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Abstract Magnetic and thermal pressure gradient forces drive plasma flow in the topside ionosphere
of Mars. Some of this flow can contribute to ion loss from the planet and thus affect atmospheric evolution.
MAVEN measurements of the magnetic field, electron density, and electron temperature, taken over a
3-year time period, are used to obtain averaged magnetic and thermal pressures in the topside ionosphere
versus altitude, solar zenith angle, and latitude. Magnetic pressures are several times greater than thermal
pressures for altitudes greater than about 300 km; that is, the plasma beta is less than one. The total
pressure increases with altitude in the ionosphere and decreases with increasing solar zenith angle. Using
these pressure patterns in the dayside ionosphere to estimate the pressure gradient force in the fluid
momentum equation, we estimate horizontal day-to-night plasma flow speeds of a few kilometers per
second near 400 km.

1. Introduction

The structure of any planetary ionosphere is determined by a combination of chemical and dynamical pro-
cesses. Plasma flows in response to the net force on a plasma fluid parcel (Cravens et al., 2017; Schunk &
Nagy, 2009). The force balance on the ionospheric plasma at Mars is strongly affected by the solar wind inter-
action with that planet (Brain et al., 2015; Cravens et al., 2017; Ledvina et al., 2017; Ma et al., 2004, 2015).
Solar wind dynamic pressure is converted mostly to thermal pressure at the bow shock and then into mag-
netic pressure in the magnetic pileup region (Crider et al., 2002; Ma et al., 2004). Magnetic pressure gradients
in the topside ionosphere drive ion flow from day to night (Brain et al., 2015; Cravens et al., 2017; Crider
et al., 2004). Thermal pressure gradients also drive day-to-night flow, largely mediated by the ambipolar
electric field (Cravens et al., 2017; Ma et al., 2015). The topside ionospheric flow can contribute to ion loss
from Mars (and thus atmospheric loss), under the right circumstances, and affect atmospheric evolution.

Day-to-night ion flow should lead to loss of O atoms in one of two ways (Cravens et al., 2017): (1) loss into
the tail if the flow is at high enough altitudes or (2) if the flow is at low enough altitudes, possible fast
atom escape (not as ions) via dissociative recombination of O ions if the O} diffuses down on the nightside
and/or O* ions diffuse down and react with CO, producing O}. Some ion escape down the tail is observed,
but tail data cannot indicate whether or not the ions came from the dayside or were produced locally on
the nightside (e.g., via electron impact ionization; Brecht & Ledvina, 2012; Brain et al., 2015; Lundin et al.,
2013; Nilsson et al., 2012).

MAVEN measurements of the magnetic field via the magnetometer instrument (MAG; Connerney et al.,
2015) and of electron densities and temperatures with the Langmuir probe (LPW; Andersson et al., 2015), in
the topside ionosphere are used to study the dynamics of plasma flow due to pressure gradients. The mag-
netic and thermal pressures varying with solar zenith angle, latitude, and altitude are studied using data
from a 3-year time period, focusing on day-to-night flow. Cravens et al. (2017) described a simple procedure
for empirically determining ion flow and loss using some MAVEN data, but for the magnetic pressure vari-
ations, mainly using averaged data from the Mars Global Surveyor (MGS) mission (Crider et al., 2004). In
the current paper, we will advance beyond the Cravens et al. (2017) study by considering empirical magnetic
and thermal pressure variations found using MAVEN data from a 3-year time period. We will then revisit
the Cravens et al. (2017) conclusions with this new data. The implications for total ion loss from Mars will
be discussed.
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A recent paper by Wu et al. (2019) investigates ion flow using data from the MAVEN Neutral Gas and Ion
Mass Spectrometer to determine the morphology of the topside ionosphere. In contrast, the current work
uses data from LPW and MAG for determination of ion flow rates. The aspects of the two investigations
should be considered complementary.

This paper is organized as follows: we give a brief review of the transport mechanism and claims in section
2, followed by the relevant graphs and compiled data in sections 3 and 4, followed by a discussion of the
results and implications for ion loss in section 5, and a brief summary in section 6.

2. MHD Formalism

We briefly revisit equations from our recent paper (Cravens et al., 2017). The intent of the current work is
to analyze MAVEN data, using simple theory, and compare to the previous results which incorporated MGS
data. Establishing agreement between these data sets, connected to the simple magneto-hydrodynamics
(MHD), is important to the study of the Martian atmosphere.

In Cravens et al. (2017), it is proposed that the transport of ion plasma in the topside ionosphere is the result
of an MHD fluid force exerted on a plasma parcel. Further, it is assumed to be governed by the single-fluid
momentum equation

Ju
p(E+u~Vu>=—V(pe+pl-)+J><B+pg—pvm(u—un), (1)

where p is the plasma mass density, u is the ion fluid velocity, p, and p; are the electron and ion pressures, J
is the current density, B is the magnetic field vector, g is the acceleration due to gravity, v;, is the ion-neutral
momentum transfer collision frequency, and u,, is the neutral flow velocity.

Using Ampere's law and a few simplifying assumptions (see Cravens et al., 2017, for a complete derivation),
we arrive at the simple model for a time-independent horizontal momentum

d 1 2 p

— |zu"+=|+v,(u—-u,) =0 2

YT P ®
in which the total pressure p = (p, + p; + pg) is the sum of the thermal and magnetic pressures given by
Pei = Mo kT, and py = B> /2, respectively, and it is assumed that p does not vary much over the horizontal
distance, s.

Note that the magnetic force, J X B, includes both the magnetic pressure gradient force and a magnetic
tension force, but in a simple analysis both forces scale as the magnetic pressure is divided by a length scale.
We also assume that the gravitational term can be neglected for the horizontal day-to-night flow.

Ion flow rate should vary as a function of altitude and may be approximated under the various conditions
in somewhat broadly defined yet distinct regions of altitude. High- and low-altitude approximations can be
made in order to predict the related flow rates. For the purposes of this paper, we have defined these regions
as being above and below about 600 km for high and low altitudes, respectively.

The simpler of these is the high-altitude approximation in which ion-neutral collisions can be neglected
(i.e., vy, = 0). In this case,
12

1242 _ constant, 3
2 p

and the flow speed is approximated as the subsolar Alfven speed (see Cravens et al., 2017, for detailed
discussion).

The low-altitude approximation is of particular importance to the current work because it predicts the
expected horizontal flow due to magnetic pressure gradients that we expect to see in MAVEN observations.
Using equation (2) and assuming u? is small (Cravens et al., 2017), we have the low-altitude equation of ion
flow relative to the neutral speed,

“4)

From equation (4), it is clear that the ion flow, relative to the neutral speed, varies proportionally with the
horizontal plasma pressure gradient and inversely to the ion-neutral collision frequency. Assuming that
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Figure 1. Crustal field plotted in units of nanotesla and binned by latitude
and longitude at Mars. We see the significant difference in crustal magnetic
field occurrence, as denoted by the dark red regions on the map, between

the northern and southern hemispheres.

the plasma pressure gradient decreases from the subsolar point toward
the terminator, we should see flow toward the nightside of the planet.
Moreover, as the ion-neutral collision frequency increases with increased
neutral density, as with lower altitudes, we expect to see a gradient in
flow speed as a function of altitude for a given solarzenith angle (SZA).
Indeed, we expect ion flow to be slowed via its inverse proportionality to
ion-neutral collision frequency.

Cravens et al. (2017) use reasonable assumptions for the pressure gradient
dp/ds and the collision frequency v;, in order to determine flow speeds as
a function of solar zenith angle at a given relevant altitude. In this case,
dsisrelated to SZA via ds = rd y, where r is the total radius defined as the
Mars radius R, plus altitude z and y is the SZA. We will inspect 3 years
of MAVEN data to compare with the conclusions of the previous work.

3. MAVEN Data Analysis

We use averaged data from a 3-year period of the MAVEN mission start-
ing 1 January 2015 and ending at 1 January 2018. We exclude the most
recent data in order to ensure consistency in the data quality. All relevant
observations are plotted and explained in terms of their relevance to our
analytical predictions from Cravens et al. (2017).

We are interested in transport due to ionospheric pressures mainly associated with the solar wind inter-
action and therefore seek to exclude effects coming from the crustal fields. We therefore separate data for
the northern and southern hemispheres in order to account for crustal magnetic field dominance in the
southern hemisphere and mitigate its significance in our results.
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Figure 2. Averaged values binned in altitude and solar zenith angle for the northern hemisphere. SZA = solar zenith

angle.
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Figure 3. Averaged pressures binned in altitude and solar zenith angle for the northern hemisphere. (a) Combined
electron and ion thermal pressure. (b) Magnetic pressure. (c) Plasma beta. (d) Total pressure (Pg + Py, ). SZA = solar
zenith angle.

Figure 1 shows the prevalence of crustal fields on a planetary scale. We see the relative dominance of these
fields in the southern hemisphere. In order to reduce or identify the interference of crustal effects in the data,
we investigate the northern and southern hemispheres separately. In order to reduce crustal interference, we
focus our topside ion flow investigation in the northern hemisphere where we assume that the crustal effects
are lower when compared to the southern hemisphere due to the discrepancy in crustal field prevalence
shown in Figure 1. We note here that this is a crude assumption given that other authors have shown that
crustal fields can affect plasma flow in both hemispheres. For instance, Xu et al. (2017) determined, using
MAVEN electron data, that the plasma is connected to crustal fields as well as the solar wind. We do not claim
to eliminate crustal effects; however, the difference in magnetic pressure profiles between the northern and
southern hemispheres will indicate larger crustal field effects in the southern hemisphere due to, as shown
in Figure 1, a larger concentration of crustal fields in the southern hemisphere. As will be discussed later,
we see agreement with our analytical results in the southern hemisphere as well but at higher altitudes. We
make no detailed conclusions about the crustal fields themselves, but this could be done in future work.

4. Empirical Thermal and Magnetic Pressure Patterns

In this section, we show magnetic field data, magnetic pressures, and thermal pressures versus solar
zenith angle and altitude, separated into the northern hemisphere (section 4.1) and southern hemisphere
(section 4.2).

4.1. Northern Hemisphere
Observations in the northern hemisphere are less affected by crustal magnetic fields, particularly at higher
altitudes.

Figure 2 shows the variables required to determine the pressure gradients relevant to our study. We show
averaged values from 3 years of MAVEN data coming from the MAG and LPW instruments. From these data,
we are able to calculate the magnetic and thermal pressures. The thermal pressure is estimated from the
electron density and temperature. We see from the plots that there is not a clear gradient in either electron
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Figure 4. Magnetic pressure averages in the northern hemisphere below 600-km altitude. (a) Line plot of average
magnetic pressure as a function of SZA in the range of roughly 300-600 km. (b) Average magnetic field displayed in
altitude and SZA. (c) Altitude profile of average magnetic pressure across 30-40° SZA (dayside). (d) Altitude profile of
average magnetic field strength across 90-100° SZA (terminator). SZA = solar zenith angle.

density or pressure as a function of solar zenith angle. Unremarkably, we see a clear altitude dependence on
both quantities. As would be expected in this system, the electron density (temperature) is higher (lower) at
low altitudes and decreases (increases) with increasing altitude.

Conversely, from Figure 2, we see a clear gradient in magnetic field over SZA in the range of altitude (i.e.,
250-450 km roughly). For this altitude range, the magnetic field strength varies from about 40 nT down to
about 15 nT, or lower, from the subsolar point toward the nightside of the planet.

From the data in Figure 2, we can calculate the magnetic and thermal pressures which drive the plasma
flow. The magnetic pressure is given by Py = B2 /2y, which is read directly from the MAG data in the figure.
The total thermal pressure is given by Py, .. = kg(0Tqjecron + 1T j0n)> Where we estimate the ion density to
equal the LPW measured electron density by imposing charge neutrality. It is reasonable to assume that
the electron temperatures are roughly twice the ion temperatures (Chen et al., 1978; Sakai et al., 2016). We
therefore calculate the total temperature as T = 1.5T,.

The calculated pressures are shown in Figure 3. We see the relative dominance of magnetic pressures over
thermal pressures by inspection. The plot of plasma f confirms magnetic pressure dominance and also
reaffirms the gradient across solar zenith angle. Finally, we show, in the lower right panel of Figure 3, the
total pressure which is due mainly to magnetic pressure.

In Figure 4, we show the magnetic pressure in the relevant region of altitude and SZA. The magnetic pres-
sure gradient, assumed responsible for transporting ions from day to night, shows a clear gradient across
increasing SZA in the top plots. In the lower figures, we see the difference in the altitude profiles on the
dayside and across the terminator.
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The plasma beta, averaged over 300-600 km, is significantly less than unity (Figure 5) for all solar zenith
angles on the dayside. Note that this does not mean that beta is not greater than one on some orbits or during
certain circumstances. Past the terminator, on the near nightside, the plasma beta becomes close to one.
This result indicates that, on average, magnetic forces are more important than pressure forces (including
the ambipolar electric field effect which mainly manifests itself as an electron pressure gradient force) in
driving day-to-night topside ionosphere flow. Also note that for directions parallel to the magnetic field, the
thermal pressure gradient term is very important but the flow speeds generated by the pressure gradients
will be less than the speeds generated by the magnetic field for directions perpendicular to the magnetic
field.

We compare our results with previous results calculated from the magnetic field data from the MGS (Crider
et al., 2003) as shown in Figure 6. The good agreement indicates that (1) at least the magnetic force part of
the day-to-night ionospheric dynamics is most likely similar for the MGS and MAVEN epochs and (2) the
Cravens et al. (2017) ion loss analysis, which used MGS magnetic data, also applies to the MAVEN epoch. We

1.2

lonospheric Pressure. 300-600 km
1, MAVEN thermal plus magnetic - 3 years
MGS average magnetic pressure

o
©

Total pressure (nPa)
o <)
> o

o
)

eee 0

80 100 120

Figure 6. MAVEN data averaged over 3 years of observation are compared with that fitted to MGS (Cravens et al.,
2017). We see good agreement between the two data sets which show total pressure (magnetic + thermal) as a function
of solar zenith angle in MSO coordinate space. It should be noted here that this comparison includes thermal pressure
from MAVEN (absent from MGS). We are interested in total pressure, which drives the dynamics, but due to the low
plasma beta, we see good agreement with the MGS estimated pressure due only to magnetic field data. MGS = Mars
Global Surveyor.
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Figure 7. Average total pressure (thermal + magnetic) values binned in altitude and solar zenith angle for the
southern hemisphere. SZA = solar zenith angle.

note the apparent discrepancy in agreement occurring near 20° SZA. The amount of MAVEN data available
at very low SZA was limited, and selection effects result in this variation in the two data sets.

4.2. Southern Hemisphere

We will briefly discuss the southern hemisphere observations, in comparison with the North, to estimate
the differences due to the crustal fields. As seen in Figure 1, the crustal magnetic field is significantly more
prevalent in the southern hemisphere and is seen strongly in the magnetic field data below 200-250 km,
which skews the description of ion flow. In order to mitigate this effect, as previously discussed, we separated
the planet into two hemispheres by latitude. In the southern hemisphere data, a less well defined magnetic
pressure gradient (due to crustal fields) is evident at lower altitudes. The differences in the north and south
can be attributed to crustal field contributions as seen in Figure 1, and to the extent that it may be determined
with more certainty should be left to future work.

In Figure 7, we see a small gradient in total pressure but not as clearly defined, or as powerful, as we see
in the northern hemisphere. This is due to the large presence of the remnant crustal magnetic field which
spreads fairly evenly across the averaged solar zenith angle up to about 300 km. Above 300 km, we see the
manifestation of a pressure gradient similar (albeit less intense) to that of the northern hemisphere.

We see no distinct horizontal magnetic pressure gradient below 300 km in the southern hemisphere. In fact,
we see a large fluctuation due to the crustal fields in that region. In the higher altitudes, we see a gradient

o
T

Magnetic Pressure (nPa)
o o
[} (=
I I

04

Figure 8. Total averaged southern hemisphere magnetic pressure as a function of solar zenith angle. Altitude range:
300-600 km. We see indication of crustal interference across solar zenith angle. We see signs of a pressure gradient
similar to what is seen in the north after about 40° SZA; however, the interference from crustal fields is well illustrated
by the noise in this figure. SZA = solar zenith angle.

HAMIL ET AL.

6123



Journal of Geophysical Research: Space Physics 10.1029/2019JA026670

@
=3
I}
@
o
=}

TTTTTTTTT[TITITITIT [ TITTTTITITIT[TTITTTTTTg TTTTTTTTTITITTTTIT[TIT I T [TITTTT I T ITTTT71T

o
Q
S
a
=3
S

ALT (km)
»H
o
o
ALT (km)
B
o
o

@
=3
=]
@
S
S

=EEEEEEENI SRR EREERE AR RN RRNEN] AR RRRRET]

B b b b
COTTTIT I T[T T T I T I T[T T T I T[T 771771

CQOTTTIT I T T T T T I T I T I [T T I T I T T T[T 77Ty

HIIIIII]IIIIIHII'IIII IIIHlIIIIIHIIIIII IHlIII|IIIlIIIIIIHIIIII IIIIIHlIlIIIHIII
1

n
=3
=]

n
=1
S

2 3 4 1 2 3
Magnetic Pressure (nPa) Magnetic Pressure (nPa)

Figure 9. Altitude profiles of magnetic pressure averaged over the indicated range of solar zenith angle in the southern
hemisphere. The plots show a pattern of crustal interference where the magnetic field somewhat steadily increases
with lower altitude. We do not see the same pattern of a peak in the magnetic pileup region as is seen in the northern
hemisphere data. (left) SZA range: 30-40°. (right) SZA range: 90-100°.

trend across SZA, as shown in Figure 8, but not as clearly as seen in the northern hemisphere. We also note
the lower variation in pressure (nPa).

In the averaged southern hemisphere altitude profiles shown in Figure 9, we do not see a clear magnetic
pileup region. Instead, we find a gradual curve increasing with decreased altitude on the dayside and a
similar behavior at the terminator with an added large spike at very low altitudes. Both the increase in
average field strength and the large spike can be attributed to crustal field interference.

To illustrate the significance of crustal field interference in the magnetic field pressures, we examine
Figures 8 and 9.

5. Discussion: Plasma Flow Speeds

In our study, we are focused on the dominant day-to-night ion flow associated with horizontal gradients
driving plasma from low to high solar zenith angle. There may be other pressure gradients in the system driv-
ing ion flow, for example, from the southern hemisphere to the northern hemisphere. While likely present,
these flows are complicated to predict, and since we are concerned mostly with flows toward the nightside,
we leave the possible hemispheric pressure gradients to future work.

The bottom plots in Figure 4 and the plots in Figure 9 show the vertical profile of averaged magnetic pres-
sures for the northern and southern hemispheres, respectively. The two plots for each hemisphere represent
averages extending positively near the dayside subsolar position (30-40 sza) and over the terminator (90-100
sza). For each hemisphere, comparison of these profiles illustrates the relative pressure values for these two
representative positions. It is clear that, for the northern hemisphere, there is an average difference of about
0.45 nPa at the 300- to 400-km altitude favoring the dayside values. We also see a peak in pressure just below
about 300 km on the dayside that is not present at the terminator. Looking at the same plots for the southern
hemisphere, we see a similar average pressure gradient in the 300- to 400-km range, but the structure of the
pressure profile is unchanged from the dayside to the terminator. One may speculate that this is the effect
of strong crustal field interference, but this is beyond the scope of the current work.

It may also be noted that when these profiles are compared directly between southern and northern hemi-
spheres, one sees a clear pressure increase in the south. One may also speculate that this represents a
pressure gradient from the southern hemisphere to the northern hemisphere at both the subsolar point and
at the terminator. In our estimation, this is a clear effect of the relative dominant presence of crustal fields
in the south versus the north. This is further indicated by noting that the gradient at low altitudes is much
greater than at high altitudes when comparing the northern and southern hemispheres. In the current work,
we do not seek to describe the morphology of crustal fields or predict ion flow from low altitudes between
the hemispheres. Rather, we are interested in ion flow from dayside to the nightside in general. The determi-
nation of ion flow along pressures associated with crustal fields is an important topic but beyond the scope
of this work.
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Figure 10. This figure is adapted from Cravens et al. (2017). Empirical
pressure gradients (MAVEN) are used to estimate the ionospheric
horizontal flow speed versus altitude at a solar zenith angle of 60°. One
curve is generic dayside speed from the Ma et al. (2004) MHD model. One
curve is from an analytical dynamical expression (labeled “simple model”)
using the empirical forcing. And the other three curves are estimated speeds
using an ambipolar diffusion approximation. The bottom one (labeled “only
thermal pressure”) adopts a thermal pressure variation that is 20% of the
magnetic variation derived in this paper (based on typical plasma beta). The
next highest is just for magnetic pressure, and the top diffusion case
includes both thermal and magnetic pressures. SZA = solar zenith angle.

The thermal and magnetic pressure derived from MAVEN data versus
altitude and solar zenith angle indicate a day-to-night pressure gradient
force on the ionospheric plasma that should drive plasma flow. The ion
flow velocities (and ion escape rates) derived by Cravens et al. (2017),
using MGS magnetic pressure variations and MAVEN data for plasma
and neutral densities, should remain valid given that the current paper
demonstrates that the pressure variations with SZA, at least for altitudes
near 400 km derived from MAVEN data, are consistent with the MGS
results.

Figure 10, adapted from Cravens et al. (2017), shows the speed versus
altitude for a solar zenith angle of 60°. One simple model curve is for
purely magnetic forces. The speed of day-to-night thermal pressure forces
is included and is very roughly estimated by enhancing the other curve
by 20% (i.e., the daytime plasma beta near 300-400 km). We did a sim-
ilarly very simple estimate of plasma flow due to pure thermal pressure
effects (i.e., this could be expected for flow parallel to the magnetic field)
by taking 20% of the original speed. Not surprisingly, in all cases, the
speed increases with altitude due to lower ion-neutral collision frequen-
cies. Note that the plasma should flow at the same velocity as the neutral
gas at lower altitudes where the ion-neutral collision frequency is very
high (below about 250-300 km according to Cravens et al., 2017), but we
do not show this here.

Measuring plasma flow velocities in the ionosphere is difficult because
these velocities are small, or comparable to the spacecraft speed, and
because the measurements are sensitive to spacecraft potential. We hope

in the future to use MAVEN Supra Thermal and Thermal Ion Composition data to find the parameters of
ionospheric O* and OF flow and see how these conform to our simple model.

6. Conclusions and Summary

We compiled 3 years of MAVEN data in order to investigate pressure-driven ion flow in the Martian upper
atmosphere. We see relative dominance by magnetic field pressure, especially on the dayside, which drives
ion flow from the subsolar point toward the terminator. This is in agreement with the findings of Cravens et.
al (2017) in which ion flow was predicted via a simple MHD approach. We have added an analysis of
MAVEN data using the same simple MHD approach and have found consistency in the results, which is a
consequence of agreement between measured magnetic field data from the MAVEN and MGS missions.

The pressure gradients calculated from MAVEN magnetometer (Connerney et al., 2015) and LPW
(Andersson et al., 2015) instrument observations show the expected flow speed variations as functions of
altitude and solar zenith angle. Ion flow rates increase with increasing altitude due to reduced neutral den-
sity, and may be expected to follow a horizontal gradient, perpendicular to the magnetic field. The first of
these observations is clear from physical principles and confirms the consistency of the MAVEN data. The
horizontal magnetic pressure gradient is consistent with the findings of Cravens et al. (2017) and shows
agreement with the MGS magnetic field data. We can reasonably expect a horizontal flow pattern indicated

by the pressure gradient.
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