 1 shows the neutral density profiles in the Martian thermosphere for different
solar activity levels, based on the Mars Global lonosphere-Thermosphere Model (MGITM) [cf. Bougher
et al.,, 2015a].

In spite of the large numbers of numerical models of hot O at Mars, a number of issues remain, two of the key
ones (but not the only ones) being (1) How do oxygen escape rates scale with the solar ultraviolet irradiance,
both now and in the geological past? and (2) What elastic cross sections should be used in hot O calculations
and how are escape rates affected by the choice of cross section [e.g., Fox and Hac, 2014]? Measurements of
ionospheric and atmospheric properties of Mars by the Mars Atmosphere and Volatile Evolution (MAVEN) space-
craft are well underway, and the first observations of the Martian hot oxygen corona have been made [Deighan
et al, 2015; Lee et al., 2015a, 2015b; Rahmati et al., 2015]. Comparison of this hot O data with models should
soon lead to improvements in our understanding of this subject and help to answer these two questions.

It makes sense that oxygen escape rates and exospheric densities associated with photochemistry should
scale linearly with EUV irradiance. This should remain true if the basic atmospheric composition remains
the same for the different solar conditions, but the Zhao and Tian [2015] model indicated that for EUV
irradiances more than 10 times current values the O escape rate actually decreases. This was attributed to
an increasing fraction of atomic species rather than molecular species in the upper atmosphere due to
increased photodissociation rates.

The purpose of the current paper is to develop a simple (but hopefully not oversimplified) analysis of O
escape, in order to clarify the dependencies on solar irradiance and on cross sections. Correlations and
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assumptions sometimes get buried in a numerical model so analytic expressions for photochemical loss of O
and for ion loss will be derived and discussed. The derived expressions are not meant to replace detailed
numerical models, which are still needed, but will hopefully help advance the discussion of model results
and their relation to MAVEN data.

2. lonospheric Chemistry

The major neutral species in the thermosphere of Mars is CO,, although atomic oxygen is the major neutral
species at higher altitudes (i.e., above about 200-250 km depending on solar activity level) [Bougher et al.,
2015b, 2015¢; Mahaffy et al., 2015]. lons and photoelectrons are created on the dayside via photoionization
of neutrals by solar EUV and soft X-ray radiation:

hv + CO, »CO," + e

(2)
hy + 0—0" +e

Secondary ionization by photoelectrons also contributes about 10% to the total ionization rate. CO™ ions are
produced by photoionization of CO or by dissociative ionization of CO,, and N,* and N* ions are produced
from ionization of N,. The production rate of photoions can be calculated using standard aeronomical tech-
niques. Figure 3 shows the total ion production rate profiles due to solar radiation including all ion species
and including both primary and secondary ionization. The methods and inputs, including photoionization
and photoabsorption cross sections, are described by Sakai et al. [2015]. The neutral densities used in the cal-
culations were those shown in Figure 1 for solar maximum and the solar irradiance used for moderately high
solar activity (F107~130). A very useful indicator of solar irradiance (or activity) is the solar radio flux at
10.7 cm (2800 MHz) because it has been in use for a very long time and is commonly used. We will use the
F10.7 index in our paper as a measure of solar activity.

CO," ions mainly react with atomic oxygen to produce O," ions:

CO," +0—0," +CO 3)

Below about 250 km, O* ions mainly react with CO, to produce O," ions [cf. Fox, 1993; Chen et al., 1978]:
0" +C0,—0," +CO 4

The Viking 1 and 2 retarding potential analyzer experiments showed that O," was the main ion species below
about 250 km [Hanson et al., 1977]. The CO," density is about 10% of the O,* density near an altitude of
200 km. This has been observationally confirmed by measurements made by the Neutral Gas and lon Mass
Spectrometer (NGIMS) experiment on board the MAVEN spacecraft [Benna et al., 2015].

The main ionospheric loss process is dissociative recombination (DR) of O,™, although DR of CO,™ also takes
place and contributes to some hot O production (see equation (1)). Note that CO* or O* produced by DR of
CO," also becomes O, via ion-neutral chemistry and is automatically included in the hot O production rate
discussed in the later sections. Most of the N,* ions produced become CO,"* ions via the following
fast reaction:

NzJr + C02—>C02+ + N, (5)

The CO,* mostly continues on to become O,", although some CO,* dissociatively recombines, producing
hot O. lonospheric chemistry at Mars is discussed in several papers [Schunk and Nagy, 2009; Fox et al,
2015; Ergun et al,, 2016], and the reader is referred to them for details on the chemistry. Schunk and
Nagy show a “flow diagram” for the Venus and Mars ionospheric chemistry, and some readers might find
this useful.

N," mainly reacts with O to become NO*, which then dissociatively recombines, producing fast N and O
atoms. CO™ ions react with CO, to produce CO," ions and then O,*. Hence, for the most part, almost any
ion produced from any neutral species will end up as O,", as long as there is sufficient CO, and O to react
with. Current ionospheric models can explain the observed major ion composition [Fox et al.,, 2015; Benna
et al, 2015; Withers et al., 2015...], but there is also a rich minor ion chemistry [cf. Matta et al., 2013; Fox
et al., 2015], which we will not discuss.
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Table 1. Solar lonization Frequencies (1 AU) and Collision Cross Sections for Atomic Oxygen and for Solar Minimum and
Maximum Conditions®

Species j I (Max) I (Min) o0 _j bj (Max) b (Min)
o, 17.7° 6.04° 13¢ 1419 0.48°
co 112 387 9.7 112 0.40
0 7.01 228 25 2.78 0.90
N, 8.22 3.06 9.7 0.85 032

App: P .
Min and max7refe1.-r to the solar minimum and maximum values.
Unitsof 10 "5~ .

“Units of 10~ "¢ cm?. Effective backscatter cross sections of O with species r are shown.

Units of 10°cm™ s~

3. Photochemical Hot Oxygen Production and Escape

0 atoms produced by DR of O," or CO,* are suprathermal and populate a hot oxygen exosphere or corona
(see section 1 for references). Two of the DR loss channels of O,* are such that the velocity of the O can
exceed the escape speed at Mars (vesc =5 km/s or O energy of 2eV). A detailed analysis of the production
takes into account the translational and vibrational energies of the O,* ions [Fox and Ha¢, 2009, and refer-
ences therein]. About half the O produced (64%) [Fox and Ha¢, 2009] by DR exceeds the escape energy,
and two O atoms are produced per DR reaction (see equation (1)):

Po(z) =2 a ne noyy (6)

ne is the electron density and np.. is the O,* density. Overall, the fraction of the total DR rate that goes to
O atoms with energies greater than the escape energy is about 1. We thus introduce an efficiency factor
f=1. In the main ionosphere n,~ng,,, but at higher altitudes in the topside ionosphere n.~ng,,+no;-
In this paper, we assume that the ion loss (e.g., equation (6)) equals ion production (that is, assumption
of photochemical equilibrium) and approach the loss rate reaction (6) via the production rate side (i.e.,
equation (2)).

O atoms produced at altitudes where the neutral density is high will collide with ambient neutral species
(mainly CO, but also CO, N,, and 0), preventing them from escaping, although they contribute to heating
the atmosphere. Collisional processes for hot atom coronae have been studied at both Venus and Mars
(references cited in section 1), and the methods include the two-stream method, diffusion methods, and
Monte Carlo methods. For an escaping O atom a single large-angle collision will prevent its escape (and
the subsequent O atom will be directed back downward and/or no longer have sufficient energy to escape).
The escape probability as a function of altitude, Ges, can then be written as

Gesc(2,0) = exp[—(600No + 0oco2Nco2 + oon2NN2 + oocoNco + -..)sec d] (7)

The angle of an escaping oxygen velocity vector with respect to the radius vector (i.e., vertical) is denoted 6.
No is the vertical neutral oxygen column density above altitude z (i.e., integral of the O density over altitude),
and Nco; is the same for CO,, and the same is true for the other species. 600, 6oco2, 6onz, and 6oco are the
backscatter (not total) elastic cross sections for O collisions with O, CO,, N,, and CO target species, respec-
tively. Considering the densities in Figure 1, just keeping the O and CO, terms is a good first approximation
(albeit somewhat subject to solar conditions). At an altitude of 200 km CO, provides most of the collisional
opacity, but N, does account for a sizable ~ 20%. The CO contribution is not important.

Experimental and theoretical information on the elastic cross sections needed in hot O models is scarce, and
most recent modelers have used the O-O differential cross section calculated theoretically by Kharchenko
et al. [2000] and have then scaled these cross sections to other target species. Different modelers have
handled the forward scattering peak in the Kharchenko cross section differently. This is somewhat less impor-
tant if one just focuses on escape and not on finding the full O energy and altitude distributions. Simply
integrating the Kharchenko O-O cross section in the backscatter direction gives a cross section of
60.0=3.8%10""%cm? Rahmati et al. [2014] used a value of 2.5x 10~ ¢ cm? (Table 1), but many other values
can be found in the literature. Most modelers use the full differential cross section of Kharchenko et al. [2000],
although they handle the forward peak differently. Using Table 1 cross sections and the solar maximum

CRAVENS ET AL.

OXYGEN ESCAPE FROM MARS 4



@AG U Journal of Geophysical Research: Space Physics

10.1002/2016JA023461

3001

280 Solar Maximum
260

240

220

200 Two-stream

180

160 | Analytical

Production Altitude (km)

140
120
100+ g
102 107 10°
Escape probability

Figure 2. Oxygen escape probability as a function of altitude and exit
angle of 60° are shown for the solar maximum neutral atmosphere
shown in Figure 1. Comparison escape fractions from the numerical
two-stream model of Rahmati [2016] are shown for comparison.

atmosphere from Figure 1 gives the
results shown in Figure 2 for an exit
angle of 60° with respect to the vertical.

4. Production of the
lonosphere by Solar Radiation

A short synopsis of standard aeronomy
[e.g., Schunk and Nagy, 2009] in a form
needed to determine the O escape rate
is now discussed. The production rate
of ions of species s, due to photoioniza-
tion of neutral species, s, by solar radia-
tion is given by

PS(Z) = Z FA(Z)Us,ion (/1)”5(2) (8)

where F, is the solar flux at altitude z
and at wavelength 4, ny(2) is the density
of neutral species s at altitude z and
0sjon 1S the photoionization cross section
for species s at photon wavelength 4. In

our case the most important species being ionized are CO, and O, particularly the former. For the current
paper we do not keep track of the ion final state in the photoionization process, although the model that pro-

duced Figure 3 did include this effect.

The solar flux at altitude z is given by

F,(2) = Forexp(—t.(2))

©)

where 7, is the optical depth at z and for wavelength 1 and Fy; is the solar flux at the top of the atmosphere.
The optical depth can be approximated for solar zenith angles that are not too close to 90° by the expression:

7, = SeC()()ZSUabs,s (A)Ns(2) (10)

Total ion production rate

250
225
P
8 €
“10° o,
__ 200 2
E o
z =
S 2
8 175 g
£ 10° 8
< 450 3
10" &
=
125 Lig™
100 - 10"
10° 102 108 10* 10°

Production rate [cm'3 s'1]

Figure 3. Total ion production rate (all ion species and both primary and
secondary ionization) vertical profiles for solar EUV radiation for the MAVEN
epoch. The approximate F; g 7 index of solar activity is 130. The same model
and neutral atmosphere as used by Sakai et al. [2016] was used, although
Sakai et al. did not show ion production rates. Results for several solar

zenith angles are shown and an approximate exobase altitude is 200 km.

Ny(2) is the vertical column density of
species s at altitude z, and opss(4) is
the photoabsorption cross section at
wavelength A for species s:

Ns(z) = Ins (z’)dz’ (1)
z

The ionization frequency due to photo-
ionization by solar radiation for species
s in the optically thin region is given by
Is=Ps (2)/ns(z) and is independent of
altitude. Note that Table 1 lists some
ionization frequencies for both solar
minimum and maximum conditions
and a heliocentric distance of 1AU
[Cravens et al., 1987]. Schunk and Nagy
[2009] also provide ionization frequen-
cies. The values for Mars should be
about half these values due to its larger
heliocentric distance. Figure 3 shows
the modeled total ion (CO,*, CO™, O,
N,"...) production rate profiles at Mars
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for typical 2015 MAVEN solar conditions and the solar maximum neutral atmosphere shown in Figure 1.
Information on photoionization and photoabsorption cross sections and on solar irradiances for this epoch
can be found in Sakai et al. [2015, 2016]. Results for four solar zenith angles are shown. Secondary ionization
(i.e., ionization by photoelectrons) as well as primary ionization were included. Note that Figure 3 illustrates
that optical depth effects are not important above about 160 km, even at the terminator, well below altitudes
where the escape rate is significant. The species-averaged ionization frequency for the MAVEN epoch and for
Mars from Figure 3 is~8x 107" s, which is consistent with Table 1 (which has 1 AU values and is for
solar maximum).

A rough approximation to the ion production rate that somewhat improves upon the optically thin approx-
imation is
PS(Z)Z/SHS(Z)GXP [— < Oabs.CO2 > Ncoz(Z)SeC){] (12)

where an “effective” wavelength-averaged cross section is used. For CO, at a “typical” EUV wavelength of
about 50 NmM, <G,ps,coz > ~3 X 107" cm®. We do not really use this approximation except to demonstrate
that optical depth effects are not important for oxygen escape.

5. Simple Oxygen Escape Model
5.1. CO, Targets

The photochemical solution for the electron density in the ionosphere comes from neglecting transport and
setting production equal to chemical loss. See Schunk and Nagy [2009] for an explanation of such basic aero-
nomical processes. For O,* at Mars, the appropriate equation can be approximated by Pcos. = an.2, assuming
that most of the photoionization is from CO, and that O, is the major ion species. The O production rate is
twice Pcoy4 (equation (8)). The fraction of O atoms produced that exceed the escape energy is about half of
the total produced. All these factors can be included in a parameter, f, which should be very close to unity:
f~1. fis a production efficiency factor. The production of oxygen atoms that can potentially escape is
given by

Pesc, o(Z) =f Pcox+ (13)

The hot O escape rate from the top of the atmosphere is the integral over altitude of this production rate
multiplied by the probability that an upward moving oxygen atom can escape the atmosphere. Hence, we
must also integrate over upward emission angles (0 < 8 < 90°). Rearranging the expressions given earlier
gives the following equation:

w /2
1 ! ' !
Feco = —dz | Pesco (z )Gesc <z , 0) 2zsin 0d0
477.'0 0 i
o0 /2

([dz'ncoz (z) (I) flco,exp [f < Oapsco2 > secyN (2)] exp [faocozN(z)sec 9] 27msin 6d0

(14)

1
A
Equation (14) can be easily integrated over Z' by recognizing that dN¢o; =nco»dZ:

/2
f/coz 2msin 0d6O
4 o < Oabsco2 > S€Cy + oocozsec d

Fesc,O = (15)

Given that 6ocon ® 10<0apsco2>, the first term in the denominator can be neglected, and the integral over 8
in equation (15) carried out to give

_ flcon
esc,0=

(16)
40co2

with f~ 1. This escape flux is independent of the location on the dayside of Mars except in the immediate
vicinity of the terminator. Hence, the global escape rate of O is 2zRy> times this flux or

Qesco = (f lcoa wRM*/200c02) (17)
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Note that equation (16) could also have been obtained using a standard “exobase” approximation, with
exobase defined as where the collisional depth equals unity (1 ~2 6ocoz Ncoz With vertical column density
given by Ncoa ~ Nexo Hp):

Nexo=1 /(ZUOCOZ Hn) (18)

where H,=kT,/mcoyg is the neutral scale height. However, we did not need to make an explicit exobase
assumption in deriving our equations.

5.2. Escape Estimate With O, N5, CO, and CO, Included in the Thermosphere

A somewhat improved escape flux estimate can be obtained if one also includes other target species such as
atomic oxygen, N,, and CO as well as CO,, as long as the atmosphere is optically thin to incoming solar ioniz-
ing radiation. We now include ionization of these species leading to the production of 0%, N,*, CO™, etc.
(assumed to come from photoionization of the respective neutral species). We still assume that all such ion
species produced are consumed locally and produce O," ions, which in turn produces hot O atoms via DR.
We discuss this questionable assumption later. We also allow other neutral species to collisionally impede
the escape of hot O.

The total production rate of O," is now given by Pig, =Pcoav +Po’ +Pcot +Pnot, wherein the optically thin
region, Po* =lone, Pcos+=lcoancoz etc. The new production rate of potentially escaping O is given by
Pesc,0 =f Pion- By using the total ion production rate for all species we are assuming that all ion species pro-
duced end up as O,* ions and thus lead to hot O atoms (or to another ion species that can lead to hot O atoms).

The escape fraction, Ges.(2), now includes the effects of O collisions with all neutral species, which requires
that all the effective backscatter cross sections be included in the original equation (7). Define the ratio of
the ionization frequency of species s to that species’ effective backscatter cross section for O collisions as
bs=I/00s. Denote the value of this ratio for species s=CO, as b,. If all the values of by;=b, then for the
purposes of the escaping O flux, all neutral species are equivalent and the escape flux does not depend on
neutral composition or on the altitude dependence of the neutral density. The simple analytical solution
given by equation (16) still applies, although it can be written as Fesc,0 = f b1/4. Equation (17) still applies also.
Uncertainties should be no more than the range of the values of the b coefficients in Table 1 (that is, about a
factor of 2).

6. Comparison of the Simple Escape Model With a Numerical Model

Rahmati et al. [2014, 2016] and other researchers (see section 1 for references) calculated hot oxygen density
profiles and oxygen escape rates. Rahmati et al. [2015] also determined the fluxes of oxygen ions picked up
by the solar wind far upstream of Mars and associated with the distant neutral O corona. As indicated in the
introduction Rahmati et al. used a two-stream O transport model in their calculations, as did Nagy and Cravens
[1988] and Kim et al. [1998] (albeit with different elastic scattering cross sections). Rahmati also used Monte
Carlo collision methods to verify that the two-stream method was accurate, which it was. Other methods
have also been applied to the hot O distribution and escape rate problem [Fox and Ha¢, 2014; Lee et al.,
2015a, 2015b]. Key ingredients in these calculations are the oxygen-scattering cross sections for collisions
with ambient neutral species, particularly CO,, but also CO, O, and N,. Unfortunately, not much information
is available for the relevant cross sections. Fox and Ha¢ [2014] used a cross section of 3x 10~ '°> cm? for 11 dif-
ferent neutral species and worked with an isotropic scattering model and a forward-scattering scattering
model in which the Kharchenko et al. differential scattering cross section was used to set the differential
scattering cross section for all species. They concluded that the forward scattering cross section should be
most useful. Later in the paper, results from this paper are shown together with results from other models.

For our simple escape formula we used the backscatter cross section and assumed that only a single collision
renders the O atom incapable of escape, because a second collision would be needed to redirect the atom
upward and sufficient energy would be lost to lower the energy below the escape energy.

Rahmati (PhD thesis, 2016) [also see Rahmati et al., 2014] used backscatter cross sections for different species
(i.e., total elastic cross section plus the backscatter probability), and we will adopt these values here as listed
in Table 1. Table 1 also shows the solar radiation photoionization frequencies for solar minimum and maxi-
mum for several species and for a heliocentric distance of 1 AU [Cravens et al., 1987], the effective backscatter
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10° cross sections just mentioned. Note that
when we apply these frequencies to
Mars, we need to also include (1) about
a 10% enhancement due to secondary
ionization (i.e., photoelectrons) and (2)
a factor accounting for the heliocentric
distance of Mars (i.e., a solar flux reduc-
tion of ~0.43). We just lump these extra
factors into an effective f value (i.e.,
fur=1.1 f/d*~ 0.4, where d is the helio-
centric distance of Mars in units of AU).
Note that this heliocentric distance
10 . 102 10’ 10 depends on where Mars is located in
its orbit (i.e, seasonal progression).
Hot O Density (cm™) Table 1 also lists the b ratios for each
target species.

Altitude (km)

—
o

— Solar Maximum
- - = Solar Minimum

w

Figure 4. Hot O densities versus altitude from the two-stream hot O
model (see Rahmati et al. [2014, 2017]). Density profiles for the standard Now we can carry out simple escape
solar model for solar maximum and minimum are shown. Model profiles  estimates using the b value from
for a case with half the O-CO, cross section and with half all cross sections Table 1 just for CO,. However, these
(including O-0 and O-CO and O-N,). The densities for the last case are

indeed about a factor of 2 higher than for the standard model, as are the val%Jes are dlff'erent for different speaes,
escape fluxes discussed in the text. which does violate our assumption by

about a factor of 2. We push ahead,
though, with just the CO, values. The escape fluxes of O from Fegc,0 = foff b1/4 are

Fesco~fer b1/4 = (0.4/4) by =0.1 by

2

Fesc0x1.4x10% cm2 s~ for solar maximum (Qesc0~8.8x10% s~ global) (19)

Fesc0~4.8x10” cm™2 s7! for solar minimum  (Qesc,0%3.0x10% s~' global)

The F,¢7 index of solar activity was about 120 for the first year of the MAVEN mission—neither a solar minimum
value nor a typical solar maximum value. The solar maximum escape fluxes from equation (19) should be
adjusted downward by the approximate F;q- ratio of 120/200=0.6, which gives Fesc,0=84x 10’ cm 257!

and Qesc0=53x 105"

Compositional uncertainties affect the results to the degree that the b values are different—O targets allow
more escape, and N, targets allow less escape than CO,. Again, all this is subject to the more basic assump-
tion of photochemical equilibrium.

The Rahmati et al. [2014] and Rahmati [2016] numerical model gave an escape rate of 9.1 x 10" cm™2s™" for

solar maximum and 4 x 10" cm~2s~" for solar minimum. This model included O and N collisions and used
MGITM ionization rates. Note that the solar maximum to solar minimum escape flux ratio depends simply
on the ratio of the input solar fluxes in both cases, which is as expected. Rahmati et al. also numerically
calculated O density profiles (including both bound and escaping O atoms) as shown in Figure 4. These
density curves also scale with the b value, although in the current paper we only consider escape fluxes.

7. lon Transport and the Photochemical Equilibrium Assumption

For completeness, in this section we roughly assess the contribution of ion transport to atmospheric loss but
leave a more thorough discussion of this topic to a large number of other papers (see the references provided
by Brain et al. [2015]). The photochemical O escape analysis undertaken earlier in our paper assumed that
ionization locally produced is locally lost and is channeled into hot oxygen via DR of O,". However, it is known
that ion transport processes become important for ionospheric plasma at high enough altitudes on any
planet, and this will also be true for Mars [e.g., Frdnz et al., 2010; Ma et al., 2015; Brain et al., 2015; Ergun
et al,, 2016]. The flow is mainly from day to night and removes plasma from the dayside ionosphere and
supplies it to the nightside and/or to the wake region [cf. Fox, 1993, 1997, 2009; Fréinz et al., 2010; Brain
et al., 2015], although some plasma can also exit the planet in the polar plume [e.g., Dong et al., 2014]. lons
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entirely removed from the dayside iono-
sphere by transport are not available for
local dayside photochemical loss but still
represent an atmospheric loss (although
with a label of “ion loss”). Figure 5 is a
schematic illustrating the photochemi-
cal and ion loss regions at Mars.

Solar photon

Solar photon
The transition between the photoche-

mically controlled ionosphere and a
transport-dominated ionosphere can
be estimated by comparing the plasma
transport time (z7) to the photochemical
lifetime of the major ion species. MAVEN

Figure 5. Schematic of the Martian upper atmosphere and ionosphere,  ionospheric data [e.g., Mahaffy et al,
illustrating the exospheric region where photochemical O production 2015; Benna et al, 2015] and iono-
takes place and the region of ion loss from day to night above the ion
exobase. Note that we did not use an explicit exobase approximation in
the calculations.

Hot O

spheric models of Mars [e.g., Withers
et al, 2015] indicate that under most
circumstances, O," remains the major
ion species up to about 300 km. The chemical lifetime of O," is given by the dissociative recombination time:
tor= 1/(an,). 0" ions react with CO,, N, or H and have the relevant ion-neutral time scale, which is inversely
related to the neutral density. We will focus on O,", which remains a major ion throughout the topside iono-
sphere. Evaluating the DR coefficient with an electron temperature of 3000K gives the DR time constants
listed in Table 2. Typical values of n, (which must equal the total ion density, n;, due to quasineutrality) and
n, are taken from published data from the NGIMS instrument on MAVEN [Mahaffy et al., 2015]. The values
used in our estimates are roughly consistent with Langmuir probe data [Ergun et al., 2015] and models for
comparable solar activity levels.

The expression for 7pr can be made more general than those listed in Table 2 by using a photochemical
equilibrium expression for the electron density. The photochemical continuity equation for O," ions (and
electrons) is

P(z) = lo n,(2z) = a ne? (20)
Using standard aeronomical methods, equation (20) can be solved for the electron density:
ne~(lo/a)"?n,'/? @1

The ionization frequency of oxygen (/o) was used here, because in the topside ionosphere (above 200 km or
s0), O becomes the most important neutral species. Note that /o depends on the incident solar EUV
irradiance. This expression can be written as (for T, ~ 3000 K)

ne(cm=)~3.3 n,'/2(F10.7/200)'? (22)
At 300 km where n,=3x 10°cm~3 (Table 2), and for F107~ 120, equation (22) gives nez4.4><103 cm 3,
whereas the value quoted in Table 2 is a bit different at ~2 x 10° cm™>. However, only estimates are being
considered here. Fq7 is a convenient and readily available proxy for solar EUV irradiance, but other proxies
could also be used in equation (22).

In order to estimate the transition from
photochemical control of the iono-

Table 2. Topside lonosphere Flow Speeds and Transport Times sphere to transport control we can
Alt (km) np (cm ™) ne (cm ™) 7R () 77 (s) compare the chemical lifetime with the
200 15x10% 2x107 500 6x10*  transport time (where rr~7pg), all as
250 3% 10’ 7x10° 1500 5x10°  functions of neutral density, and then
300 3><10: 2><1303 20 10° ,  find this critical, or transition, neutral
350 1%x10 10 10 2x10

density (n,c). The transport time, 7, is
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roughly an appropriate length scale, L, divided by the plasma flow speed, u. That is, 77~ L/u. When a magnetic
field with a significant radial component is present (e.g., near the edges of crustal magnetic field regions),
then the transport could be dominated by ambipolar diffusion along the magnetic field.

A detailed consideration of plasma dynamics is beyond the scope of the current paper. There is a large litera-
ture on the solar wind interaction with Mars and its plasma environment, but there is little detailed informa-
tion on the plasma flow in the ionosphere itself. Outside the crustal magnetic field regions, magnetic fields
are induced in the Martian ionosphere and drive flow (together with thermal pressure gradients) mainly from
day to night and with relatively low radial speeds. The length scale should be a typical “day to night” distance
(L~ Ryy/2). Flow speeds should go from low values deep in the ionosphere, where the plasma is tied to the
neutral winds, up to higher values in the magnetic pileup region and very high values in the magnetosheath.
That is, as the neutral density decreases, the flow speed should increase.

Cravens et al. [2010] carried out simple estimates of the ionospheric flow speed in Titan's ionosphere in which
pressure forces (mainly magnetic pressure) was balanced by ion-neutral collisions. They derived very simple,
and very rough, expressions for the ion flow speed and transport time, using this ambipolar diffusion approx-
imation: Ky~ L n, m; kin np/ps, where L~ Ry,/2 is a horizontal length scale, n, is the electron density, n, is the
neutral density, ki, is the ion-neutral collision frequency coefficient, and pg (=1 nPa at Mars) is the ionospheric
magnetic pressure which we take to be a typical solar wind pressure. Table 2 lists some rough time scales
from this approach, but in the future more effort should be devoted to making better estimates using global
numerical models [cf. Ma et al, 2015] and/or more sophisticated analytical models. The transition
density/altitude should be quite variable given that the solar wind is variable.

In lieu of a detailed knowledge of plasma flow speeds in the ionosphere, we take a shortcut and look at the
extensive ionospheric electron density (and now with MAVEN ion density) data to see at what typical altitude
(and thus neutral densities) dayside plasma density profiles show departures from simple exponential beha-
vior characteristic of photochemical behavior. Some authors call this boundary the “ionopause” [e.g., Vogt
et al.,, 2015], although they point out that these ionopauses are not pressure-balance ionopauses like those
observed in the Venus ionosphere [cf. Luhmann and Cravens, 1991]. A cursory examination of ionospheric
data can perhaps indicate at what altitude electron density (or ion density) profiles look anomalous (i.e.,
not exponential or exponential with a drastically different scale height from lower altitudes). A large number
of papers in the special issue of a 2015 Geophysical Research Letters devoted to MAVEN results are relevant to
this issue. In particular, the Vogt et al. paper seems to show that although the ionopause altitude is quite
variable, as expected, 280-320 km appears to be a transition altitude of some type on average. The neutral
density at this altitude (n,c ~ 3 x 106 cm~3) we identify as the critical altitude above which ions are likely to
be affected by transport and transport loss (Table 2 or Figure 1).

As discussed earlier, ionospheric plasma transported from the dayside can either supply the nightside iono-
sphere or the ions can be lost to Mars via “ion escape” out the tail or in the ion plume [cf. Brain et al., 2015].
lons that cross into the nightside and drift downward are ultimately lost via DR of O, deeper in the iono-
sphere, sometimes again leading to O escape. Either way most of the ionization produced in the transport
region (i.e, above the critical density, n,. altitude) is still associated with atmospheric loss of O and
other species.

The supply of ions for the ion escape is limited to neutrals that can be ionized in the transport region by solar
radiation (or by impact ionization due to external electron/ion precipitation). This “production-limited” con-
cept was discussed by Ergun et al. [2006]. The global dayside ion loss rate due to this high-altitude ionization
can very roughly be expressed in terms of the critical neutral density, making it somewhat independent of
the detailed neutral density profiles (and exospheric neutral temperature):

Qesc02m Ri?lo NpcHar2.5%10%* 7 (23)

An atomic oxygen scale height was adopted for the neutral atmosphere scale height H,~30km. This
equation (23) value of Qesc,0 is about 5-10% of the photochemical neutral O loss rate derived earlier but
was largely based on a crude visual assessment of electron density profiles. A very large number of papers,
both observational and modeling [cf. Lundin et al., 2013; Brain et al., 2015; Ma et al., 2015], and the large
number of references in these papers have addressed the global ion escape issue with typical numbers being
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Figure 6. The relation between hot O escape flux and Fyg7 index of solar activity, as discussed in the text, is shown.
The solid red line is the linear relation from the current paper (but on a log scale). Comparison values from a large
number of models for different solar activity levels are shown. Table 3 provides the references for these models, as listed in
the legend.

Qescio~ 3% 10%*-3x 10?2 s~ The purpose of the current discussion was to tie the ion transport escape rate
to a given solar activity level (e.g, MAVEN epoch) and to a critical neutral density so that Qes.,0 can be
extrapolated to other epochs more easily. This task will have to be revisited in the future so that the observa-
tional and modeling results can be viewed from this perspective.

The above analysis was relevant to draped magnetic field regions and not to crustal magnetic field regions.
Regions of the ionosphere containing strong enough crustal magnetic fields should be shielded from direct
solar wind effects, and the ion transport should be constrained to be mainly parallel to the magnetic field. All
such ions produced along closed magnetic field lines should sooner or later flow down to lower altitudes and
be photochemically processed (resulting in photochemical loss), even those ions created at high altitudes.

8. Implications for Past Mars Atmospheric Loss

Estimates of oxygen escape rates in the current epoch vary greatly in the literature so that it is not surprising
that estimates of escape rates for the early Mars are even more uncertain. Figure 6 and Table 3 provide a com-
parison of global photochemical oxygen loss rates from a number of hot O models. Fox and Ha¢ [2014]
describe the cross sections used by several of the papers listed in Table 3. Table 4 in Lee et al. [2015a] also lists
global oxygen escape rates for low and high solar activity from several sources. The simple linear loss rate
from equation (19) as a function of the F;q; index of solar activity as suggested by equation (17) is shown
as the solid line.

Zhang et al. [1993] estimated oxygen escape rates for ancient Mars and adopted the solar EUV irradiances
versus age of the solar system suggested by Zahnle and Walker [1982]—for example, 5 times current irradi-
ance for a solar system age of 1Byr. The solar wind speed was also assumed to be higher in the past (2-3
times greater than current value of ~350 km/s at an age of 1Byr) [Newkirk, 1980]. Zhang et al. carried out
two-stream hot O calculations and found photochemical O escape rates of 7x10%°>s™", 4x10%°s™", and
1027 5" for solar EUV levels of 1 times, 3 times, and 6 times current values, respectively [also see Ergun
et al, 2016]. The Zhang et al. value for the current epoch is not too different from the estimate in the current
paper (and some of the other estimates in the literature). The increase of O escape with increasing EUV level
in the Zhang et al. study is somewhat greater than linear but less than quadratic, whereas in the current paper
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Table 3. Models of Photochemical Oxygen Escape at Mars—Papers in Figure®

10.1002/2016JA023461

Symbol Reference Comments (See Actual Reference)
FHO9none Fox and Ha¢ [2009] noneroded ionosphere (superceded by Fox and Hac [2014]
Fo3 Fox [1993] eroded ionosphere

Zho3 Zhang et al. [1993]

Kim98 Kim et al. [1998] as corrected by Nagy et al. [2001]
LB91 Lammer and Bauer [1991]

Ho02 Hodges [2002]

KS05a Krestyanikova and Shematovich [2005] as corrected by Luhmann [1997]
Cip07 Cipriani et al. [2007]

Chauf07 Chaufray et al. [2007]

Valo9 Valeille et al. [2009a, 2009b]

FHO9eriso Fox and Hac [2009] eroded ionosphere; isotropic scattering
FHO9erFor Fox and Hac¢ [2009] eroded ionosphere; forward scattering
R16 Rahmati [2016] also see Rahmati et al. [2014]
Yal12ph Yagi et al. [2012] Mars perihelion

Yal2aph Yagi et al. [2012] Mars aphelion

FH14 Fox and Ha¢ [2014]

Gr14 Gréller et al. [2014]

LAO3 Lammer et al. [2003]

ZhT15 Zhao and Tian [2015]

Lee15a Lee et al. [2015a] perihelion, moderate activity
Lee15b Lee et al. [2015b] autumn, three solar activities

@Solar minimum was given the value F;o 7 = 70. Solar maximum was given the value Fyq 5 = 200. Moderate/unspeci-
fied solar activity was given the value Fqo 7 = 130. Values in the associated figure for references prior to 2010 were taken
from Fox and Hac [2009].

we predict a simple linear relation. Lammer et al. [2003, 2008] estimated an O escape rate that is about 10
times greater than current values for a time 3.5 Ga ago.

More recently, Zhao and Tian [2015] revisited past epoch photochemical escape rates using one-dimensional
Monte Carlo methods. The increase of escape rate with EUV flux was much less than that found by Zhang
et al.[1993] or by Lammer et al. [2003] for EUV levels less than 10 times current values, and the photochemical
escape rate actually decreased for EUV levels more than 10 times current levels. The decline in escape rate for
very high EUV levels was attributed to changes in the underlying thermospheric composition, that is, more
atomic species due to increased photodissociation. However, it seems to us that this decrease in photoche-
mical loss might be compensated for by an increased ion transport and loss.

9. Conclusions

Current models of hot oxygen at Mars differ in their methods and in their results [Lillis et al., 2015; cf.
references in section 1] with photochemical oxygen escape rates varying from 10**s™' up to 10%°s™"
(Figure 6). The escape fluxes differ not so much because the methods (two-stream or Monte Carlo) are
different but because the elastic oxygen cross sections used in the models differ, with current models mainly
extrapolating from the theoretically calculated O-O cross section of Kharchenko et al.[2000]. All models show
an increased escape rate for larger solar EUV fluxes, although there are major uncertainties in how to
extrapolate these O loss rates back to early Mars conditions.

The current paper developed simple expressions for photochemical oxygen loss and for ion loss in order to
make the dependencies on solar flux level and on cross sections more transparent. The issue of how atmo-
spheric composition affects escape remains more problematic, but overall the expressions derived in this
paper are probably robust with respect to changes in the details of the atmosphere and ionosphere.

In summary, the photochemical oxygen escape flux expression was found to be

Fesc. 070.1 Ico2(1 AU)/00-coa=1.4x108(F10.7/200) cm™2 s~

(24)
Globally, Qesc, 0=Q=9x10%°(F10.7/200) s~

where I, is the solar photoionization frequency for CO, at 1 AU and 6¢.co; is the backscatter cross section
for O collisions with CO,. For solar maximum conditions equation (24) gives Fesc o= 1.4 X 108cm 2s 'and a
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global O loss rate of Q~9x 10%°s™". The escape flux should be roughly independent of solar zenith angle
almost out to the terminator. The total ion loss rate discussed in section 7 is about 5-10% of the photoche-
mical loss rate.

The details that went into estimating the production efficiency factor f (see section 5.1) or into how much of
the elastic cross section is really backscattering or what the neutral composition effects really are will require
detailed hot O photochemical models and ion loss models such as those found in the literature, but the
current paper provides a simple context within which the numerical results can be examined and compared.
Note that full hot O density profiles can only come from the more detailed models. Given the uncertainties in
the elastic cross sections, the most important task in the near future for the hot O problem is to make model
comparisons with MAVEN measurements of the hot O density and escape rates now being carried out by the
Imaging Ultraviolet Spectrograph instrument [e.g., Deighan et al., 2015] and the measurements of pickup O*
fluxes by the Solar Energetic Particle, Solar Wind lon Analyzer, and Suprathermal and Thermal lon
Composition instruments [Rahmati et al., 2014, 2017]. These comparisons of models with MAVEN data will
allow the determination of an empirical, or effective, elastic backscatter cross section as well as testing other
assumptions in these models.
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