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Abstract Model studies of the ionosphere of Mars under daytime conditions reveal that for solar zenith
angles of 0°-40°, the shapes and magnitudes of the electron density profiles N,(h) change by only small
amounts. This suggests that midday observations made by MAVEN instruments along slanted orbit segments
can be used to represent vertical profiles. The total electron content (TEC), defined as the height integral of
Ne(h), is a measure of the cold plasma reservoir of the Martian ionosphere. During MAVEN's Deep-Dip-#2
campaign of April 2015, observations of total ion density by Neutral Gas and lon Mass Spectrometer and
electron density by Langmuir Probe and Waves from periapse (~130 km) to 400 km were used to form
<TEC>(opside—Validated by independent diagnostics and models. Orbit-by-orbit changes in topside TEC
were then used to assess the magnitudes of plasma escape associated with both large and small changes in
the topside slope of N,(h)—called an “ionopause episode.” The TEC changes due to these episodes,
generalized to a global change, resulted in an escape flux of ~3-6 x 10%*ions/s, an escape rate consistent
with prior observation by Phobos-2, Mars Express, and MAVEN's own in situ studies.

1. Introduction

The MAVEN mission is currently investigating the modes of escape of neutral and ionized gases from Mars
with the goal of assessing the long-term history of atmospheric loss [Jakosky, 2015]. The cold plasma
component of atmospheric escape comes from the Martian ionosphere, a region spanning the altitude range
of ~80-400 km. The loss mechanisms are upward diffusion and horizontal transport to altitudes where solar
wind “pickup” or “ionospheric stripping” processes remove plasma from the system. MAVEN's orbit does not
allow in situ plasma observations to sample the full vertical profile of electron density, N.(h). Yet it routinely
measures the ~150-400 km altitude domain, and during occasional “deep dip” orbital maneuvers, observa-
tions extend to ~130 km. In this study, we explore ways to use MAVEN's broad sampling capabilities of the
Martian ionosphere to make quantitative estimates of the reservoir of thermal plasma capable of escape.

Many past studies [see Haider et al., 2011] have shown that the ionosphere of Mars can be divided into fairly
distinct height regimes: At altitudes between ~80 and ~170 km, the solar produced plasma is embedded in a
dense neutral atmosphere, and the time rates of change due to chemistry are faster than transport effects
(time constants given in Figure 16 in Mendillo et al., 2011). Within this photo-chemical-equilibrium domain,
there are two ionospheric layers—a low-altitude M; layer with maximum electron density N,M; at
~110km and a more robust M, layer above it having a maximum density denoted N,,M, at height hpax
~125-135km. The so-called bottomside ionosphere, defined as h < hyay has no direct involvement in the
loss process. The regime of importance for escape is in the topside ionosphere between heights ~170 km
to ~400 km where in situ chemistry competes with plasma dynamics.

MAVEN samples ionospheric densities below 400 km along segments of an elliptical orbit— traversing a
broad range of horizontal space with strong variations of solar zenith angle (SZA). For example, on a
“deep-dip” day to be analyzed in detail below (orbit #1082, inbound, on 21 April 2015), MAVEN crossed
400 km at UT=17:04, latitude = —42°, longitude =72°, with SZA =33°. The periapse height of ~132 km was
reached at UT=17:14, with latitude = —5.6°, longitude =82.75°, and SZA =8°. MAVEN's vertical sampling of
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Figure 1. A schematic representation of the Martian ionosphere depicting integral with height of the planet’s

the full altitude range for total electron content (TEC), together with compo- .
nents above (TEC)iopside and below (TEC)pottomside the height of maximum electron density profile, Ne(h),
electron density (hmax).- MAVEN in situ observations occur within the topside

portions indicated by green shading. TEC = INe(h)dh (M

Past observational and modeling studies can be used to select the altitude limits of the integral. With a con-
sensus choice for hyq,, being 80 km, the hnigh to use depends on solar wind conditions. When the solar wind is
not particularly strong, ~400 km becomes the maximum altitude of relevance [Fox, 2004], and that is the one
we will adopt in this study. During periods of enhanced solar wind pressure, however, the ionosphere can
terminate rather abruptly at altitudes of <300 km—a signature called the “ionopause” [Duru et al., 2009;
Vogt et al., 2015, and references therein]. For such cases, ionospheric depletions at high altitudes have clearly
occurred and the remaining TEC is reduced in absolute magnitude. Plasma escape is thus fundamentally
involved with the structure of the topside ionosphere and its contributions to the TEC integral. This is
precisely the altitude domain covered extensively by the MAVEN spacecraft.

Figure 1 offers a schematic representation of the altitude components of TEC as a guide to the approach to be
used. TEC values are typically expressed in MKS units as column contents per square meter, with one TEC unit
(TECU) equal to 10" e /m 2,

3. TEC From Models of the Martian lonosphere
3.1. Climatological Modeling

A first attempt to create a data-based model for the topside portion of the Martian ionosphere is described in
Némec et al. [2011, 2016]. Using radio soundings from the Mars Advanced Radar for Subsurface and
lonospheric Sounding (MARSIS) on board the Mars Express (MEX) satellite, vertical electron density observa-
tions from h,, to the satellite height were cast into a retrievable format based on solar activity, SZA, season,
and crustal magnetic field morphologies. Model runs for the conditions found on 21 April 2015 during
MAVEN’s Deep-Dip-#2 campaign (Fio;=51, B=14.16 nT, Sun-Mars distance = 1.48 AU), for SZA samples
between 5° and 35°, are shown in Figure 2. Since our initial interests are with the shapes of N,(h) in the topside
ionosphere, the Némec et al. [2016] profiles have been normalized to unity by using their N,,M, values. We will
discuss absolute values below.

3.2. Semi-Empirical Modeling

Using the maximum electron density values (N,,,M,) from MARSIS spanning the period of 2005 to 2012, a Mars
Initial Reference lonosphere (MIRI) model was created by fitting 112,000 data points to the photo-chemical-
equilibrium equation relating N,,,M, to SZA and the solar flux index F,4 7 [Mendillo et al., 2013a]. To achieve full
Ne(h) profiles, the MIRI N,,M, values were then used to calibrate the normalized shapes of N.(h) profiles versus
SZA obtained from the Boston university theoretical model [Martinis et al., 2003; Mendillo et al., 2011; Mayyasi
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400 and Mendillo, 2015]. The resultant

MIRI-mark-2 is described in Mendillo
et al. [2015]. Figure 2 shows the nor-
malized theoretical profiles that are
the basis of MIRI-mark-2 for the same
5°-35° range of SZAs. The topside
ionosphere morphologies are clearly
different between the purely theoreti-
cal and fully climatological models.
Note also that the bottomside por-
tions of the MIRI N,(h) profiles include
the M; and M, layers not available
from the Némec et al. model.
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The first mathematical description of

an ionosphere was presented in the
Figure 2. Comparison of three 1-D models representing the Martian iono-  ¢lassic studies by Sydney Chapman in
sphere under conditions of midday to midafternoon solar zenith angles. In
all cases, the profiles have been normalized to unity at the height of their
maximum electron density. The Mars Initial Reference lonosphere (MIRI)
curves use theoretical profiles calibrated by MIRI's Nyax. The climatological ~ impact of his innovative approach
profiles are derived entirely from observations of the topside ionosphere, (coupled to the high personal regard
with their bottomside shapes coming from MIRI's theoretical curves. The for Chapman as a scientist) led to
Chapman profiles use a 14 km neutral scale height to achieve a best match to
the MIRI shapes at hyayx (see text for discussion and references).

Mormalized Electron Density {e”cm™)

the early 1930s. While many simplify-
ing assumptions were made, the

any observational departures from
“Chapman Theory” to be called
Anomalies (diurnal, seasonal, and equatorial), as described in Ratcliffe [1960] and Rishbeth and Garriot [1969].
The anomalies, of course, were not observational errors but naturally occurring effects not possible of simulation
using the restrictive set of conditions proposed by Chapman. While Chapman Theory remains good tutorial
material for the classroom, ithas been many decades since it was used as aresearch tool in terrestrial ionospheric
research. Yetits legacy is still prominent in less well-documented ionospheres, including the Martian case (see
historical review in Withers [2009]). For this reason, Figure 2 also contains a set of Chapman profiles to complete
the possible ways to represent the Martian ionosphere under low-SZA conditions.

Figure 2 summarizes an important aspect of Martian aeronomy—diverse models exhibit dramatic differences
in ways to represent the topside ionosphere of Mars. The theoretical curves used in MIRI are from a one-
dimensional model that adds vertical plasma diffusion to photo-chemistry. The topside gradient shows a
transition in plasma scale height from heavy to lighter ions near ~240 km. The climatological model portrays
the overall observed ionospheric characteristics arising from all possible chemical, transport, and escape pro-
cesses. Its topside gradient has a nearly constant plasma scale height above the peak. Chapman profiles
describe a layer with the most simple photo-chemistry and no plasma transport of any kind, with its topside
gradient following that of the neutral scale height. The first conclusion to be drawn from Figure 2 is that the
Némec et al. climatologies differ from the theoretical profiles obtained by using multispecies chemistry and
vertical diffusion to shapes that look like Chapman profiles. This is due to transport effects that enhance the
topside gradient—an effect that should not be confused with validation of Chapman Theory for h > h,ax. The
second conclusion from Figure 2, and the one of more relevance to this study, is that regardless of the model
used all of the N,(h) shapes are very similar for midday conditions. This tells us that “a direct integration of
MAVEN observations along a highly slanted trajectory through the ionosphere will yield credible values of
topside TEC for midday ionospheric conditions at Mars.” We now test this by using MAVEN data, independent
TEC observations, and state-of-the-art models.

4. MAVEN Observations

MAVEN's Neutral Gas and lon Mass Spectrometer (NGIMS) provides data on the thermal ionic species along an
orbit [Mahaffy et al., 2014]. The Langmuir Probe and Waves (LPW) instrument provides observations of electron
density [Andersson et al., 2015; Ergun et al., 2015]. Under the well-justified assumption of charge neutrality for a
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cold ionospheric plasma, the sum of NGIMS ions and the LPW electron density should agree. The instruments
are calibrated independently, however, and small differences are seen (as will be shown below).

MAVEN conducted a six-day orbital “Deep-Dip” campaign (27 orbits between 17 and 22 April 2015) when the
periapse point was lowered to ~132 km within the noontime sector (sampling the same trans-equatorial lati-
tudes below 400 km, but at various longitudes). Under such conditions, NGIMS and LPW observations often
showed a slight reversal in gradient (i.e., crossing below the dN./dh =0 point), and for these cases we used
the values at the altitudes of maximum density (hmay) @s Nmax- For a few other cases, MAVEN did not go below
hmax, and for these we used the lowest altitude as hy,ax (probably within £1-2 km of the actual hy,,y, as
judged by the previous cases). The fact that the sum of ions from NGIMS does not always equal the electron
density from LWP is an observational ambiguity that is larger than the uncertainties of where hy,x occurs.
Fortunately, this does not have a serious effect upon the topside TEC values we will discuss since we process
data from each instrument separately.

Figure 3 (top middle) shows the Deep-Dip-#2 inbound and outbound trajectories as a function of altitude and
solar zenith angle. The ionospheric plasma densities measured versus height appear to the left (inbound) and
right (outbound). The NGIMS total-ion observations are plotted by using black dots, and the LPW electron
density data are shown by using orange squares. There are twice as many LPW data points because
NGIMS has a 50% duty cycle between ion and neutral gas measurements for inbound-outbound orbits.

Figure 3 (bottom row) give the averages of the upper panels. NGIMS values are somewhat lower in absolute
value than LPW data at lower altitudes, with that trend reversing at higher altitudes. The NGIMS and LPW
average patterns in Figure 3 (bottom row) differ by amounts within the statistical uncertainties of the patterns
above (see the Acknowledgments section for versions used). Using the conclusion from Figure 2 that midday
samplings of the ionosphere will find mild spatial gradients about the subsolar point, integration of the MAVEN
data offers a representative measure of the topside ionosphere’s contribution to a TEC value. To obtain a
MAVEN overall sample average, we integrated the instrument average results (NGIMS and LPW, inbound
and outbound) using two topside heights (400 km and 270 km). These altitude limits are appropriate for obser-
vations of TEC made by the MARSIS instrument on Mars Express (MEX) and the Shallow Radar (SHARAD) instru-
ment on Mars Reconnaissance Orbiter (MRO), to be discussed below. The resultant numerical values are (a)
MAVEN < TEC > tgpside t0 400 km=5.1 TECU and (b) MAVEN < TEC > (ypside t0 270 km =4.9 TECU. Thus, 98%
of the topside TEC resides below 270 km.

5. Observations of TEC at Mars

5.1. Previous TEC Observations at Mars

The integration of electron density profiles obtained by the radio occultation method [Hinson et al., 1999] was
first used to form TEC values in the study by Mendillo et al. [2004]. Using 209 profiles from December 1998 to
December 2000, the computed TEC values for near-terminator conditions had magnitudes in a narrow range
of values (4.4+04TECU). A far more significant advance in the use of TEC data for ionospheric research at
Mars came with the development of satellite-based radars designed to search for subsurface signatures of water.
On the Mars Express (MEX) satellite, the Mars Advanced Radar for Subsurface and lonospheric Sounding (MARSIS)
instrument [Picardi et al., 2004, 2005; Jordan et al., 2009] measures radio wave group path delay to and from the
surface, which is derived from the total electron content of the Martian ionosphere [Safaeinili et al., 2003, 2007;
Picardi et al., 2005; Mouginot et al., 2008; Zhang et al., 2009; Cartacci et al., 2013; Sanchez-Cano et al., 2015]. The
initial set of MARSIS observations yielded approximately 1.4 million TEC values over the course of a full
Martian year (from 19 June 2005 to 30 September 2007.). These data have been used to investigate TEC patterns
due to variations in solar flux and solar zenith angle [Safaeinili et al., 2007; Lillis et al., 2010; Cartacci et al., 2013], as
well as to document ionospheric variability on global and regional spatial scales [Mendillo et al., 2013b].

As part of the MIRI effort, a TEC module was developed from MARSIS data to predict daytime TEC as a function
of SZA and the solar radio flux index (Fyq>), yielding the following functional dependence at Mars’ average
distance from the Sun (1.54 AU):

TEC (e /m?) = 1.2 x 10" x 1/cos(SZA)xRF )
F10.7 <F10.7>
with RF = (g F 5 (81 day) (3)
MENDILLO ET AL. MAVEN AND THE MARTIAN IONOSPHERE TEC 3529
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Figure 3. MAVEN observations by NGIMS (total ions, black dots) and LPW (electron density, orange squares) during the
17-23 April 2015 Deep-Dip campaign. (top row) Inbound data (left) and outbound data (right). (middle) The MAVEN
trajectories depicted versus height and solar zenith angles, with blue for inbound and red for outbound orbit segments.
(bottom) The averages of Figure 3 (top row).

The F07 index (observed at Earth) to apply at Mars is obtained by using the “rotated Sun” method to account for
orbital longitude differences between Earth and Mars. Once the TEC at 1.524 AU is obtained, it is adjusted by a
1/distance orbital distance correction associated with photo-chemical-equilibrium processes [Mendillo et al., 2015].

For the 17-22 April 2015 period, Mars was at an orbital distance of 1.48 AU, and the solar radio flux para-
meter in equation (3) was essentially constant with <RF>=51 units at 1.524 AU. Using <SZA>20° for
heights 80-400 km, the resultant TEC value from equation (2) is 8.8 TECU. As anticipated, this is several
TECU higher than the MAVEN value computed above because MARSIS measures the full TEC, i.e., both
topside and bottomside components.

5.2. Same-Day TEC Observations at Mars: 21 April 2015

The Mars Reconnaissance Orbiter (MRO) spacecraft is in a circular orbit at approximately 270 km altitude. Its
Shallow Radar (SHARAD), as with MARSIS on MEX, yields TEC values as a by-product of the postprocessing
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Figure 4. (a) Observations by NGIMS and LPW on 21 April 2015 during inbound orbit #1082 (17:04:09-17:13:59 UT) and out-
bound orbit #1083 (17:14:03 - 17:23:41 UT). (b) Average of NGIMS and LPW results shown in comparison to the three
models given in Figure 2 for 21 April 2015 conditions (see text). The average Npmax from LPW and NGIMS is

153x10%e” cm >. The average Npax from MIRI and Némec is 18.1 x 10%e " em 3.

required to minimize ionospheric effects on range delay and image distortion of subsurface targets. The
SHARAD instrument is described by Seu et al. [2007], with ionospheric retrieval methods presented by
Campbell et al. [2011, 2013, 2014]. Comparisons of SHARAD and MARSIS are presented in Campbell and
Watters [2016]. Due to MRO's circular orbit, SHARAD’s TEC observations have a fixed upper boundary for
the integral of N(h) with height. As will be shown below, virtually all of the TEC of the Martian ionosphere
is captured in data spanning ~80 to ~270km, and thus, same-day TECs from SHARAD are highly relevant
to our study.

During MAVEN's 17-22 April 2015 Deep-Dip campaign, MRO/SHARAD made TEC measurements only on 21
April 2015—with observations within the latitude band of 4.5°-8.5°N, at longitude =67° and SZA =39°. Of
the five MAVEN orbits on that day, the closest ones were #1082 and #1083 with an average SZA =23° at lati-
tude 5°S and longitude 83°. The SHARAD TEC value is 8.8 TECU, consistent with the MIRI estimate given above.

Figure 4a shows MAVEN in situ plasma observations from LPW and NGIMS for the specific case study of 21
April 2015. The two-orbit average of MAVEN's NGIMS and LPW topside data relate to <SZA>=20° and is
shown in Figure 4b by the red line. Also in the graph are three curves from the models depicted in
Figure 2. The MIRI results are given by the solid purple line, the Némec et al. climatology model by the solid
green line (with the bottomside portion taken from the theoretical curve for SZA=25° in Figure 2), and
Chapman results, calibrated by the mean of the MIRI and Némec predictions, by the blue line. The four
profiles can be integrated to yield TEC results. Table 1 summarizes the several ways to do so: (a) TEC from
80 to 400km, (b) topside content (h > hmay), () bottomside content (h < hphay), and (d) TEC from 80 to
270 km (for SHARAD comparisons).

Several interesting results appear in Table 1: (1) The contributions of electron densities above 270 km amount
to only <5% of the TEC integral up to 400 km, with the exception of MIRI's ~10%. (2) The contribution of elec-
tron densities from the bottomside ionosphere are a significant fraction of the overall TEC. This is due to the
small-altitude extent of the topside Martian ionosphere (e.g., TEC computations at Earth have hyax at
~300km and the upper height of the TEC integral at ~2000km). (3) The least sophisticated model
(Chapman Theory) gives the best numerical match to the observed 8.8 TECU valued observed by SHARAD
(line (d) in Table 1). A possible reason for this was given above, namely, that horizontal transport has the
effect of removing plasma from the topside ionosphere [Withers et al., 2012; Cui et al., 2015]—accounting
for the differences between the MIRI N,(h) profiles from 1-D theory and the Némec et al. topside model from
observations. Thus, for this period, more horizontal transport occurred for these subsolar conditions than
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Table 1. Comparison of MAVEN Observations With Model Results for 21 April 2015°

NGIMS LPW Némec et al. MIRI Chapman
TECU® %  TECW® % TECW® %  TECW® % TECW® %
(@  80-400km 92 1000 101 1000 133 1000 166 1000 103 1000
(b)  Topside 48 522 5.1 499 8.1 610 112 676 7.2 69.8
(©  Bottomside 44 478 5.1 50.1 52 39.0 54 324 3.1 30.2
(d)  80-270km 9.1 988 100 983 127 955 148 896 103 995

ANGIMS, LPW, and Némec et al. [2016] results come from observations above hmax; their bottomside Ng(h) values were
forigned by using the theoretical model’s profile shape for SZA = 25° (Figure 2) calibrated by their individual N,,M- values.
1TEC unit (TECU)=10" e /m 2.

were captured in the climatological results from Némec et al. [2016]. Alternately, solar wind-induced magnetic
fields near noon could inhibit vertical transport, also resulting in changes of topside Ne(h) profiles.

5.3. Same-Day Modeling of TEC at Mars: 21 April 2015

As a further validation of the constancy assumed for TEC throughout the midday period, simulations for the
average conditions encountered during MAVEN’s Deep-Dip-#2 campaign of April 2015 were obtained from
three independent groups. These are (1) the theoretical 1-D fluid model used at Boston University for
MIRI's Ng(h) profile shapes [Mayyasi and Mendillo, 2015], (2) the MHD global model from University of
California, Los Angeles (UCLA) described in Ma et al. [2004], and (3) the 3D Martian general circulation model
from the Laboratoire de Météorlogie Dynamique [Forget et al., 1999; Gonzalez-Galindo et al., 2013]. This
version differs from the one used to generate the Martian Climate Database by including ion dynamics
[Chaufray et al., 2014]. All three models predicted comparable values of maximum electron density (N,,M,)
consistent with the NGIMS and LPW observations shown in Figures 3 and 4. For total electron content,
Figure 5 gives the diurnal patterns as portrayed by hourly values from all three models. There is an impressive
consistency in their TEC values (8-10 TEC units) for several hours spanning local noon. While some variability
occurred in the shapes of their altitude distributions of electron density, the integrals of their N,(h) profiles
with height averaged out such differences. This emphasizes one of the most useful aspects of TEC-based
studies—changes in TEC relate to real differences in plasma content, not merely to vertical redistributions
of the existing plasma.

The minor differences in absolute values of TEC during daytime are due mainly to the different altitude
ranges used in the three simulations: Boston University (BU) (80-400km), UCLA (100-400km), and
Laboratoire Atmosphéres, Milieux, Observations Spatiales (pressure levels relating to h < ~250 km). In addi-
tion, the M, layer produced by soft
X-rays is not included in the two glo-
. bal models. Finally, as can be seen,
] there are major inconsistencies in
nighttime values between the three
4 models, but these have no impact
] on the daytime patterns discussed
here. They will be investigated in a
follow-up study.

5.4. Day-to-Day Changes in TEC

E We have presented several studies to
] demonstrate that the integrals of
s MAVEN's observations of both total
N 0 5L 110 115 2'0 25 ion density from NGIMS and electron
LT (hr) density from LPW—from 400km

down to periapse height (~hmax)—
can be used as reliable indicators of
plasma content of Mars' topside
ionosphere. We now examine the

Figure 5. The diurnal patterns of total electron content (e~/m?) from three
models run for conditions of 21 April 2015. The Boston University (BU);
University of California, Los Angeles (UCLA); and the Laboratoire de
Météorlogie Dynamique (LMD).
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Figure 6. Topside total electron content values obtained by integration of the NGIMS and LPW observations from MAVEN’s
Deep-Dip-#2 campaign of April 2015. (top) Orbit-by-orbit values of <TEC>spside are shown by using color-coding for
each instrument, with average values given by the solid lines and 1o variability by the shadings. (bottom) Averages of
NGIMS and LPW values from Figure 6 (top) to yield MAVEN-average <TEC>qpside Observations. The TEC values associated
with ionopause events are indicated by points within squares.

pattern of daily changes in the magnitudes of (TEC)iopside t0 assess the variability of Mars’ topside cold
plasma reservoir. Figure 6 gives orbit-by-orbit values of topside TEC from both instruments. We have used
the half of the LPW data set that coincides in space and time with the NGIMS observations at periapse. In
Figure 6 (top), the LPW and NGIMS observations are shown by using orange and black symbols,
respectively, with the solid lines giving their average values, and with shadings to portray 1-sigma
variabilities. The first item to notice is that calibration differences between the two instruments can be
seen in the mean values: <TEC> pyw=5.28+0.44 and <TEC>ngms=4.67+0.58 TECU, showing that
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4.98 + 0.48 TECU. Clearly, both instru-
ments and their averages show that
19 April had the lowest TEC values
of the Deep-Dip-#2 campaign. The
greatest differences occur for orbit
#1071 with both instruments having
values 1.0-14TECU below their
respective instrument means. For
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Figure 7. Topside Ng(h) observations from LPW on 19 April 2015. Orbits

#1069 to #1073 illustrate the transition from a smooth topside profile to While this example from 19 April is
one of irregularities near and above ~240 km, to ionopause conditions and ~ the most severe ionopause event of
recovery. The largest depletions in <TEC>opsige Noted in Figure 6 come the Deep-Dip-#2 campaign, many

from heights >240 km. The LPW orbit segments correspond to the same

. o o other orbits contained N,(h) gradient
orbit segments with simultaneous NGIMS data (as in Figure 6).

signatures attributed to ionopause

crossings. These were described in
Mendillo et al. [2015] using NGIMS observations only. Here we use 12 ionopause identifications (sharp
topside gradients and/or transitions to N, < 10°e~/cm?® below 300 km) seen simultaneously in both LPW
and NGIMS data. These are indicated by the points in squares in Figure 6. The two-instrument averages for
TEC depicted in Figure 6 (bottom) have 10 of the 12 TEC values below the sample mean, contributing to
the large standard deviation. The two outliers result from N,(h) profiles with above average N, values that
produce large TEC values even though the topside ionosphere is depleted above ~300 km. Clearly, there is an
extreme case of an ~1.2 TECU depletion, and more typical cases of ~0.4-0.6 TECU depletions associated with
ionopause events. The implications of these magnitudes are discussed below.

The TEC depletion episode of 19 April 2015 is, not surprisingly, due to the transformation of the plasma
density profile Ng(h) from one with a smooth altitude gradient to one with a dramatic sharpening of that gra-
dient—that is, to the appearance of an ionopause-like signature. This is shown in Figure 7 by using LPW data
(note, in particular, the times associated with each orbit segment). Orbit #1069 inbound near 7:10 UT has a
smooth gradient from the peak to ~300 km. One orbit later (#1070 inbound at ~11:40 UT) shows the onset
of a turbulent pattern of multiple gradients. After periapse (10 min later, changing to #1071 outbound at
~11:50 UT), the LPW data reveal a dramatic solar wind-induced ionopause signature at ~240km.
Subsequent orbits #1072 and #1073 show a recovery pattern to smoother topside gradients. Thus, the deple-
tion of topside TEC is due to the loss of plasma above ~240 km. Note that orbit #1072 is one of the outlier
points in Figure 6, and thus associated with the recovery process.

While identifying ionopause-like signatures is relatively straight forward, finding the driving causes for steep
density gradients is still a topic in need of study. For example, Vogt et al. [2015] offered several examples of
factors associated with such events, and these ranged from observations of magnetic fields, ion and electron
energy spectra, and changes in ion composition. They found that, on average, MAVEN's particles and field
instruments showed that N.(h) profiles with an ionopause are accompanied by a higher energy flux of
protons at high altitudes and stronger magnetic field at low altitude than for Ng(h) patterns without an iono-
pause. Moreover, at ionospheric heights above ~300 km, the O*/0," ratio was significantly larger for profiles
with an ionopause versus those without one. Here we have used MAVEN's topside ionosphere profiles to
characterize the changes in TEC associated with ionopause-like events. While beyond the scope of this paper,
in a follow-up study we will relate TEC ionopause signatures to changes in solar wind parameters and asso-
ciated reconfigurations of magnetic field topologies.
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5.5. Speculation About Plasma Escape

How might TEC depletion episodes observed during MAVEN’s Deep-Dip-#2 campaign be related to the far
broader issues of plasma loss at Mars? The context for such studies started well prior to the MAVEN mission,
with early results coming from the Russian Phobos-2 mission [Lundin et al., 1989] and then many studies using
ESA’s Mars Express data sets [Barabash et al., 2007; Lundin et al., 2008, 2009; Dubinin et al., 2009; Frinz et al.,
2010; Nilsson et al., 2010, 2011; Ramstad et al., 2013, and references therein]. The plasma escape rates found
in all of these prior studies consistently fell within the range of ~10%* to ~10%> e~ /s. We now make estimates
of the temporal changes in topside TEC due to ionopause episodes detected in MAVEN data with these pre-
vious vales of escape flux. To make an upper estimate, the ATEC value of 1.2 TECU for the largest depletion
effect on 19 April 2015 (Figure 6, bottom) can be used. This change refers to local noon conditions, but from
Figures 2 and 5 the TEC magnitudes change little during most daytime hours, except near dawn and dusk.
For an upper limit we apply this value (ATEC = 1.2 x 10"® ions/m?) to the full daytime hemisphere. The dayside
surface area at the height of the ionospheric peak (~130km) is 7.8 x 10'> m?. Thus, the total number of ion-
electron pairs lost is 9.4 x 10?8 for our maximum case. Given that the sampling rate is from one orbit to the next
one (~4.5h=1.62x10%s), the change amounts to 5.8 x 102* ions/s. This rough estimate is fully consistent with
the range of 10%*~10 ions/s from the Phobos-2 and MEX studies. The more typical ionopause signature of a
TEC depletion shown in Figure 6 is about half that value, and thus, the escape flux would be 2.9 x 10%* ions/s.
From MAVEN’s own observations, the lower bound estimate for planetary escape of ions with energies >25eV
by Brain et al. [2015] was also ~3 x 102*ions/s. The 25 eV ions observed beyond the ionosphere come, of
course, from energized thermal ions previously in the ionosphere. Jakosky et al. [2015] used MAVEN observa-
tions and modeling to arrive at a rate of ~1.5 x 10%* ions/s for minimal solar wind conditions. Our finding here is
that the routine loss of plasma from the ionosphere to the solar wind has detectable TEC signatures that result
from relatively frequent ionopause events—occasionally enhanced by larger ones.

For long-term consequences, we can use the results above of ~13 ionopause events detected in 5days.
lonopause detections of 2-3 per day are consistent with the finding that 54% of MAVEN's orbits exhibit an
ionopause, most often at higher altitudes [Vogt et al., 2015]. Using two events per day with the average
TEC depletion (ATEC=0.6x10"°ions/m? ) and 365 earth days, total loss is 3.4x 10" ion-e ™ pairs/year.
Assuming O, to be the dominant ion feeding loss [Vogt et al., 2015], the total ionospheric mass loss becomes
1.8x 10%kg/yr. Over a three billion year span, this amounts to 5.4 x 10" kg, approximately 20% of the mass of
the current global Martian neutral atmosphere (~2.5 x 10'® kg).

6. Summary and Conclusions

We have investigated the use of observations of the Martian topside ionosphere made by instruments on the
MAVEN spacecraft to characterize the reservoir of thermal plasma capable of escape. Prior to MAVEN's arrival at
Mars, observations of the most robust regions of the Martian ionosphere—electron density profiles Ng(h) near
the subsolar point—were exceedingly sparse. Data obtained by MAVEN during its orbital Deep-Dip-#2 cam-
paign (17-22 April 2015) provide an extraordinary opportunity to study the planet’s maximum dayside plasma
distributions on a day-to-day basis. We adopted the approach of using the parameter total electron content,
defined as TEC =JN,(h)dh, to provide a consistent way to quantify overall cold plasma populations at Mars.
MAVEN measured the contributions to TEC from plasma above the height of maximum electron density (from
hmax to ~400 km), a height range that essentially coincided with the full topside ionosphere at Mars. Theoretical
and climatological models of vertical electron density profiles were used to show that only small changesin top-
side shape and magnitude occur for the range of solar zenith angles (SZAs < 35°) encountered under midday
conditions. This allowed us to integrate MAVEN's plasma data along its slanted orbital track (from ~400 km
to the periapse height of ~132km) as a reliable indicator of the vertical integral of N.(h) along the satellite
track. We validated this concept by comparing the MAVEN-derived topside TEC with independent observa-
tions of full TEC made by the SHARAD instrument on MRO for 21 April 2015. Additional validation for the
constancy of TEC under daytime conditions was achieved by integrating theoretical profiles from1-D and
3-D models of the Martian ionosphere. The day-to-day changes in the topside TEC from MAVEN can thus
be interpreted as real changes in plasma content that can, potentially, be related to global escape fluxes.
We offered approaches to that issue using rough calculations keyed to MAVEN data sets, showing that
observed ionospheric plasma loss can be a significant component of overall atmospheric escape.
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