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sol tem is a key topic in planetary science. An important loss process for atomic
spetﬁ such as oxygen, is ionospheric photochemical escape. Dissociative
r Ination of O," ions (the major ion species) produces fast oxygen atoms, some of
ﬁn 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,
pany concerning the elastic cross sections of O atoms with CO,. Recently, the
M osphere and Volatile Evolution (MAVEN) mission has been rapidly improving
oum:standing of the upper atmosphere and ionosphere of Mars and its interaction
witQ the external environment (e.g., solar wind), allowing a new assessment of this
iw loss process. The purpose of the current paper is to take a simple analytical
ap to the oxygen escape problem in order to: (1) study the role that variations in
somation or solar wind fluxes could have on escape in a transparent fashion, and (2)

i@e effects of uncertainties in oxygen cross sections on the derived oxygen escape

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article
as doi: 10.1002/2016]JA023461

This article is protected by copyright. All rights reserved.


http://dx.doi.org/10.1002/2016JA023461
http://dx.doi.org/10.1002/2016JA023461

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.

e

1. uction

= kY process for loss of atomic oxygen from the atmosphere of Mars is
ph(h;hgmical escape. Photochemistry in the upper atmosphere and ionosphere of Mars
proffuc® suprathermal atoms, which populate hot atomic oxygen, nitrogen, and carbon
ex(;%ic coronae [McElroy, 1972; Nagy and Cravens, 1988; Lammer and Bauer, 1991;
KiggEtal., 1998; Johnson and Luhmann, 1998; Hodges, 2000, 2002; Lammer et al.,
200%™ cstyanikova and Shematovich, 2005; Fox and Ha¢, 2009, 2014; Valeille et al.,
ZOQ 2010a,b; Groller et al., 2014; Lee et al., 2015a,b; Deighan et al., 2015;
Ra@et al., 2015; Lillis et al., 2015]. A hot oxygen corona was observed at Venus by
me ents of resonantly scattered solar photons in the Ol 130.4 nm line made by the
ultmr;

Ed now has also been observed at Mars [Deighan et al., 2015]. Hot O is produced

issociative recombination (DR) of the major ion species in the ionosphere, O,"

spectrometer onboard the Pioneer Venus Orbiter (PVO) [Nagy et al., 1981,

[McElroy, 1972; Nagy et al., 1981, 1990; Nagy and Cravens, 1988]:

—
> 0CP) + O(P) +6.96eV  (0.22)
> 0¢P) + O('D) +5.00 eV  (0.42)
_C > 0('D) + O(*D) +3.02¢eV  (0.31)
——t > O(*D) + O(*S) +0.80 eV (0.05) 1)

Nom the O escape energy near an altitude of 200 km is Eesc ® 2 €V, so that the first
t@ches of reaction (1) produce O atoms that have sufficient energy to escape the
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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 Ha¢ [2009]) are
provided in equation (1) and are shown in the parentheses. The DR rate coefficient
[Pd’!ﬂﬂ et al., 2001; Petrignani et al., 2005] is given by o = 2 x 107 cm® s (300 K
/Te@Ere Te is the electron temperature. Te in the Martian ionosphere varies from
Qa0 K up to about 5000 K [Chen et al., 1978; Hanson and Mantas et al., 1988;
Malaugt al., 2014: Ergun et al., 2015; Sakai et al., 2016]. The O," DR reaction also
pr@ hot O at Earth [e.g., Yee et al., 1980; Kharchenko et al., 2000].
0L O, or other atoms, can also be produced by other ionospheric chemical reactions,
incm charge exchange of hot ions with neutrals (e.g., O° + H > Opg + HY)or
D ," ions [Groller et al., 2014], but these are minor sources at Mars. At Venus
angho, all the hot O atoms produced by the DR reaction have speeds less than the
esc@eed and the exospheric O atoms remain in bound orbits.
toms produced by the top two reaction channels in equation (1) have speeds
greman the vesc =5 km/s escape speed for Mars and can escape the planet if they are
pﬁ in the exosphere (see references above). This has been shown to be an
i t 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 Mthe hot atom coronae (and escape) of Venus, Mars, and Titan (see earlier
ref s) using different methods. Fast oxygen atoms produced by various means, but
espmy from DR, mainly collide elastically with ambient atoms and molecules
rﬂin changes in direction and energy loss (or gain) that alter the trajectories of the
O.q;gmﬂ Such collisions cool the O atoms on average and, if the altitude is low enough
(i.cm ow the so-called “traditional exobase”), prevent them from reaching the
exdﬁe and thus escaping if they have enough energy (i.e., 2 eV). However, atoms

ed at high enough altitudes can populate the exosphere/corona. The collision
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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 neutral density profiles in the Martian
tI’I'd‘I'H'USﬂhere for different solar activity levels, based on the Mars Global lonosphere-
Th @ phere Model (MGITM) [cf. Bougher et al., 2015a].
= sl=sRite of the large numbers of numerical models of hot O at Mars, a number of
issMnain, two of the key ones (but not the only ones) being: (1) How do oxygen
escghe "Mtes scale with the solar ultraviolet irradiance, both now and in the geological
pacs% (2) What elastic cross sections should be used in hot O calculations and how
are e rates affected by the choice of cross section [e.g., Fox and Ha¢, 2014]?
M ents of ionospheric and atmospheric properties of Mars by MAVEN are well
unea%n, and the first observations of the Martian hot oxygen corona have been made
[Ddighan et al., 2015; Lee et al., 2015a,b; Rahmati et al., 2015]. Comparison of this hot
@) ith models should soon lead to improvements in our understanding of this
submd help to answer these two questions.

makes sense that oxygen escape rates and exospheric densities associated with
Emisny should scale linearly with EUV irradiance. This should remain true if the
basic atmospheric composition remains the same for the different solar conditions, but
them and Tian [2015] model indicated that for EUV irradiances more than 10 times
cur, alues the O escape rate actually decreases. This was attributed to an increasing
frac@of atomic species rather than molecular species in the upper atmosphere due to
incleased photodissociation rates.
_@gpurpose of the current paper is to develop a simple (but hopefully not
ovesskagplified) analysis of O escape, in order to clarify the dependencies on solar
irrme and on cross sections.  Correlations and assumptions sometimes get buried in

a@cal model so analytic expressions for photochemical loss of O and for ion loss
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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.

theric Chemistry

jor neutral species in the thermosphere of Mars is CO,, although atomic
Q\@en s the major neutral species at higher altitudes (i.e., above about 200-250 km
deM,ng on solar activity level) [Bougher et al., 2015b,c; Mahaffy et al., 2015]. lons
anwoelectrons are created on the dayside via photoionization of neutrals by solar

EUVand soft x-ray radiation:

hv+ CO, > C02++ e
hv+ O> O + e (2)

Segy ionization by photoelectrons also contributes about 10% to the total ionization
rate(@+ ions are produced by photoionization of CO or by dissociative ionization of

N," and N* ions are produced from ionization of N,. The production rate of
photo can be calculated using standard aeronomical techniques. Figure 3 shows the
t production rate profiles due to solar radiation including all ion species and
including both primary and secondary ionization. The methods and inputs, including
ph zation and photoabsorption cross sections, are described by Sakai et al. [2015].
Thral densities used in the calculations were those shown in Figure 1 for solar
maz , and the solar irradiance used for moderately high solar activity (F10.7 = 130).
Aﬂeful indicator of solar irradiance (or activity) is the solar radio flux at 10.7 cm
(Mz) because it has been in use for a very long time and is commonly used. We

will useyhe F10.7 index in our paper as a measure of solar activity.

{* ions mainly react with atomic oxygen to produce O," ions:
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CO' + 0> 0,'+ CO (3)

Below about 250 km, O ions mainly react with CO, to produce O, ions [cf. Fox, 1993;

crierdy . 1978):
Q.
- O + CO,>0,;"+ CO 4)
—
h&Viking 1 and 2 RPA experiments showed that O," was the main ion species
belo(v%out 250 km [Hanson et al., 1977]. The CO," density is about 10% of the O,"
derig) ear an altitude of 200 km. This has been observationally confirmed by
me ents made by the Neutral Gas and lon Mass Spectrometer (NGIMS)
experiment onboard the MAVEN spacecraft [Benna et al., 2015].
he main ionospheric loss process is dissociative recombination (DR) of Oy,
alt DR of CO," also takes place and contributes to some hot O production. See
eqm(l). Note that CO*™ or O" produced by DR of CO," also becomes O," via ion-
chemistry and is automatically included in the hot O production rate discussed in
t sections. Most of the N," ions produced become CO," ions via the following

fast reaction:

-

N," + CO,> CO," + N, (5)

Tth mostly continues on to become O,", although some CO," dissociatively
r@es, producing hot O. lonospheric chemistry at Mars is discussed in several
pmjjchunk and Nagy, 2009; Fox et al., 2015; Ergun et al., 2016], and the reader is
refﬁo them for details on the chemistry. Schunk and Nagy show a “flow diagram”

for enus and Mars ionsospheric chemistry, and some readers might find this useful.

<
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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
0,". 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
anfEIE'!an explain the observed major ion composition [Fox et al., 2015; Benna et al.,
20 thers et al., 2015....], but there is also a rich minor ion chemistry [cf. Matta et
al- =23 Fox et al., 2015], which we will not discuss.

-

3. Pg;?chemical Hot Oxygen Production and Escape

oms produced by DR of O," or CO," are suprathermal and populate a hot oxygen
ex or corona (see introduction for references). Two of the DR loss channels of
023uch that the velocity of the O can exceed the escape speed at Mars (Vesc = 5
km/s, or O energy of 2 eV). A detailed analysis of the production takes into account the
tra@nal and vibrational energy of the O," ions [Fox and Ha¢, 2009, and references
thegakades About half the O produced (64%) [Fox and Haé, 2009] by DR exceeds the
escmergy and 2 O atoms are produced per DR reaction (see equation (1)):

E Po (2)= 2 a ne Nog+ (6)

N is the electron density and nog+ is the O," density. Overall, the fraction of the total DR
rat&ha].goes to O atoms with energies greater than the escape energy is about 1. We
th duce an efficiency factor f = 1. In the main ionosphere ne = npy+, but at higher
alm

I@., equation (6)) equals ion production (that is, assumption of photochemical

in the topside ionosphere ne = npz+ + No+. In this paper, we assume that the ion
eq;'],i,h;j;m) and approach the loss rate reaction (6) via the production rate side (i.e.,

GQLS(Z))-
oms produced at altitudes where the neutral density is high will collide with

t neutral species (mainly CO, but also CO, N,, and O), preventing them from
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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 the
introduction), 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
it’dﬂ[’e (and the subsequent O atom will be directed back downward and/or no longer
ha\@ient energy to escape). The escape probability as a function of altitude, Gesc,

Gandhen.be written:

eschg 0) = exp[- (coo No + 6ocoz2 Ncoz + oonz Nn2 +6oco Neo +.....) sech] (7)

The angle of an escaping oxygen velocity vector with respect to the radius vector (i.e.,
(i.emgral of the O density over altitude), and Nco; is the same for CO,, and the same

is true for the other species. coo, 6oco2, Gonz, Soco, are the backscatter (not total) elastic

is denoted 6. No is the vertical neutral oxygen column density above altitude z

cro@tions for O collisions with O, CO,, N, and CO target species, respectively.

Cop=®'ing the densities in Figure 1, just keeping the O and CO; terms is a good first

appmwation (albeit somewhat subject to solar conditions). At an altitude of 200 km

Evides most of the collisional opacity, but N, does account for a sizeable =
e CO contribution is not important.

Experimental and theoretical information on the elastic cross sections needed in hot O
moiﬁhis scarce, and most recent modelers have used the O-O differential cross section
cal w- theoretically by Kharchenko et al. [2000] and have then scaled these cross
sectlons to other target species. Different modelers have handled the forward scattering

in the Kharchenko cross section differently. This is somewhat less important if one
jusfsiaadlses on escape and not on finding the full O energy and altitude distributions.
Si tegrating the Kharchenko O-O cross section in the backscatter direction gives a
cross section of co.0 = 3.8 x 10™*® cm?. Rahmati et al. [2014] used a value of 2.5 x 10
@Ie 1), but many other values can be found in the literature. Most modelers use
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the full differential cross-section of Karchenko et al. [2000] although they handle the
forward peak differently. Using the Table 1 cross sections and the solar max atmosphere
from Figure 1 gives the results shown in Figure 2 for an exit angle of 60° with respect to
the vertical.

e

4. tion of the lonosphere by Solar Radiation

= sB=slort synopsis of standard aeronomy [e.g., Schunk and Nagy, 2009] in a form
ne&d_]’,p determine the O escape rate is now discussed. The production rate of ions of

sp@ due to photoionization of neutral species, s, by solar radiation is given by:
P P@D)=Y F@)0,(1,) ®)
A

wh; is the solar flux at altitude z and at wavelength A, ns(z) is the density of neutral
spekies s at altitude z, and osjon IS the photoionization cross section for species s at
phmavelength A. In our case the most important species being ionized are CO, and

o, ularly the former. For the current paper we do not keep track of the ion final

S n the photoionization process, although the model that produced Figure 3 did
i is effect.

The solar flux at altitude z is given by:

-

F,(2)=F,, exp(-7,(2)) 9)

WhQiS the optical depth at z and for wavelength A, and F, is the solar flux at the top
of ﬁe atmosphere. The optical depth can be approximated for solar zenith angles that are

ngqmgjose to 90° by the expression:

:j 7, =506(2) 2, G (AIN,(2) (10)

<C

This article is protected by copyright. All rights reserved.



Ns(z) is the vertical column density of species s at altitude z, and ocapss(A) IS the

photoabsorption cross section at wavelength A for species s:

-+ N,2)= | n@)dz (11)

@mization frequency due to photoionization by solar radiation for species s in the
optrEmMs= thin region is given by Is = Ps (z)/ng(z) and is independent of altitude. Note that
TatiFl- lists some ionization frequencies for both solar minimum and maximum
cor@s and a heliocentric distance of 1 AU [Cravens et al., 1987]. Schunk and Nagy
[20Q9)mglso provide ionization frequencies. The values for Mars should be about half
theMues due to its larger heliocentric distance. Figure 3 shows modeled total ion
(CO,", QO*, OF, N,".....) production rate profiles at Mars for typical 2015 MAVEN solar
conditions and the solar maximum neutral atmosphere shown in Figure 1. Information on
ph(ﬂzaﬂon and photoabsorption cross sections and on solar irradiances for this
ep n be found in Sakai et al. [2015, 2016]. Results for 4 solar zenith angles are
shown.™ Secondary ionization (i.e., ionization by photoelectrons) as well as by primary
ionrZesgn was included. Note that Figure 3 illustrates that optical depth effects are not
i 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
ep(hmd for Mars from Figure 3 is = 8 x 107 s, which is consistent with Table 1
(w s 1 AU values and is for solar maximum).

ﬁ Eftlgh approximation to the ion production rate that somewhat improves upon the

thin approximation is:

Ps(z) = Is ns(z) exp[-<oabs,co2> Ncoz(z) secy] (12)

ut

where ag “effective” wavelength-averaged cross section is used. For CO, at a “typical”

avelength of about 50 NM, <oascoz> =~ 3 x 107 cm®. We do not really use this

10
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approximation except to demonstrate that optical depth effects are not important for

0Xygen escape.
5. Simple Oxygen Escape Model

) > Targets

%tochemical solution for the electron density in the ionosphere comes from
e g transport and setting production equal to chemical loss. See Schunk and Nagy
[2

ap@te equation can be approximated by Pcoz: =~ ane’, assuming that most of the

r an explanation of such basic aeronomical processes. For O," at Mars, the

phqEojmization is from CO, and that O," is the major ion species. The O production rate
is mPc02+ (equation 8). The fraction of O atoms produced that exceed the escape
enem about half of the total produced. All these factors can be included in a
parﬁr, f, which should be very close to unity: f ~ 1. f is a production efficiency

fac he production of oxygen atoms that can potentially escape is given by:

CU Pesc, 0(2) = f Pcoz+ (13)

ot O escape rate from the top of the atmosphere is the integral over altitude of
t uction 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] ). Rearranging the expressions given earlier gives the following equation:

Fﬂl; [ & p_ 6. @ 0nnsinodo
0 0

=!‘5Hz'nmz (Z')T M XP[~ < F s > 566 ZN(Z)] XD~ 0, N(2') 56 012 7511 Ol
° (14)

E@ (14) can be easily integrated over z’ by recognizing that dNco2 = Nco2dz’:

11
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I',mo:ﬂc‘,_,2 j‘z 2 wsin Od6 (15)
' A ) <O pocos > S€C ¥+ 0, SECO
Given that cocoz = 10<capsco2>, the first term in the denominator can be neglected, and
thelinteg"al over 0 in equation (15) carried out to give:

Q— F_ oz Lleor (16)

esc ) —
N F: Yo3 0Co?

with = 1. This escape flux is independent of the location on the dayside of Mars except
in gAmediate vicinity of the terminator. Hence, the global escape rate of O is 2nRy’
ti

flux, or:

i Qesc.0 = (f lco2 TRM / 260c02) (17)

No t equation (16) could also have been obtained using a standard *“exobase™
ap
6o o2 With vertical column density given by Nco2 = nexo Hn):

ation, with exobase defined as where the collisional depth equals unity (1 = 2

Nexo = 1 /(2 Gocoz Hn) (18)

where H, = kT, / mcog is the neutral scale height. However, we did not need to make

an gxplicit exobase assumption in deriving our equations.

5.2@)e estimate with O, N, CO and CO included in the thermosphere

ﬂewhat improved escape flux estimate can be obtained if one also includes other
tarae sgecies such as atomic oxygen, N2, and CO as well as CO,, as long as the
atmosphere is optically thin to incoming solar ionizing radiation. = We now include

ion of these species leading to the production of O*, N,*, CO", etc. (assumed to
c&m photoionization of the respective neutral species). We still assume that all

12
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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 Pion= Pcoz+ + Po™ + Pco™ + P2’
\M‘I“Fﬁ!the optically thin region, Po" = lono, Pcoz+ = lcoz2Ncoz, etc. The new production
ratntially escaping O is given by Pesc 0 = f Pion. By using the total ion production
ratefarall species we are assuming that all ion species produced end up as O," ions.and
thuﬂga,d,to hot O atoms (or to another ion species that can lead to hot O atoms).
@scape fraction, Gesc(z), now includes the effects of O collisions with all neutral
ecl

sp which requires that all the effective backscatter cross sections be included in the
origy quation (7). Define the ratio of the ionization frequency of species s to that
Spe ffective backscatter cross section for O collisions as bs = Is / cos. Denote the

value of this ratio for species s = CO, as b;. If all the values of bs = b; then for the
pu@ of the escaping O flux, all neutral species are equivalent and the escape flux
do depend on neutral composition or on the altitude dependence of the neutral
dem The simple analytical solution given by equation (16) still applies, although it
Eﬂtten as Fesco = f by / 4. Equation (17) still applies also. Uncertainties should

re than the range of the values of the b coefficients in Table 1 (that is, about a
factor of 2).

| -

6. (Qarison of the Simple Escape Model with a Numerical Model

mati et al. [2014, 2016] and other researchers (see Introduction for references)
calQulated hot oxygen density profiles and oxygen escape rates. Rahmati et al. [2015]
alq.dﬁlrmined the fluxes of oxygen ions picked-up by the solar wind far upstream of
Ma associated with the distant neutral O corona. As indicated in the introduction
Raget al. used a two-stream O transport model in their calculations, as did Nagy and

s [1988] and Kim et al. [1998] (albeit with different elastic scattering cross

13
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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,b]. Key
ingredients in these calculations are the oxygen scattering cross sections for collisions
V\Mient neutral species, particularly CO,, but also CO, O, and N,. Unfortunately,
not@nformation is available for the relevant cross sections. Fox and Hac¢ [2014]
usegdaaross section of 3 x 10™° cm? for 11 different neutral species, and worked with an
isoh,;],i,gI scattering model and a forward scattering scattering model in which the
Khgtc™nko et al. differential scattering cross section was used to set the differential
sca%?; cross section for all species. They concluded that the forward scattering cross

secy hould be most useful. Later in the paper, results from this paper are shown

tog ith results from other models.

mr simple escape formula we used the backscatter cross section and assumed that
onlf a single collision renders the O atom incapable of escape, because a second collision
wo needed to redirect the atom upward and sufficient energy would be lost to lower
them
SEmati (Ph.D. thesis, 2016; also see Rahmati et al. [2014]) used backscatter cross

for different species (i.e., total elastic cross section plus the backscatter

y below the escape energy.

probability) and we will adopt these values here as listed in Table 1. Table 1 also shows
solWation photoionization frequencies for solar minimum and maximum for several
spegf®and for a heliocentric distance of 1 AU [Cravens et al., 1987], the effective
bacger cross sections just mentioned. Note that when we apply these frequencies to
Mats, we need to also include: (1) about a 10% enhancement due to secondary ionization
(i,q_pn'toelectrons) and (2) a factor accounting for the heliocentric distance of Mars
(i.eglar flux reduction of ~ .43). We just lump these extra factors into an effective f

val ., foe= 1.1f/ d? = 0.4, where d is the heliocentric distance of Mars in units of

<

14
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AU). Note that this heliocentric distance depends on where Mars is located in its orbit
(i.e., seasonal progression). Table 1 also lists the b-ratios for each target species.

Now we can carry out simple escape estimates using the b-value from Table 1 just for
CO,. However, these values are different for different species, which does violate our
agdﬂﬂ'p'I*on by about a factor of 2. We push ahead, though, with just the CO, values.
Th @ pe fluxes of O from Fegc,0 = fetr b1 / 4 are:

! FESCIO ~ feff b]_ / 4 = (4 / 4) bj_: Ol b]_

@o ~ 1.4 x 10® cm™? s for solar maximum  (Q esc,0 = 8.8 x 10% s global)

.0~ 4.8x 10" cm™s™ for solar minimum ~ (Q esci0 = 3.0 x 10 s global) (19)

Th 7 index of solar activity was about 120 for the first year of the MAVEN mission
- (ﬁr a solar minimum value nor a typical solar maximum value. The solar
m escape fluxes from equation (19) should be adjusted downward by the
approximate F10.7 ratio of 120 / 200 = 0.6, which gives Fes,0 = 8.4 x 10’ cm™s™ and
Q. 3x10%® s

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

T he Rahmati et al. [2014] and Rahmati [2016] numerical model gave an escape rate
of 9.4 10" cm™?s™ for solar maximum and 4 x 10’ cm™s™ for solar minimum. This
mo@cluded O and N collisions and used MGITM ionization rates. Note that the
sol imum to solar minimum escape flux ratio depends simply on the ratio of the
ir@g;r fluxes in both cases, which is as expected. Rahmati et al. also numerically
cﬁ!ﬁgd O density profiles (including both bound and escaping O atoms) as shown in

Fig@ These density curves also scale with the b value, although in the current paper

v%onsider escape fluxes.

15
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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
o‘I"'I.'I'I'EI"papers (see the references provided by Brain et al. [2015]). The photochemical
@) @‘- analysis undertaken earlier in our paper assumed that ionization locally
nsogdiiged is locally lost and is channeled into hot oxygen via DR of O,". However, it is
kn(hm_];hat ion transport processes become important for ionospheric plasma at high
engfgm™ltitudes on any planet and this will also be true for Mars [e.g., Franz et al., 2010;
MQ, 2015; Brain et al., 2015; Ergun et al., 2016]. The flow is mainly from day to
ni removes plasma from the dayside ionosphere and supplies it to the nightside
an the wake region [cf. Fox, 1993; Franz et al., 2010; Brain et al., 2015], although
sormp;lsma can also exit the planet in the polar plume [e.g., Dong et al., 2014]. lons
ent§rely removed from the dayside ionosphere by transport are not available for local
daygigagohotochemical loss, but still represent an atmospheric loss (although with a label
of Cﬁoss”). Figure 5 is a schematic illustrating the photochemical and ion loss
r S at Mars.
§ransition between the photochemically-controlled ionosphere and a transport-
dominated ionosphere can be estimated by comparing the plasma transport time (t7) to
thehhmpchemical lifetime of the major ion species. MAVEN ionospheric data [e.g.,
M tal., 2015; Benna et al., 2015] and ionospheric models of Mars [e.g., Withers et
alm indicate that under most circumstances, O," remains the major ion species up
to &out 300 km. The chemical lifetime of O," is given by the dissociative recombination
tiM =1/ (aneg). O ions react with CO,, Ny, or H and have the relevant ion-neutral
tim , which is inversely related to the neutral density. We will focus on O,", which
renm major ion throughout the topside ionosphere. Evaluating the DR coefficient

o1 @n electron temperature of 3000 K gives the DR time constants listed in Table 2.
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Typical values of ne (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.

"'I'H?'expression for 1pr can be made more general than those listed in Table 2 by
usi@_photochemical equilibrium expression for the electron density. The

phalagamical continuity equation for O," ions (and electrons) is:

-

O P(2) = lo nn(z) = a.ne’ (20)

Uswndard aeronomical methods, equation (20) can be solved for the electron
.

The_ionization frequency of oxygen (lo) was used here, because in the topside ionosphere
(abdoo km or so), O becomes the most important neutral species. Note that Io

En the incident solar EUV irradiance. This expression can be written as (for T, =
3 .

ne = (Io / @)% n, (21)

ne (cm®) = 3.3 n, " (F10.7 / 200) /2 (22)

At 6”] where n, = 3 x 10° cm™ (Table 2), and for F10.7 =~ 120, equation (22) gives ne
=~ 43 0% cm®, whereas the value quoted in Table 2 is a bit different at ~ 2 x 10° cm?,
Hogever, only estimates are being considered here. F10.7 is a convenient and readily

avi'labli proxy for solar EUV irradiance, but other proxies could also be used in equation

rw
er to estimate the transition from photochemical control of the ionosphere to
t@ control we can compare the chemical lifetime with the transport time (where tr

17
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~ 1pR), all as functions of neutral density, and then find this critical, or transition, neutral
density (nnc). The transport time, tr, is roughly an appropriate length scale, L, divided by
the plasma flow speed, u. That is, Tt = L / u. When a magnetic field with a significant
radial component is present (e.g., near the edges of crustal magnetic field regions) then
tkE'tEslport could be dominated by ambipolar diffusion along the magnetic field.

iled consideration of plasma dynamics is beyond the scope of the current paper.
Thewese o large literature on the solar wind interaction with Mars and its plasma
en\Lanment, but there is little detailed information on the plasma flow in the ionosphere
its@tside the crustal magnetic field regions, magnetic fields are induced in the
Maggigga, ionosphere and drive flow (together with thermal pressure gradients) mainly
from to night and with relatively low radial speeds. The length-scale should be a
typical Yay to night” distance (L = Ry / 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 Egnetic pile-up region and very high values in the magnetosheath. That is, as the

nemnsity decreases, the flow speed should increase.
ens et al. (2010) carried out simple estimates of the ionospheric flow speed in

'@nosphere in which pressure forces (mainly magnetic pressure) was balanced by
i al collisions. They derived very simple, and very rough, expressions for the ion
flow speed, and transport time, using this ambipolar diffusion approximation: % L% n.
m; h-np/ ps, where L = Ryw/2 is a horizontal length scale, ne is the electron density, n, is
thel density, ki, is the ion-neutral collision frequency coefficient, and pg (= 1 nPa
at Mars) is ionospheric magnetic pressure which we take to be a typical solar wind
Qﬂ Table 2 lists some rough time scales from this approach, but in the future more
ehiduimaidbuld be devoted to making better estimates using global numerical models [cf.
Maﬁal., 2015] and/or more sophisticated analytical models. The transition

density/altitude should be quite variable given that the solar wind is variable.
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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 behavior characteristic
ol'!ﬂU'&hemical behavior. Some authors call this boundary the “ionopause” [e.g., Vogt
et &5] although they point out that these ionopauses are not pressure-balance
igngRalises like those observed in the Venus ionosphere [cf. Luhmann and Cravens,
19@_5 cursory examination of ionospheric data can perhaps indicate at what altitude
eleglro™ density (or ion density) profiles look anomalous (i.e., not-exponential, or
exr;o%?tial with a drastically different scale height from lower altitudes). A large
nu f papers in the special issue of a 2015 Geophysical Research Letters devoted to
M results are relevant to this issue. In particular, the Vogt et al. paper seems to
shmﬁ although the “ionopause” altitude is quite variable, as expected, 280-320 km
appkars to be a transition altitude of some type on average. The neutral density at this
alti nne = 3 x 10° cm™ ) we identify as the critical altitude above which ions are
Iikme affected by transport and transport loss (Table 2 or Figure 1).

iscussed earlier, ionospheric plasma transported from the dayside can either
Ee nightside ionosphere 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
dO\Md are ultimately lost via DR of O," deeper in the ionosphere, sometimes again
leagi™®so O escape. Either way most of the ionization produced in the transport region
(i.e@ve the critical density, ny, altitude) is still associated with atmospheric loss of O
a@ species.
_'_‘mgsupply of ions for the “ion escape” is limited to neutrals that can be ionized in
the port region by solar radiation (or by impact ionization due to external
eleﬁon precipitation). This “production-limited” concept was discussed by Ergun et

6]. The global dayside ion loss rate due to this high-altitude ionization can very
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roughly be expressed in terms of the critical neutral density, making it somewhat

independent of the detailed neutral density profiles (and exospheric neutral temperature):

Qesc,o = 27[ RM2 Io nnc Hn ~ 25 X 1024 S_l (23)
A Ic oxygen scale height was adopted for the neutral atmosphere scale height H,, =
30 his equation (23) value of Qes,0 IS about 5 - 10% of the photochemical neutral O

Igssaate, derived earlier, but was largely based on a crude visual assessment of electron
dermrofiles. A very large number of papers, both observational and modeling [cf.
Lugdin®gt al., 2013; Brain et al., 2015; Ma et al.,, 2015], and the large number of
refSﬁzs in these papers) have addressed the global ion escape issue with typical
nu being Qesc,0 ~ 3 x 10 - 3 x 10”° s™*. The purpose of the current discussion was
to ion transport escape rate to a given solar activity level (e.g., MAVEN epoch)
anm critical neutral density so that Qes,0 can be extrapolated to other epochs more
easEThis task will have to be revisited in the future so that the observational and
mogakig@ results can be viewed from this perspective.
mbove analysis was relevant to draped magnetic field regions and not to crustal
IC field regions. Regions of the ionosphere containing strong enough crustal
E 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

aloMsed magnetic field lines should sooner or later flow down to lower altitudes and

ath Ititudes.

Eﬂ: mplications for Past Mars Atmospheric Loss
e —

3ates of oxygen escape rates in the current epoch vary greatly in the literature so
hat=

be mchemically processed (resulting in photochemical loss), even those ions created

t not surprising that estimates of escape rates for the early Mars are even more

In. Figure 6 and Table 3 provide a comparison of global photochemical oxygen
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loss rates from a number of hot O models. Fox and Hac¢ [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 F10.7 index of solar
a&hl'l.'y'!s suggested by equation (17) is shown as the solid line.

et al. [1993] estimated oxygen escape rates for ancient Mars and adopted the
splaLEllV irradiances versus age of the solar system suggested by Zahnle and Walker
[1% for example, 5 times current irradiance for a solar system age of 1 Byr. The
sol d 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 1 Byr) [Newkirk, 1980]. Zhang et al. carried out 2-
str t O calculations and found photochemical O escape rates of 7 x 10%° s, 4 x 10%°
st 0% s''for solar EUV levels of 1 times, 3 times, and 6 times current values,
resr&ly. Also see Ergun et al. [2016]. The Zhang et al. value for the current epoch
is r@) different from the estimate in the current paper (and some of the other estimates
in gerature). The increase of O escape with increasing EUV level in the Zhang et al.
stu‘momewhat greater than linear but less than quadratic, whereas in the current paper

Ict a simple linear relation. Lammer et al. [2003] estimated an O escape rate that
\lﬁo times greater than current values for a time 3.5 Ga ago.

More recently, Zhao and Tian [2015] revisited past epoch photochemical escape rates
usiM-dimensional Monte Carlo methods. The increase of escape rate with EUV flux
Wamh less than that found by Zhang et al. [1993] or by Lammer et al. [2003] for
EU

dedeased for EUV levels more than 10 times current levels. The decline in escape rate

els less than 10 times current values, and the photochemical escape rate actually

fw high EUV levels was attributed to changes in the underlying thermospheric
corjion; that is, more atomic species due to increased photodissociation. However,

its to us that this decrease in photochemical loss might be compensated for by an

iqed ion transport and loss.
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9. Conclusions

Current models of hot oxygen at Mars differ in their methods and in their results
[L.i.'.is.ﬂ al., 2015; cf. references in Introduction] with photochemical oxygen escape
ratmg from 10** s™ up to 10%° s* (Figure 6). The escape fluxes differ not so much
be
| |
oxygen cross sections used in the models differ, with current models mainly extrapolating
frotij theoretically calculated O-O cross section of Kharchenko et al. [2000]. All

how an increased escape rate for larger solar EUV fluxes, although there are

methods (2-stream or Monte Carlo) are different but because the elastic

mo
mmcertainties in how to extrapolate these O loss rates back to early Mars

corﬁs.

urrent paper developed simple expressions for photochemical oxygen loss and
forst in order to make the dependencies on solar flux level and on cross sections
more transparent. The issue of how atmospheric composition affects escape remains

m blematic, but overall the expressions derived in this paper are probably robust
) ect to changes in the details of the atmosphere and ionosphere.
mary, the photochemical oxygen escape flux expression was found to be:
Fesc. 0~ 0.1 Icop (L AU) / 60.co2 = 1.4 x 10° (F10.7/200) cm?s™

— Globally Qesc.0~Q=~9x 10%® (F10.7/200) s* (24)

Wh@oz is the solar photoionization frequency for CO, at 1 AU and co.coz IS the
ba er cross section for O collisions with CO,. For solar maximum conditions
equation, (24) gives Fesc 0 ~ 1.4 x 10® cm™ s™ and a global O loss rate of Q ~ 9 x 10% s,
The_escape flux should be roughly independent of solar zenith angle almost out to the
tergaigadbr. The total ion loss rate discussed in section 7 is about 5-10% of the

p%mical loss rate.
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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
si'l'fbl'é't’ontext within which the numerical results can be examined and compared. Note
tha@t O density profiles can only come from the more detailed models. Given the
unGaraigties in the elastic cross sections, the most important task in the near future for
them problem is to make model comparisons with MAVEN measurements of the hot
O @#nsMy and escape rates now being carried out by the IUVS instrument [e.g., Deighan
et HS] and the measurements of pick-up O" fluxes by the SEP, SWIA, and STATIC
ins ts (Rahmati et al., 2014, and Rahmati et al. this issue). These comparisons of
moﬂ/ith MAVEN data will allow the determination of an empirical, or effective,

elastiC Dackscatter cross section as well as testing other assumptions in these models.
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Tables

Table 1 Solar lonization Frequencies (1 AU) and Collision Cross Sections for
Atomic Oxygen and for Solar Minimum and Maximum Conditions

Sm I(max) I(min) 00-j bj(max) b(min)

C 17.7* 6.04* 13** 1.41%** A8FF*
GO — 11.2 3.87 9.7 1.12 40
@) 7.01 2.28 2.5 2.78 .90

8.22 3.06 9.7 .85 .32

N>
* u(ﬁ-} 107 st
**

igmof 107° cm?. Effective backscatter cross sections of O with species r are shown.
*<Aghigh of 10° cm? s

iiﬁmax refer to solar minimum and maximum values.

Ta Topside lonosphere Flow Speeds and Transport Times
N (cm™) ne(cm™) R (5) 7r ()
20 1.5 x 108 2 x10* 500 6 x 10*
3 x10° 7 x 10° 1500 5x 10°
300 3x10° 2x10° 5000 10°
35(;! 1 x 108 10° 10* 2 x 10°

Autho
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Table 3

Models of Photochemical Oxygen Escape at Mars — Papers in Figure

Symbol

FHggnoi\e

F9
Zh

e
s
K a
Cip@7,

Reference

Fox and Ha¢ (2009)

Fox (1993)

Zhang et al. (1993)

Kim et al. (1998)

Lammer and Bauer (1991)
Hodges (2002)
Krestyanikova

and Shematovich (2005)
Cipriani et al. (2007)

Comments (see actual reference)
non-eroded ionosphere (superceded
by Fox and Ha¢ (2014)
eroded ionosphere

as corrected by Nagy et al. (2001)

as corrected by Luhmann (1997)

Ch Chaufray et al. (2007)

Va Valeille et al. (2009a,b)

FHOQerEo Fox and Ha¢ (2009) eroded iono; isotropic scattering
FHUYerFor Fox and Ha¢ (2009) eroded iono; forward scattering
R1 Rahmati (2016) also see Rahmati et al. (2014)
Ya Yagi et al. (2012) Mars perihelion

Ya Yagi et al. (2012) Mars perihelion

FHY4 Fox and Ha¢ (2014)

Grl4 Groller et al. (2014)

C Lammer et al. (2003)

Zh Zhao and Tian (2015)

L Lee et al. (2015a) perihelion, moderate activity
Leel5b Lee et al. (2015b) autumn, 3 solar activities
So.la'ml'nimum was given the value F10.7 =70

Sol imum was given the value F10.7 = 200

M /unspecified solar activity was given the value F10.7 = 130

Va!;es in the associated Figure for references prior to 2010 were taken from Fox and

ac 9).
e —
D

<C
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FIGURE CAPTIONS

Figure 1

CO,, CO, O, N, density profiles for the the Martian thermosphere for solar minimum
aﬁdﬂﬂﬁﬂmum conditions. From MGITM model [Bougher et al., 2015a] and used by
Raal. [2014, 2016]. These densities agree overall with the initial measurements
of thedensity by the NGIMS instrument onboard MAVEN [Mahaffy et al., 2015]. The
Iocmme assmed is 11:00.

Figure 2

Ox scape probability as a function of altitude and exit angle of 60° are shown for

the maximum neutral atmosphere shown in Figure 1. Comparison escape fractions

fronm numerical two-stream model of Rahmati [2016] are shown for comparison.
C

Fi

Togm production rate (all ion species and both primary and secondary ionization)

profiles for solar EUV radiation for the MAVEN epoch. The approximate F10.7

Eolar 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

forgyeral solar zenith angles are shown and an approximate exobase altitude.

2

HoR O densities vs. altitude from the 2-stream hot O model (see Rahmati et al. [2014],
aqqmnati et al. in current issue). Density profiles for the standard solar model for
sol imum and minimum are shown. Model profiles for a case with half the O-CO,
crojion and with half all cross section (including O-O and O-CO and O-N,). The

<C
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densities for the last case are indeed about a factor of 2 higher than for the standard

model, as are the escape fluxes discussed in the text.

Figure 5

Sﬁhﬂﬂﬂc of the Martian upper atmosphere and ionosphere, illustrating the exospheric
rere photochemical O production takes place and the region of ion loss from
davetgaioht above the ion exobase. Note that we did not use an explicit exobase
ap@mation in the calculations.

Figure 6
Thag#lgion between hot O escape flux and F10.7 index of solar activity, as discussed in
the ®s 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
actiyity levels are shown. Table 3 provides the references for these models, as listed in
the d.

ad
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Figure 2.
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Figure 3
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Figure 4

10°

—k
Dl-h-

Altitude (km)

—k
o

— Solar Maximum
= = =Solar Minimum

£

[

—s
9
=

]

10" 10° 10° 10*
Hot O Density {cm'a}

Author N

This article is protected by copyright. All rights reserved.

42



Figure 5
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Figure 6
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