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Abstract one possible ion escape channel at Mars is a polar wind-like outflow driven by parallel
electric fields and/or other acceleration mechanisms. With independent potential estimates from
ionospheric photoelectron measurements by the Solar Wind Electron Analyzer (SWEA) and ion
measurements by the SupraThermal And Thermal lon Composition (STATIC) onboard the Mars Atmosphere
and Volatile EvolutioN (MAVEN) spacecraft, magnetic field-aligned potentials are calculated as the difference
of the two. The calculated field-aligned potentials have average values that range from 0 to —1.5 V, relative
to the ionospheric source region. These field-aligned potentials likely result from ambipolar electric fields
and are found on both closed and open field lines. On the dayside, these potentials range from 0 to —0.7 V,
corresponding to an electric field magnitude <3 mV/km, which peaks near the ion exobase and can
effectively accelerate ions and enhance ion outflow.

Plain Language Summary The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission is
dedicated to studying atmospheric loss from Mars at the current epoch and estimating the total loss to
space over Martian history. Atmospheric escape can be in the form of neutral particles and charged particles
(i.e., ions and electrons). Charged particles subject to electromagnetic forces at Mars. lons, more
gravitationally bounded than electrons, can be accelerated to escape velocities by these forces. One of
the accelerating forces for ions at Mars is in the form of ambipolar electric field, produced by electron-ion
separation. This study provides the first statistical analysis of amiboplar electric field at Mars with MAVEN
data. Integrating this force over a spatial distance, the resulting potential, determined from MAVEN's
measurements, ranges from 0 to —1.5 eV. These potentials can accelerate more ions to escape velocity and
enhance ion escape. This study is cruel to characterize low-energy ion escape, an important atmospheric
loss channel.

1. Introduction

The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission is dedicated to studying atmospheric loss from
Mars at the current epoch and estimating the total loss to space over the Martian history (Jakosky et al., 2015,
2018). One ion escape channel is outflow along open field lines (e.g., Ergun et al., 2016; Lillis et al., 2015),
enhanced by a polarization or ambipolar electric field, analogous to the polar wind at Earth (e.g., Banks &
Holzer, 1968; Ganguli, 1996; Schunk, 1988; Welling et al., 2015; Yau et al., 2007). Because of their light mass,
electrons outrun ions and set up an electric field to accelerate ions to counterbalance the charge separa-
tion. Traditionally, the ambipolar electric field (E) originates from the thermal electron pressure gradient (e.g.,
Schunk & Nagy, 2009); that is,

eE=—-——, (1)

where p, is the electron pressure, n, is the electron density, and e is the fundamental charge. This term is an
important mechanism for driving ion vertical diffusion (e.g., Schunk & Nagy, 2009). At Mars, the ambipolar
electric field due to thermal electrons is typically on the order of ~1 mV/km in the ionosphere, based on typical
Martian electron density and temperature profiles. Other mechanisms are important for ion outflow at Earth
(Yau et al,, 2007, and references therein), such as wave-particle interaction, ion heating, and centrifugal force.

In the ionosphere, superthermal electrons (>1 eV) usually have an insignificant density compared to the
total thermal electron density, but their velocities are high (~600 km/s at 1 eV). It has been found that these
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hot electrons can contribute significantly to the ambipolar electric field and enhance ion escape at Earth
(e.g., Glocer et al., 2017; Khazanov et al., 1997, 1998; Kitamura et al., 2015) and Venus (e.g., Collinson, Frahm,
etal., 2016).

Collinson et al. (2015) set an upper bound on the total potential drop in the ionosphere of Mars of +2 V
by examining MAVEN data. However, a more accurate estimate of the magnitude of the ambipolar electric
field at Mars is needed, which is the topic of this study. SupraThermal And Thermal lon Composition (STATIC)
(McFadden et al., 2015) and Solar Wind Electron Analyzer (SWEA; Mitchell et al., 2016) onboard MAVEN mea-
sure ions and electrons down to energies of ~0.1 and ~3 eV, respectively, which are significantly affected by
the spacecraft potential as well as electrostatic potentials in the Mars environment. Negative potentials can
be derived with SWEA and STATIC measurements via independent techniques. The method used for STATIC
data in this study provides the spacecraft potential, whereas the method used for SWEA data provides the
total potential (spacecraft + Mars environment). Therefore, Mars field-aligned potentials can be calculated
from the difference between SWEA and STATIC estimates. We also use magnetic field data from the Magne-
tometer (Connerney et al.,, 2015) to determine electron pitch angles and directions, which allows us to infer
magnetic topology.

2, Methodology: Negative Potentials From SWEA and STATIC

There are several techniques for estimating field-aligned potentials using electron measurements. Lillis et al.
(2018) utilized the energy dependence of the electron loss cone size measured on open magnetic field lines
to determine the strength and polarity of the potential difference between the observation altitude and the
superthermal electron exobase (~160-km altitude; Xu, Liemohn, Bougher, & Mitchell, 2015; Xu, Liemohn, et al.,
2016) with Mars Global Surveyor data. Kitamura et al. (2012) and Collinson, Mitchell, et al. (2016) determined
field-aligned potentials above the spacecraft by comparing outflowing photoelectron fluxes and precipi-
tating electron fluxes at Earth and at Mars, respectively. Collinson, Frahm, et al. (2016) investigated “polar
wind"-like ambipolar electric fields at Venus by examining photoelectron energy spectral features. With the
same technique, Collinson et al. (2015) determined the upper bound on the total potential drop in the Mar-
tian ionosphere to be less than 2 V. The technique used in Lillis et al. (2018) only works for large field-aligned
potentials (roughly >10 V). The technique adopted by Kitamura et al. (2012) and Collinson, Mitchell, et al.
(2016) requires inflowing electron fluxes to be significantly lower than outflowing fluxes, which only occurs at
Mars occasionally, and is only valid for potentials larger than the lowest measured energy (3 eV for SWEA). In
this study, we aim to determine small field-aligned potentials (within £2 V) and thus can only use a technique
similar to that of Collinson et al. (2015) and Collinson, Frahm, et al. (2016).

2.1. Potential Estimates From SWEA

We estimate potentials with SWEA by measuring shifts in the positions of discrete features in ionospheric
photoelectron energy spectra. At Mars, peaks in the photoelectron spectrum at ~23 and 27 eV are caused
by the ionization of CO, and/or O by the intense 30.4-nm solar He-ll emission line (e.g., Liemohn et al., 2003;
Mantas & Hanson, 1979; Mitchell et al., 2000; Peterson et al., 2016; Xu & Liemohn, 2015; Xu, Liemohn, Peterson,
et al., 2015; Xu, Thiemann, et al., 2018). Whenever ionospheric photoelectrons are observed by SWEA, these
peaks are shifted in the instrument frame by both the spacecraft and Mars potentials. The Mars potential is the
potential difference between the ionospheric source region and the spacecraft location. The spacecraft poten-
tial is the potential between the conducting part of the spacecraft (to which the instruments are grounded)
and the ambient plasma many Debye lengths (~1 cm to tens of meters) from the spacecraft. We designed
an automated procedure to calculate the energy shift of a sharp feature in the primary photoelectron energy
spectrum at 23 eV.

SWEA has an energy resolution of AE/E = 16.7% for the burst-mode pitch angle distribution (PAD) data
(33.4% for the survey-mode PAD data, which averages adjacent energy steps in the sweep). If we estimate the
measurement accuracy to be half of the energy bin width, the accuracy improves as the total potential dif-
ference from the ionosphere source region to the spacecraft becomes larger, and the 23-eV peak is shifted to
lower energies in the instrument frame where AE is smaller. It is also important to note that this technique is
based on ionospheric photoelectron observations, thus indicating that these electrons are on magnetic field
lines intersecting the dayside ionosphere (e.g., Xu, Fang, et al., 2018; Xu, Mitchell, Liemohn, et al., 2017; Xu,
Mitchell, Luhmann, et al., 2017): (1) closed field lines (two foot points embedded in the dayside ionosphere),
(2) open field lines (one foot point embedded in the ionosphere and the other connected to solar wind),
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or (3) cross-terminator closed field lines (one foot point embedded in the dayside ionosphere and the other
foot point embedded in the nightside atmosphere).

2.2. Potential Estimates From STATIC

To obtain Mars potentials, we need an independent estimate of the spacecraft potential, which can be
obtained with STATIC observations in two ways. Below 200-km altitude, the ion mean free path is <~10 km,
so that acceleration between collisions by typical electric fields in the Mars environment (<~few mV/km) is
insignificant compared to acceleration by the spacecraft potential, which typically has an amplitude of a few
volts over a scale length of 1 cm. The spacecraft potential is estimated by assuming that the main ion species,
O;f, has zero bulk velocity in the rotating Mars frame so that its ram energy is entirely due to the spacecraft
velocity; any difference is caused by the spacecraft potential.

Above 300 km, the spacecraft potential is obtained by identifying a sharp low-energy cutoff in the ion energy
distribution, which is established when the ions cross the negative spacecraft potential as they enter the
STATIC aperture. We use light (mass < 10 amu) ions for this purpose, since protons typically have much broader
energy distributions than the spacecraft potential, and they also have broad angular distributions because
of their low mass. This is important because small field-aligned potentials (such as those considered in this
study) have much less effect on more perpendicular protons than on field-aligned protons so that when aver-
aging over all angles, the low-energy cutoff is mostly likely not affected by field-aligned potentials. Between
200 and 300 km, the spacecraft potential is estimated as the less negative value from the two techniques.
STATIC has an energy resolution of AE/E = 16% so that measurement accuracy decreases with more negative
potentials, which accelerate ions to higher energies.

2.3. Cross-Calibration, Caveats, and Data Selection

Below the superthermal electron exobase (~160 km), photoelectrons have a small mean free path (<10 km)
due to frequent collisions with neutrals and also local production of photoelectrons dominates so that they
experience <0.01-V potential for an electric field ~1 mV/km (typical for an ambipolar electric field). We
cross-calibrated the difference of SWEA and STATIC estimates to be nearly 0 on average below 160-km altitude
to minimize the possible systematic bias in SWEA estimates due to uncertainties (SWEA's finite bin width) in
locating the He-Il peaks.

There are three caveats to our approach. (A) Both SWEA and STATIC potentials are only negative, which
could result in incomplete sampling or a systematic bias in regions where spacecraft potential can be
either positive or negative. (B) For STATIC estimates of the spacecraft potential below 200-300 km, the
assumption of zero bulk flow velocity might not be valid and cause an underestimation or overestimation
of the spacecraft potential, depending on the flow velocity relative to the spacecraft motion. Thermospheric
winds near the exobase are typically in the range 200-300 m/s (e.g., Bougher et al., 2000, 2015), which could
shift the ram energy by up to a few tenths of an electron volt. However, since the bulk flow direction can be
at any angle with respect to ram, this energy shift should be averaged out with enough sampling. (C) If the
ion distribution is shifted to higher energies, such that the wings of the distribution produce very few counts
near the cutoff energy, then it is not possible to measure the cutoff, or it is possible to have a false potential
estimate by misinterpreting low count rates in the wing of the distribution as the spacecraft potential cutoff.

We select SWEA and STATIC data from 1 December 2014 to 1 March 2018. To obtain the best accuracy, only
SWEA burst-mode PAD data are used and only negative potentials are selected, which shift the He-ll peaks to
lower energies (smaller AE). STATIC has an instrumental issue at low energies, which is thought to be caused
by exposure of the CuO-coated analyzer surfaces to atomic oxygen in the Mars environment. This exposure is
nonuniform (more near the entrance aperture) and thus modifies the work function of the analyzer nonuni-
formly, which reduces its sensitivity at low energy. The effects of this low-energy “ion suppression” have been
corrected for all data used in this study; however, the suppression was too large from 1 January to 1 November
2015 to allow a reliable correction. Therefore, we exclude STATIC potential estimates for this period when the
bulk flow method is used. The proton cutoff method is not affected because of its broader angular distribu-
tion, which allows ions to enter the aperture from directions where the work function has not been modified.
Lastly, caveat C poses a particular challenge to STATIC estimates based on the low-energy cutoff of protons
in the sunlit flanks, where thermal plasma gains a significant flow velocity once past the obstacle of Mars. We
impose an empirical data selection criterion in this region, excluding data with STATIC estimates <—1.5 V. This
is because, based on experience in the solar wind over a range of plasma densities, the potential is expected
to be within a few volts of zero in this higher density sunlit plasma region and also that the distribution of
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Figure 1. Time series of the spacecraft altitude (a), energy spectra for all masses (b), and mass spectra (c) measured by
STATIC, STATIC energy spectra for heavy ions (d, >12 amu) and light ions (e, mass <10 amu), negative potentials (f), from
SWEA and STATIC, electron pitch angle distributions (PADs) (g), and energy spectra (h) measured by SWEA on 15
September 2016. In panels (d) and (e), the black lines are absolute spacecraft potentials from STATIC measurements. In
panel (f), the black solid line shows the negative spacecraft potentials from STATIC and red and blue dots are deduced
negative potentials from SWEA measurements for electrons traveling parallel and antiparallel to magnetic fields,
respectively. Panel (i) illustrates the measured electron energy spectra for three pitch angle (PA, in degrees) ranges,
extracted at the time indicated by the vertical dashed line in the left panels. Panel (j) shows the blue and red energy
spectra in panel (i) shifted for —8.5 V (Mars + spacecraft potentials) and —6 V (spacecraft potential only), respectively, by
applying the Liouville’s theorem. The vertical violet dashed lines in (i) and (j) indicate the locations of the He-Il features
at 23 and 27 eV and the photoelectron knee at 60 eV. STATIC = SupraThermal And Thermal lon Composition;

SWEA = Solar Wind Electron Analyzer; PAD = pitch angle distribution; SZA = solar zenith angle.

SWEA estimates is Gaussian-like for STATIC estimates between 0 and —1.5 V but bimodel for STATIC estimates
<—1.5V. Nonetheless, readers should treat results obtained in this region with caution.

3. Case Study

In this section, an orbit example is presented to demonstrate the methodology. Spacecraft potentials (abso-
lute values) from STATIC (black lines in Figures 1d and 1e) track the low-energy cutoff in the distributions of
lightions. In particular, right after 09:20 UT, STATIC estimates the spacecraft potential based on the low-energy
cutoff of the light ions (Figure 1e), while heavy ions are accelerated and have a different apparent cutoff
(Figure 1d). This demonstrates the importance of using low mass ions (mostly protons) to estimate the space-
craft potential. In Figure 1f, we overlay the signed STATIC potential estimates with SWEA potential estimates,

XU ETAL.

10,122



~1
AGU

100 Geophysical Research Letters 10.1029/2018GL080136

ADVANCING EARTH
AND SPACE SCIENCE

(@

K away phe-
~twd phe-

(b) closed/away (f) closed/away.
1 20 T
region 1 -0.41(m); 0.61(s) '
1osf region2 11 g -0.41(m); 0.64(s)
region 3 -0.82(m); 1.02(s)
10h region 4 -1.15(m); 1.27(5)1

Rmso [Rm]

10°F E
10°F 1
10' L +
-10 5 0 B
Pot (V) Xmso [Rm]
; (c) closed/toward (g) closed/toward
2. 1.5
region1 I : : -0.32(m);0.62(s) 7 '
mar region2 : -0.46(m) Oﬁa[sy1 B 1.0
region3 @ i L -1.00m);0.98(s)
10t} region 4 N -0.98(m); 1.41(s) ] £ . 05 5
* ] 0.0 £
10°F {c H
-0.5
10°f 1 10
10' 15
- -1 0
10 P otD(V) Xmso [Rm]
; (d) open/away ) (h) open/away
OFregon1 ' : m  -0.28(m); 0.80(s) ! !
10¢ region 2 -0.42(m); 0.74(s)
[ region 3 -0.78(m); 1.54(s) ]
L[ region 4 0.88(m); 2.31(s)
= 10°F 4

Rmso [Rm]

0
Pot (V)

(e) cross-terminator/toward

regon2 : 1 -0.30(m); 0.70(s)
oo . 1.0
10°k region 3 : : -0.97(m); 1.45(5)1
region4 -0.31(m); 2.76(s) 0.5
.10 : . oo}
E H ) §
: £ H
05
10°F H
% 10
10 o 15
-10 -5 0 5

Kl o
Xmso [Rm]

Figure 2. (a) A schematic shows three magnetic topologies that have
photoelectrons on one or both field-aligned direction(s). The purple dotted
lines separate four regions: X,,;,>0 (Region 1), X,s,<0 and r,so> 1R,
(Region 2), X150<0, rmso< 1 R, and altitudes < 1,000 km (Region 3), and
Xinso<0s Fmso< 1 Ry, and altitudes > 1,000 km (Region 4), where r, ., is the
distance from the X5, axis and R, is the Mars radius. Panels (b)—-(e) show
the histograms of Mars potentials for these four regions, highlighted by
different colors. Panels (b, away) and (c, toward) are for closed field lines.
Panel (d) are observations on an open field line. Panel (e) are observations
on a cross-terminator closed field line. The two columns of numbers on the
right in panels (b)-(e) are the mean values (m) and standard deviations (s)
in each region. Panels (f)-(i) are the mean Mars potentials in the cylindrical
MSO coordinates for topologies corresponding to panels (b)-(e). The blue
dashed boxes in panels (f)-(i) highlight Region 2, where we applied an
additional empirical data selection.

based on photoelectrons traveling parallel (red) and antiparallel (blue) to
the magnetic field. In this example, we see the SWEA method yields poten-
tials that are 2—-4 V more negative than the STATIC potential estimates.

Consider the time marked by the vertical dashed line as an example.
Figure 1iis a typical observation for an open field line: with photoelectrons
traveling away from the planet (blue spectrum) and solar wind electrons
precipitating onto the atmosphere (red spectrum; e.g., Xu et al., 2014; Xu,
Mitchell, Liemohn, et al., 2017). The energy shift of the 23-eV photoelec-
tron feature yields a potential of —8.5 V, while the low-energy cutoff of the
ion distribution at the same time gives a —6-V spacecraft potential. After
correcting for both the Mars and spacecraft potentials the He-Il feature in
the blue spectrum is shifted to 23 eV (Figure 1j), as they would appear in
the source region at the foot point of the magnetic field line. For this obser-
vation, the Mars field-aligned potential is determined to be —2.5 V, from
the ionospheric foot point to the spacecraft altitude.

4, Statistical Results

4.1. Distributions and Mapping of Mars Potentials

The case study above demonstrates how we calculate Mars potentials
based on independent estimates from SWEA and STATIC, which is applied
to all the selected data. SWEA potential estimates are calculated indepen-
dently for electrons traveling “away from” or “toward” Mars, based on the
orientation of the magnetic field combined with the electron PAD. Figure
S1 in the supporting information maps potential estimates from SWEA
(“away” and “toward”) and STATIC in the MSO (Mars-centered Solar Orbital)
cylindrical coordinates. In the MSO coordinates, X points to the Sun; Y
points opposite to Mars’ orbital angular velocity, and Z points to Mars’
north ecliptic pole. Mars potentials are obtained by taking the difference
between SWEA and STATIC potential estimates. SWEA and STATIC poten-
tial estimates are both negative, but the difference between the two can
be either positive or negative.

As mentioned above, SWEA potential estimates, and thus Mars poten-
tials, rely on photoelectron observations, which also provide information
on magnetic topology. With STATIC providing the spacecraft potential for
every SWEA measurement, there are four situations: photoelectrons, and
thus SWEA potential estimates, are (1) simultaneously detected in both
the “away” and “toward” directions (relative to Mars), (2) only detected in
the “away” direction, (3) only detected in the “toward” direction, and (4)
not observed in either direction. Cases 1-3 correspond to three magnetic
topologies that have access to dayside ionosphere: closed with both foot
points on dayside, open, and cross-terminator closed field lines, respec-
tively, as shown in Figure 2a.

For a dayside closed loop (case 1), Mars potentials are obtained separately
for “away” photoelectrons and “toward” photoelectrons, corresponding
to the potential difference from the corresponding foot point. Statistical
analysis can be applied to each direction separately. For more negative
potentials, the spectral feature that provides the spacecraft potential is

shifted to an energy with a smaller AE for SWEA and a larger AE for STATIC. As AE/E =~16% for both instru-
ments, the uncertainty is typically 1-2 V, which is comparable to the calculated Mars potentials. To ensure
that our method provides statistically significant estimates of the Mars potential, we plot distributions of the
measured potentials for the “away” direction in Figures 2b and the “toward” direction in Figure 2c, with lines
of different colors corresponding to the four spatial regions shown in Figure 2a.
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For open field lines (case 2), photoelectrons can only be observed flowing away from Mars, with incident solar
wind electrons. Therefore, the Mars potential can be only obtained in the “away” direction, namely, from the
foot point in the dayside ionosphere to the spacecraft altitude. The distribution of potentials for case 2 for the
four spatial regions is shown in Figure 2d.

For photoelectrons/SWEA potential estimates only found in the “toward” direction (case 3), the most com-
mon scenario is cross-terminator closed field lines (e.g., Xu, Mitchell, et al., 2016). The distribution of the Mars
potentials for this case is shown in Figure 2e. These potentials are from the dayside foot point to the space-
craft altitude. Dayside observations of case 3 can occur but not as frequent (the bottom panel of Figure S2)
because of ambiguous “away” and “toward” directions (e.g., horizontal magnetic fields) or misidentifications
from our technique. Therefore we omit the analysis of case 3 for dayside (Region 1).

Although the uncertainty for each measurement (1-2 V) is comparable to the value itself, the error in the
mean is proportional to 1/\/&, where N is the total sample number for each distribution. Since N is ~ 10°, the
error in the mean is only a few hundredths of a volt. These distributions peak from —0.3 to —1.2 V, which is
many times the standard error, indicating that our method yields mean potentials for the different topologies
with a high degree of statistical significance.

These field-aligned potentials likely originate from the ambipolar electric field. First, our calculated aver-
age potential is negative from the ionospheric foot point to the spacecraft altitude, consistent with the
ambipolar electric field direction, which retards electrons and accelerates ions. Second, the ambipolar elec-
tric field is typically on the order of ~1 mV/km at Mars, which gives a potential difference 0.1-1 V over a few
hundred-kilometer distance. Our calculated field-aligned potentials are of a similar magnitude.

The shapes of these distributions differ for a few possible reasons. First, field lines in different regions
have different average geometries and thus tend to sample potential structures differently. For example, in
Figures 2b-2e, there are higher percentages of more negative values when the spacecraft is tailward of the
terminator (X < 0), since field lines in that region with a foot point in the dayside ionosphere must cross the
terminator, where the plasma density has a sharp gradient (Chapman, 1931a, 1931b), resulting in a relatively
large potential drop. Field lines passing through the terminator thus sample a larger total potential drop.
Additionally, superthermal electrons, though a small portion of the total electron density, have high veloci-
ties and can enhance or reduce the electron pressure gradient and thus affect the ambipolar electric field. As
fluxes of superthermal electrons of both ionospheric and solar wind origin can vary significantly throughout
the Mars environment, the contribution from these electrons to the total electron pressure gradient varies as
well, broadening the distribution of field-aligned potentials differently.

Mean Mars potentials are mapped into cylindrical MSO coordinates in Figures 2f-2i. Median values (not
shown) are very similar. A minimum sample number of 100 is imposed to ensure statistical significance. Mars
potentials mostly vary from 0 to —1.5 V, with standard errors < 0.05 V. These potentials become more negative
with increasing altitude on the dayside as the potential builds with distance from the electron exobase. The
magnitude of the potential also increases with solar zenith angle (SZA), as the ambipolar electric field should
be larger near the terminator because of the larger thermal density gradient. On the nightside, there is a sharp
transition across the optical shadow (X < 0, r,,, < 1 R,,), with more negative potentials inside than outside,
likely due to caveats A and C in Region 2. The results in this region should be taken with caution. Lastly, the
few cells that show positive potentials remain on the outer edge, probably because both techniques have dif-
ficulties in the magnetic pileup and sheath region where the spacecraft potential mostly becomes near 0 or
even positive.

4.2. Dayside Potential Profiles

Tofacilitate ion escape, itis best for the field-aligned electric field to be located near the ion exobase (~200 km,
ion mean free path approximately equals to neutral scale height), where the density is relatively high and ions
can be accelerated upward without suffering too many collisions. Figure 3 shows Mars potential profiles (left
column) and the derived electric fields (right column) on the dayside for closed and open field lines. In each
panel, the calculated Mars potentials and electric fields are grouped into two SZA ranges, 0-45° (red) and
45-90° (blue).

Overall, below 800 km, the calculated Mars field-aligned potentials are near 0 at ~180 km and grow to —0.4 ~
—0.7 V at 300 km and remain relatively constant above. Mars potentials on open field lines are slightly less
negative with increasing altitude. It is probably because open field lines at higher altitudes are more likely to
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Figure 3. Three rows illustrate the dayside Mars potential profiles (the left column) and the derived electric fields (the
right column) for closed-away, closed-toward, and open, respectively. In each panel, the red and blue lines are for SZA
0-45° and 45-90°, respectively. SZA = solar zenith angle.
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have foot points at greater distances and lower SZAs than at the spacecraft, where the ambipolar potential is
smaller. The irregularities in the profile for open field lines at SZA 0-45° (the red line in the bottom left panel)
are possibly caused partly by not enough sampling to average over the ion bulk flow bias (caveat B).

The magnitude of field-aligned potentials display a smooth increase from ~180 to 300 km, indicating an elec-
tric field. We calculate this electric field using these averaged potential profiles, with the averaged magnetic
dip angle applied to each altitude difference to convert to the delta distance along the field line. As shown
in the right column of Figure 3, the calculated electric field mostly occurs between ~180 and 300 km, with a
peak magnitude of 2-3 mV/km, consist with the typical features of the ambipolar electric field. This electric
field is located near the ion exobase, where it can enhance ion escape.

5. Discussion and Conclusions

Two independent potential estimates can be obtained from ionospheric photoelectron measurements from
SWEA and ion observations from STATIC. STATIC provides an estimate of the spacecraft potential alone, while
SWEA measures the combined spacecraft and Mars potentials. Mars field-aligned potentials are determined
on various field topologies by taking the difference (SWEA-STATIC). By mapping into cylindrical MSO coordi-
nates, average potentials are found to range from 0 to —1.5 V, with more negative values at high SZAs. The
magnitude of these potentials is consistent with the upper limit determined by Collinson et al. (2015).

These field-aligned potentials are found on both closed and open field lines, of a similar magnitude to and
consistent with the direction of the ambipolar electric field. The measured field-aligned potentials also have a
SZA dependence that can be explained by a larger ambipolar electric field near the terminator due to a larger
plasma pressure gradient. The calculated electric field is of a similar magnitude (0-3 mV/km) and located in a
region similar to the ambipolar electric field driven by the plasma pressure gradient. Thus, we interpret these
field-aligned potentials as a result of the ambipolar electric field.

Below 800 km, the average dayside Mars potentials are found to be mostly between 0 and —0.7 V. The escaping
energies for O] and O are 4 and 2 V, respectively. It means that these potentials are able to shift the ion
distribution to higher energy and enhance ion outflow (analogous to Jeans escape; e.g., Moore & Khazanov,
2010), as noted by Collinson et al. (2015). In addition, the derived electric fields are mostly located 180-300 km,
right near the ion exobase, where they are most effective at enhancing ion outflow.
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Erratum

In the originally published version of this article, the legends for Figures 1 and 2 were transposed. As a
result, the references to these figures in text were also published incorrectly. These errors have since been
corrected, and this version may be considered the authoritative version of record.
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