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Abstract

lon_loss from the topside ionosphere of Mars associated with the solar wind
interaction makes an important contribution to the loss of volatiles from this planet.
Data from NASA’s Mars Atmosphere and Volatile Evolution (MAVEN) mission
combined with theoretical modeling are now helping us to understand the processes
involved in the ion loss process. Given the complexity of the solar wind interaction,
motivation exists for considering a simple approach to this problem and for
understanding how the loss rates might scale with solar wind conditions and solar
extreme ultraviolet irradiance. This paper reviews the processes involved in the
ionospheric dynamics. Simple analytical and semi-empirical expressions for ion flow
speeds and ion loss are derived. In agreement with more sophisticated models and
with purely empirical studies, it is found that the oxygen loss rate from ion transport is
about 5% (i.e., global O ion loss rate of Qio, ~ 4 x 10?* s) of the total oxygen loss
rate. The ion loss is found to approximately scale as the square root of the solar
ionizing photon flux and also as the square root of the solar wind dynamic pressure.
Typical ion flow speeds are found to be about 1 km/s in the topside ionosphere near
an altitude of 300 km on the dayside. Not surprisingly, the plasma flow speed is

found to increase with altitude due to the decreasing ion-neutral collision frequency.
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1. Introduction

The loss of oxygen and other volatiles from the atmosphere of Mars is the key
driver of the evolution of the atmosphere, and the MAVEN mission is making major
advances in our understanding of the loss processes [cf. Jakosky et al., 2015]. A
major loss process is the photochemical escape of O due to the dissociative
recombination of O," ions that are present in the exosphere. Many papers have been
devoted to this topic (see Cravens et al. [2017], Lillis et al. [2017], and Fox [2014]
and the many references therein). Another loss mechanism is transport of ions from
the planet. Some of the ions created by ionization processes in the upper atmosphere
are accelerated to escape speeds via processes associated with the solar wind
interaction with planet (e.g., pick-up ions and fast day to night ionospheric flow).
This topic has also been extensively studied and has been the subject of several
MAVEN investigations [cf. Brain et al., 2015].

Cravens et al. [2017] used a simple approach to finding expressions for
photochemical loss of atomic oxygen via dissociative recombination of ionosphere
0,"ions. The global loss rate estimated was Qo ~ 8 x 10 s™ (1 / 1), where Iy is the
solar maximum solar EUV irradiance (actually the atomic oxygen ionization
frequency can be used here). A key assumption was that almost any ionization event
results in O," production and thus to loss of O if the ionization event takes place in the
exosphere. In the chemically controlled part of the exosphere the loss will be
photochemical (e.g., dissociative recombination reactions) but some ions could also
be lost via ion transport. In this paper, we estimate the location in the topside dayside
ionosphere of the transport/chemistry transition for ionospheric plasma and we
assume that ions created above this transition level are lost due to transport rather than
to the photochemical loss mechanism. Note that in either case, the oxygen is lost from
the atmosphere. We do not consider the detailed ion acceleration mechanisms that

actually provide the ions with the escape velocity [e.g., Ma et al., 2004; Brecht and
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Ledvina, 2014]. We also estimate how the ion loss scales with solar EUV irradiance
and with solar wind dynamic pressure.

An implicit assumption in the current paper is that the ions which are controlled
by transport processes at high altitudes are eventually lost either by: (1) some
unspecified acceleration process at high altitude (e.g., ion pick-up) for loss out the tail
or-(2) transport to the nightside, where the O," can recombine, also causing loss of O
atoms. Figure 1 is a schematic showing ions being created, plasma flow towards the
night, and oxygen escape.

In the process of estimating ion escape rates we will also derive simple,
approximate expressions for plasma flow speeds in the topside dayside ionosphere
which could prove useful for interpreting future MAVEN data and output from global
models of the solar wind interaction with Mars.

FIGURE 1

2. Production of lons at Mars and lonospheric Chemistry

The loss of oxygen, either by the photochemical mechanism or by ion loss,
requires that the neutral gas be ionized by solar radiation or by fast particles. The
major neutral species in the thermosphere of Mars is CO,, although atomic oxygen is
the major neutral species at higher altitudes [Bougher et al., 2015a; Benna et al.,
2015; Mahaffy et al., 2015; Rahmati et al., 2015]. See Figure 1. Photoionization of
neutrals by solar EUV and soft x-ray radiation is represented by these reactions:

hv+ CO, > C02++ e
> CO" + O + e

> 0" + CO+ e (1)

hv + O> O + e (2)
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Secondary ionization by photoelectrons also contributes about 10% to the total
ionization rate. As discussed by Cravens et al. ([2017] and in many other papers) the
production rate of photo-ions can be calculated using standard aeronomical techniques
[Schunk and Nagy, 2009]. lonization frequencies (Is in units of s™ for species s) are
the ion production rates divided by the neutral density, and in the higher altitude
optically thin region of the upper atmosphere the ion production rate for species s is
just Ps = Is nys, where nys is the neutral density of the relevant species s. lcoz = 1.8 X
10° s and 6 x 107 s™ at a heliocentric distance of 1 AU and for solar maximum and
minimum conditions, respectively [cf. Cravens et al., 2017]. Similarly, for atomic

Land 2.3 x 107 s? for solar maximum and minimum

oxygen, lox = 7 x 107 s
conditions, respectively. Later we identify loxo = 7 x 107 s as a reference value.
These 1 AU values need to be scaled to the heliocentric distance of Mars.

CO," ions react with O to produce O," ions which dissociatively recombine, thus

producing hot oxygen atoms. O" ions can also react with CO, to produce O," ions:

CO," + 0 > 0,'+ CO ()
O" + CO, > 0, + CO 4)
O,)+e >20+0 (5)

The reaction rate coefficients associated with these reactions are ks = 1.64 x 10™°
cm®s?t, ks =9.4x 10 em® s, and o = 1.6 x 107 (300 K / T¢)™ cm? s for reaction
(5) [cf. Fox, 1997; Fox, 2009; Fox et al., 2015]. In addition, N," ions produced by
ionization of N, molecules largely end up as O," due to ion-neutral chemistry [Fox,
2009; Fox et al., 2015].

Table 1 lists some typical values of neutral density (n,) and electron density (ne) in
the dayside ionosphere from MAVEN data [Benna et al., 2015; Withers et al., 2015].
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This data is representative of the dayside ionosphere for April 2015 with solar zenith

angles in the 40° to 60° range.
3. lonospheric Dynamics - Simple Theory

The transport, and possible escape, of plasma from the topside ionosphere is in
response to the net force on a plasma parcel. Horizontally, the main drivers of the
dynamics are magnetic forces and thermal pressure forces. A full understanding of
this force balance is complicated and depends on the region of Mars, but one can
consider two simple regimes — (1) flow largely perpendicular to the draped magnetic
field that is induced in the topside ionosphere by the solar wind interaction, and (2)
flow mainly parallel to the magnetic field driven by the thermal pressure gradient.

We will emphasize the first rather than the second, although both are discussed.
3.1 Single-fluid Momentum Equation

We need to start by estimating flow speeds in the topside ionosphere. We use a
single-fluid approach. The single-fluid plasma momentum equation is [cf. Cravens,
1997]:

d
p(Gi+u V)= ~V(petp)+J X B+pg — pvin(u —uy) ®)

where the plasma mass density is p, the flow velocity is u, and the acceleration due to
gravity is g. The neutral flow velocity is denoted u,, and vi, is the ion-neutral
momentum transfer collision frequency. The electron and ion pressures are pe = nNe Kg
Te and pi = ne kg Ti, respectively, where n is the electron density, and kg is
Boltzmann’s constant. T. and T; are the electron and ion temperatures, respectively.
Note that quasi-neutrality is assumed so that the ion density n; equals the electron
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density (ni=n¢). J is the current density and B is the magnetic field. Ampere’s law

can be used to write J X B as:

B? 1
]xB——V(Z—HO)+EB-VB 7

The magnetic pressure is given by ps = B%/2uo. Typical values of T; and Te in the
topside ionosphere are 1000 K and 2000 K, respectively [Ergun et al., 2015;
McFadden et al., 2015]. The ion-neutral momentum transfer collision frequency is
given by vin = kin N, Where ny, is the neutral density and ki, ~ 10° cm®s™.

Numerical global MHD models solve the momentum equation, plus continuity
equations and energy equations on a spatial grid. In the current paper, we will
simplify the momentum equation and derive analytic expressions for the flow velocity

u.
3.2 Solar Wind Boundary Condition on lonosphere

Plasma flow in the topside ionosphere is driven most notably by thermal pressure
gradient forces and J x B forces (roughly the same as magnetic pressure gradient
forces). Except in regions with large crustal magnetic fields, the topside ionospheric
pressure (Pwop = Pe + Pi + Pps) is constrained at higher altitudes by solar wind
conditions. Solar wind dynamic pressure (Pswo =pswUsw’) is largely converted to
thermal pressure downstream of the bow shock and then mostly converted into
magnetic pressure inside the magnetic pileup boundary (MPB) [cf. Brain et al., 2015;
Crider et al., 2002, 2003; Edberg et al., 2009; Ma et al., 2015; Brecht and Ledvina,
2014; Modolo et al., 2016] in the magnetic pile-up region (MPR). The subsolar
magnetic pressure in the MPR (or induced magnetic barrier), pgo, IS approximately
equal to the upstream solar wind dynamic pressure, pswo. In the subsolar topside
ionosphere, Prop = Pswo =pswllsw’. The magnetic barrier pressure on the dayside falls off

with solar zenith angle according to MGS data [Crider et al., 2003; Akalin et al.,
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2010], MAVEN magnetometer data [Connerney et al., 2015], and global interaction
models [Ma et al., 2004].

The average magnetic pressure in the topside ionosphere measured by the MGS
varies with Ompp, the angle between the Sun and the obstacle boundary normal, as
[Crider et al., 2003]:

PB = Pswo COszempb * Pro (8)

where po is a relatively small pressure. Figure 2 displays a typical dayside magnetic
field profile measured by the MAVEN magnetometer [Connerney et al., 2015] for a
region without crustal fields. And Figure 3 shows average topside magnetic pressures
versus solar zenith angle instead of 6, from MGS magnetometer data [Crider et al.,
2003].  The following approximate expression for the pressure versus solar zenith

angle, x, was found to be reasonable:

Ps (%) = pswo £0.66 cos® y +0.33 cos® (3 / 2)} (9)

FIGURE 2
FIGURE 3

The total pressure in the topside ionosphere at a given location should be roughly
independent of altitude. We express the pressure in terms of physical distance from
the subsolar point, s, along a constant radial distance r = Ry + z, where Ry, is the

Martian radius and z is altitude. The incremental distance ds is given by:

ds=rdy=(Ruw+2z)dy. (10)
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The horizontal component of the magnetic pressure gradient (or total pressure

gradient because magnetic pressure dominates) can be approximately expressed as:

1 dpp 2pswo (2 . 1. X X
v = —_— ~ [—] {—sm coS =sin%=cos —} 11
I horpBl Ry+z dy Rem 3 X X + 6 2 2 ( )

At locations with y = 60° (i.e., middle of the dayside) the term in brackets in the last
equation is 0.36. The pressure gradient is roughly pswo/(Rm/2).

3.3 Simple Single-fluid MHD Momentum Balance for the lonosphere

Next, we carry out various approximations to equation (6) and obtain simple
expressions for the horizontal plasma flow speed using the horizontal pressure
gradient just found. We assume that the vertical component of the flow velocity u is
much less than the horizontal component. That is, we assume that flow streamlines
are largely horizontal on the dayside. We also neglect magnetic tension forces or
assume that they are comparable to the magnetic pressure gradient force.

The time-independent horizontal momentum equation can now be written as:

d —-d
pu—=—(p, +pi +ps) — pvin(u — up) (12)

The total pressure is given by p = pe + pi + ps. Actually, the last term on the right-
hand side is really the component of the u — u, vector along the flow direction, but for
simplicity in our estimates we assume that the neutral and ion velocities are simply in
the same (or opposite) directions.

The momentum equation can be further approximated by:

d
= Euz + %] + v, (u—u,) =0 (13)

This article is protected by copyright. All rights reserved.



Note that for this last expression 1/ p has been brought inside the derivative by
assuming that the plasma density does not vary much with horizontal distance s.
Numerical solutions of equation (13) for u(s) (i.e., u(y)) can be determined at different
altitudes and for different solar wind pressures, assuming that p(s) =~ pg(S) as given by
the empirical relation equation (11). See Figures 5 and 6. The solution of equation
(13) that is shown assumes that magnetic pressure dominates over thermal pressure
and is given by equation (11). Indeed, one empirically finds that in the topside
ionosphere for z = 300 — 400 km, the thermal pressure pe + pi = ne kg (Te + Tj) = .15
nPa for ne ~ 2000 cm™ and for Te+T; =~ 5000 K [Ergun et al., 2015; Sakai et al., 2015,
2016; Matta et al., 2013; L. Andersson, private communication, 2017], whereas the
magnetic pressure (Figure 3) is about 4 — 5 times greater than this. That is, the plasma
beta is rather large (B = 5). However, a more careful analysis taking thermal pressure
into account could be undertaken in the future.

The results show that flow speeds increase with solar zenith angle generally, out
to sza = 60°, and also strongly increase with altitude because the ion-neutral collision

term, which opposes the pressure gradient term, rapidly decreases with altitude.
3.4 High Altitude Approximation

An even more approximate solution can be found at higher altitudes where ion-

neutral collisions can be neglected:
%uz + % = constant (14)

This solution applies along a streamline, assumed to be approximately constant in
altitude, and it can be rewritten as:

Ut = uf + 20— 2= uf o+ Cho — Chs (15)
0
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The subscript “0” denotes values at the start of a streamline near sp = 0 at the subsolar
point. Cns is the magnetosonic speed and Cp,s = Ca, Where Cp is the Alfven speed.
CaZ = B?/ ppo and Ca can be found using the empirical average magnetic field B as a
function of s (or 6). With up = 0 and Cps= 0 near the terminator (6 =90°), the
terminator plasma flow speed in this approximation is just the subsolar Alfven speed

in the magnetic barrier: u = Cpso= Cao.
3.5 Low Altitude (Ambipolar Diffusion) Approximation

At lower altitudes, we can assume that u? << Cpe> of My << 1 where My is the
fast mode Mach number. In this case, the ion-neutral friction term balances the
pressure gradient term in the momentum equation and we have the following

approximate ambipolar diffusion solution:

. —1 4P
U—u, = v ds (16)

Letting the neutral flow speed be u, = 0, and for x = 60°, the flow speed from this

diffusion approximation becomes:

w25 x 10287 [ —Ewid | (17)

s lng(m=3)n,(cm~

The upstream solar wind pressure is psw (used instead of pswo after this point in the.
paper) and the units to be used are indicated. As noted just after equation (11), the
horizontal pressure gradient used in equation (16) to get equation (17) was equation
(11) with a solar zenith angle of 45°, giving dp/ds = 0.7(psw /(Rm/2)). Typically, near
Mars psw = 1 nPa. The neutral and electron densities (n, and ne, respectively) are
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needed to find u. Values of n, and n, from Table 1 are used to obtain flow speeds and

are shown in Figures 4-7.

FIGURE 4

FIGURE 5

Figures 5 and 6 show the flow speed from all three methods versus solar zenith angle
for several different altitudes. Figure 7 shows flow speed versus neutral density. An
altitude-independent neutral wind speed of u, = 100 m/s in the same direction as the
solar wind driven velocity was adopted. Note that below about 200 - 225 km the
neutral wind speed, up, is comparable to |u; - up|. The neutral wind speed depends on
season and location on Mars [Bougher et al., 20153, b]. Note that the ambipolar
diffusion speed from equation (16) or (17) should be a reasonable approximation
below about 350-400 km (n, < 10° cm).

3.6 Plasma Flow Parallel to the Magnetic Field

Parallel to the magnetic field the magnetic pressure gradient force cannot operate
and so the thermal pressure gradient force cannot be neglected. Thermal pressure
gradient forces move the plasma as indicated by the above simple momentum
equations. As stated earlier, a careful analysis of this effect is beyond the scope of the
current paper but a simple estimate is made here. We approximate the horizontal flow

speed parallel to the magnetic field as:

— —V(pet+pi) ~ — [kB(Te+Ti)]i% (18)

u—1u
r PVin mikipny ne ds
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A horizontal electron variation length-scale is defined by Le* =~ (dne/ds)/ne and we

note that Le=~ Rm/2. In this case, the flow speed is of the order of:

|u - up| = 300 km/s (Te/ ny) (29)

with-u-in units of km/s, T, in units of Kelvin, and the neutral density n, in units of cm’
%, For example, near an altitude of 400 km, where n, = 10° cm™, u = 1 km/s, which is
somewhat less than the 6 km/s flow speed found for magnetic pressure gradient
forces. The flow speed ratio is just the plasma beta. The scaling of this speed with
solar EUV irradiance depends on the scaling of the electron density with solar EUV

irradiance.

3.7.Comparison of Simple Dynamical Model with Global Models

The ionospheric flow speeds found for the dayside from the simple analysis are
compared with results from global MHD code for comparable conditions and with
flow. Figure 7 shows flow speed versus altitude for a solar zenith angle of about 60°
for MAVEN conditions. The 3D MHD model results are from case 1 of Ma et
al.[2004]. This run was for solar maximum conditions and for normal solar wind
conditions (1.2 nPa upstream dynamic pressure) with a 3nT parker spiral. The IMF
direction was in the equatorial plane. The MHD velocity values were extracted at 60
degrees latitude in the XZ (meridional) plane, which is generally consistent with the
generic dayside conditions assumed for the analytical solution. Given that conditions
were not exactly matched and given the simplicity of the analytic expressions the
agreement is quite good.

Further work will be needed to expand on these comparisons with other global
models [e.g., Ma et al., 2004, 2015; Brecht and Ledvina, 2014; Modolo et al., 2016]
and with ion flow data from NGIMS and STATIC, but this effort is beyond the scope

of this initial exploratory work.
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FIGURE 6

4.0 lon Transport and Escape

In-this section, the approximate flow speeds introduced earlier are used to estimate
the transition between a chemically-controlled ionosphere and a transport-controlled
ionosphere on the dayside. This transition is then used to estimate the ion loss from
the planet via a production rate technique. The transition altitude (or critical level —
actually critical total neutral density, n,) is determined by equating chemical lifetime,
for either O" or O,", with transport lifetime.

Once the critical neutral density, n,, is found then the total global ion loss rate is

just the total ionization rate at higher altitudes:

Q = Iox Nne 27t Ho Ry? (20)

where Ho = 40 km is the atomic O scale height. Cravens et al. [2017] also discussed
this expression. Note that the ionization frequency at the location of Mars must be
used. Equation (20) assumes that atomic oxygen is the main neutral species at the

relevant altitudes. Next, we find expressions for the critical level/density.

4.1 Plasma Continuity Equation and Chemical Lifetimes

The continuity equation for an ion species, s, in the ionosphere is given by

[Schunk and Nagy, 2009; Cravens et al., 2007, and references therein]:

ong

ot +V- (nsus) =P — Ly (21)
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A dimensional analysis of this equation indicates that the transport timeis tr~L/
u, where L is an appropriate length scale and u is the flow speed. A typical horizontal
length scale on the dayside is L = Ry /2 and horizontal flow speeds were discussed
earlier. For vertical transport, the length scale is a vertical scale height, H ~ Hp, and a
vertical flow speed should be used: (u;): Tr; = Ho / U,.

The one-dimensional, multi-fluid, MHD model of Shinagawa and Cravens [1989]
showed that the vertical plasma speed in the Martian ionosphere is u, = 10 — 20 m/s,
and the vertical transport time is tr, = 3000 s. However, in regions with a large radial
component of the magnetic field (e.g., crustal magnetic field regions, closed or cusp)
the radial flow speed is very likely to be higher than in draped field regions with
consequent lower radial transport times.

Now we consider chemical lifetimes in the ionosphere. The photochemical
equilibrium approximation for ion species s is given by Ps = Ls, where Ls = Ls ns, SO
that ns = Ps/ Ls. An approximate photochemical equilibrium expression for the O"

density is:

No+ = lox No / Ka Ncoz (22)
where no’, Ncoz, and ng are the densities of O™ ions, CO,, and O, respectively. A very
approximate “empirical” value for the CO, density above about 200 km is given in
Table 1, in terms of the total neutral density:

Ncoz = nn’ / No(z=210 km) ~ 4 x 10° n,2 cm™ (23)

The O chemical lifetime associated with reaction (22) is tco+ = 1 / k2 Ncoz, When neoy
can be taken from eq. (23). Such time constant expressions are obtainable by a
dimensional analysis of the relevant ion loss rate (e.g., loss rate (units of cm>s™) =
KaNcozno-, for O ions) [cf. Schunk and Nagy, 2009].
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The photochemical approximation for the O," density, assuming only chemical

loss by dissociative recombination, is given by:
Noo+ = (Po+ + Pcoz+) / (OL Ne) = Pos / (OL Ne) = Iox No / (OC ne) (24)
Theionization of O dominates the total ionization rate for the topside ionosphere

(z>200 km). Further, assuming that n. ~ [O,'] below about 300 km, the electron

density expression becomes:
lox Y2 s
ne ~ (=) ny/ (25)

With Te = 2000 K, a = 6 x 10® cm® s'[Peverall et al., 2001]. For MAVEN

conditions and for altitudes above 200 km, this expression becomes:
ne =~ 2 ny*? (with both densities in cgs units) (26)
Using a solar maximum ionization frequency for atomic oxygen one finds that

equation (17) for the flow speed, using equation (26) for the electron density,

becomes:

u~ 1.3 x 1022§”S—W (27)

3/2
nn

where the solar wind pressure is units of Pascals (Pa) and the neutral density, n,, is in
cgs units. Putting in the solar activity and solar wind pressure dependencies gives:

u~ 13 %1013 m("’—"0)1/2 (22) = (28)

3
s \lox Dswo/ ny
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Let 1o = loxo be the solar maximum (the reference value) ionization frequency for
atomic oxygen and | = lox be the ionization frequency at the actual time (and solar
activity level). lox in equation (25) for the electron density becomes (lox / loxo) loxo
with loxg = 7 X 107 s for the solar maximum ionization frequency. The resulting ne
expression is put into equation (17), as well as psw=(Psw/Pswo) Psw- EQquation (28)
results from these steps. Note that in terms of the F10.7 proxy of solar activity one has
lo /1~ 200/ F10.7. Chemical and transport lifetimes are shown as functions of
altitude in Figure 8 and in Table 2. Also, in equation (28) a reference solar wind

pressure, pswo = 10 Pa, was adopted.
4.2 Critical Neutral Density for lon Transport (Comparison of Time Constants)

An ion “exobase” or transport-chemical transition level can be defined where the
chemical and transport times are equal: tr = Tchem. Figure 8 displays these time
constants plotted versus the neutral density for the density values from Table 1 and for
chemical and transport expressions introduced earlier. Table 2 also lists these time
constants. The transition density for O" ions (Nnco-) is about 10" cm™ and for O," ions
is also about 10’ cm™. The O* and O, densities are comparable near 300-400 km
[Benna et al., 2015]. Note that the estimated flow speeds in Table 1, used to estimate
transition densities, were found using equation (13) and did not make the low altitude

approximation.

FIGURE 7

FIGURE 8

4.3 Analytical Scaling for Transition Level Densities
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Now instead of using Table 1 values for ion and electron densities, photochemical
expressions found in section 4.2 are used, as well as the low altitude flow
approximation of equation (17) (i.e,. equation (28)). This allows purely analytical
expressions for the critical neutral densities to be found. Flow speed from equation
(28)-is-used in the transport time expression and equated to the photochemical lifetime

of either O" or O,". The critical neutral density level for O is given by the expression:

_ 6. _3[loxo 1/7 Pow 2/7
ncO0+= 4x10°cm [ ; ] [pswo] (29)
The critical neutral density for O," is given by:
ncO2+~ 1083¢m=3 |-Esw_ (30)

loxoRMm

Expressing this equation in terms of the ionization frequency for oxygen and in terms
of solar wind pressure relative to the average reference value pswo = 10° Pa, it

becomes:

nc02+~ 3x106cm=3 [ps_w]l/z (Io_xo)1/2

Pswo I

31)

The solar irradiance, I, comes into equation (31) via the electron density for the
chemical loss of O," as well as through the electron density in expression (17) for the
speed (and later equations for the speed derived from this). The critical densities for
O* and O,*are both n,. ~ 4 x 10° cm™ from equations (30) and (31). Table 1 and
Figure 7 give values that are a factor of 2 or so higher than this value. In either case,
the corresponding critical altitude is roughly 300-350 km for the MAVEN epoch.
Using the low altitude flow speed expression introduces more uncertainty, but Figure
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6 indicates that near the photochemical/transport transition altitude the low altitude

expression does a fairly good job for the flow speed.

5.0 Global lon Escape and Discussion

What happens to ions transported from the dayside to the nightside? Considerable
modeling and data analysis have addressed this topic [cf. Ma et al., 2015; Brecht and
Ledvina, 2014; Modolo et al., 2016; Brain et al.,, 2015]. lonospheric plasma
transported from the dayside can either supply the 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.,
2004, 2015; Franz et al., 2010]. lons that cross into the nightside can drift/diffuse
downward and are ultimately lost via dissociative recombination of O, ions deeper in
the ionosphere, again leading to O escape. Either way most of the ionization
produced in the transport region (i.e., above the critical density, n,. altitude)
represents atmospheric loss of O. The supply of ions for the “ion escape” is limited to
the neutrals that can be ionized by solar radiation (or by impact ionization due to
external electron/ion precipitation) in the transport region above about 300 km.

Equation (20) gives an overall estimate of the ion loss due to ionization of oxygen
in the topside ionosphere, but losses via O," or O" are not distinguished and depend
on the details of the ion chemistry near the critical level. We introduce a factor f that
is the total local ion production (P = Ion,) going into O after chemistry is taken into
account. The rest of the ion production, with the fraction (1-f), is assumed to become
0,". Recall that the O," comes from the chemical reaction (equation 4) of O" with
CO..

We can now, with some degree of inconsistency, combine equation (20) with the
critical neutral densities for O," and O, found earlier, to obtain global loss rates for
these species. The factors f and (1-f) for O* and O,", respectively, were thrown in so
that the ion production rate was not double counted. Admittedly, this is bit ad hoc.
The overall dayside ion loss rate (to the night or lost from Mars) from ionization is

then very roughly:
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Qoz+= 3x10™ s (1-f)(1/ lox0)"”* (Psw / Pswo)
QO+ = 4X 1024 S_l f (I / IOxO)G/7 (psw/ pst) 2 (32)

Note that the ionization frequency ratio, I / loxo, is roughly F10.7 / 200. The total O
atom transport loss from Mars due to ion 10ss is Qion = 2Qo2+ + Qo--

The fraction f depends on altitude (or neutral density) via the critical neutral
densities defined above, but we make the additional approximation of evaluating f at
just the O™ neutral critical density from equation (29). The O," and O critical neutral
densities are very similar so this assumption makes little difference. Taking the
fraction f as f = no+ / (no+ + No2+) and using photochemical expressions for the ion

densities derived earlier gives:
f=1/{1+(keke/2 ) n,¥*}=0.5 (33)

Note that f ~ 0.5 for the MAVEN epoch. The Qjon expression can now be evaluated.
At the reference values of solar wind pressure and solar EUV irradiance we find that
Qion~ (04 x3 +0.8x4)x 10 st~ 4x10*s?. However, it would probably be
reasonable to just use equation (20) and a compromise O/ O," critical neutral density,
which also gives an overall ion loss rate of ~ 4 x 10%* s for the current epoch.

Qion IS about 5 — 10 % of the total O loss from photochemistry [cf. Lillis et al.,
2017; Cravens et al., 2017, and references therein]. Of more interest is the variation
with solar EUV irradiance and with upstream solar wind pressure (i.e, variation goes
as the square root). For comparison, the photochemical loss rate varies linearly with
the solar EUV irradiance according to Cravens et al. [2017]. The equation (32)
values of the global escape rates are roughly consistent with results from global

simulations and from data analysis [cf. Brain et al., 2015]. Lundin et al. [2013] found
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using MGS data that the heavy ion (O and O,") escape rate varied approximately
linearly with F10.7.

Note that all the above analysis applies to draped magnetic field regions and not to
the crustal magnetic field regions.  Regions of the ionosphere containing strong
crustal magnetic fields are shielded to a large extent from solar wind effects and ion
transport should be largely parallel to the magnetic field. All such ions should sooner
or later be photochemically-processed, even those ions created at high altitudes, and
thus eventually contribute to the photochemical neutral O loss in crustal field regions
[see Cravens et al., 2017]. Another limitation of our results is that in order to derive
the plasma flow speeds needed to find the transport time constants and critical neutral
densities flow parallel to the magnetic field purely due to the thermal pressure
gradient was not taken into account. One effect of this is that the plasma flow from
day to night is not azimuthally symmetric but depends on the orientation of the draped
magnetic field. This might reduce the net ion loss from the dayside by as much as a

factor of 2 due to the lower flow speeds parallel to the field.

9. Conclusions

Simple analytical and semi-empirical expressions for ion flow speeds and ion loss
were derived. MAVEN data was used as input for the estimates. Typical ion flow
speeds are found to be about 1 km/s in the dayside topside ionosphere near an altitude
of 300 - 400 km, and, not surprisingly, the flow speed increases with altitude. In
agreement with more sophisticated models and with purely empirical studies, we
found that the oxygen loss rate due to ion transport is about 5% (i.e., a global O ion
loss rate of Qjon = 4 x 10* s™) of the total oxygen loss rate. The global ion loss rate is
found to vary linearly with the solar EUV irradiance and as the square root of the
solar wind dynamic pressure. The estimates and simple MHD arguments that were
made in this paper are not meant to be quantitatively accurate or to replace more
sophisticated numerical models, but they should be able to help interpret these models

as well as help to interpret MAVEN data.
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Table 1. Topside Neutral and lonospheric Densities, Flow Speeds, and Time
Constants

z(km) nCOy(cm?®) nO(cm?®) NNz (cm™)  np(em™)

200 1.20E+08 8.00E+07 1.60E+07 2.16E+08
225 1.80E+07 5.00E+07 7.00E+06 7.50E+07
250 6.00E+06 3.20E+07 3.00E+06 4.10E+07
275  9.00E+05 1.70E+07 1.00E+06 1.89E+07
300 3.20E+05 1.00E+07 5.00E+05 1.08E+07
325 1.00E+05 7.00E+06 2.50E+05 7.35E+06
350 3.00E+04 3.50E+06 8.00E+04 3.61E+06
400 8.00E+03 1.00E+06 7.00E+03 1.02E+06
450 3.00E+03 3.00E+05 6.00E+02 3.04E+05

z(km) . nO*(cm™) nO,"(cm™) Electrons (cm™)

200 200 20000 20200
225 500 7000 7500
250 800 5500 6300
275 900 2000 2900
300 900 1200 2100

325 900 800 1700
350 800 500 1300
400 600 250 850
450 300 150 450
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Table 2. lonospheric Flow Speeds and Time Constants

z(km) 707(s) 0;" () U-Un(m/s) Uoe(M/s) — 7(s)
200 7.57E+00 4.95E+02 1.17E+00 1.01E+02 1.58E+04
225 5.03E+01 1.33E+03 9.10E+00 1.09E+02 1.47E+04
250 1.49E+02 1.59E+03 1.97E+01 1.20E+02 1.34E+04
275 9.17E+02 3.45E+03 9.31E+01 1.93E+02 8.28E+03
300 2.21E+03 4.76E+03 2.26E+02 3.26E+02 4.91E+03
325 4.76E+03 5.88E+03 4.13E+02 5.13E+02 3.12E+03
350 7.52E+03 7.69E+03 1.13E+03 1.23E+03 1.30E+03
400 9.19E+03 1.18E+04 4.15E+03 4.25E+03 3.76E+02
450 9.68E+03 2.22E+04 7.71E+03 7.81E+03 2.05E+02
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FIGURE CAPTIONS

O+

Solar photon

Solar photon

Hot O

Figure 1
Schematic of the Martian upper atmosphere and ionosphere, illustrating the region of
photochemical O production above the exobase and the region of ion loss from day to

night above the ion exobase.
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Example of MAVEN magnetometer data in the dayside ionosphere. Magnetic field
strength versus altitude for orbit 180. The magnetic pressure near 300 km is about
0.5 nPa.
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Figure 3

Average magnetic pressure versus solar zenith angle in the magnetic pileup region
from Mars Global Surveyor magnetometer data [Crider et al., 2003]. . The angle
between the radius vector and the magnetic pile-up boundary surface is 6, but we

used the solar zenith angle in the current paper.
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Figure 4
Flow speed versus solar zenith angle from simple MHD theory at 325 km. The red
line is from the diffusion (i.e., low altitude) approximation and the blue line from the

“full> simple theory.
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Flow speed versus solar zenith angle from simple MHD theory at 400 km. The red
lineis from the diffusion (i.e., low altitude) approximation and the blue line from the
“full”” simple theory.
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Figure 6

Flow speed versus neutral density for a solar zenith angle of 60 degrees.
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Figure 7
Comparison of analytical flow speed with numerical MHD simulation on the dayside

[Ma et al., 2004]. The solar zenith angle is 60 degrees.
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Chemical and transport time constants versus neutral density

This article is protected by copyright. All rights reserved.



