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Abstract Mars lacks a global magnetic field but possesses concentrated regions of crustal magnetic field
that influence the planet’s interaction with the solar wind and the structure of the Martian ionosphere. In
this study we survey 17 months of MAVEN Langmuir Probe and Waves dayside electron density and
temperaturemeasurements to study how these quantities are affected in regions with strong crustal magnetic
fields. Above 200 km altitude, we find that regions of strong crustal magnetic fields feature cooler electron
temperatures and enhanced electron densities compared to regions with little or no crustal magnetic
field. Neutral densities and temperatures are not significantly affected. Closed field lines on which electrons
can be trapped aremore prevalent in strong crustal field regions than elsewhere. Trapped on closed field lines,
electrons are protected against loss processes involving the solar wind. This would lead to longer plasma
lifetimes, higher densities, and lower temperatures.

1. Introduction

At Earth, the planet’s strong, global-scale, dipolar magnetic field plays a major role in influencing the interac-
tion of the planet with the surrounding space environment (e.g., Cravens, 2004; Gurnett & Bhattacharjee,
2005; Kivelson & Russell, 1995). Moreover, Earth’s magnetic field strongly affects ionospheric processes
and properties (e.g., Kelley, 1989; Schunk & Nagy, 2009). Is the same true at Mars, which has a very different
magnetic environment?

Mars is unique among the solar system’s planets: it lacks a global intrinsic magnetic field but possesses
concentrated regions of strong crustal magnetic field. The crustal magnetic fields are primarily radial in direc-
tion, have magnitudes up to several hundred nanotesla (nT) at 400 km altitude, and are strongest at southern
latitudes and longitudes ~140°E–240°E (Brain et al., 2003; Connerney et al., 2001).

The question of howMars’s uniquemagnetic field affects the planet’s interaction with the space environment
is important for the disciplines of planetary science and plasma science. In planetary science, this interaction
affects the present-day behavior of the atmosphere-ionosphere-magnetosphere system. It also affects the
climate of Mars by its long-term effects on escape processes. In plasma science, Mars offers a unique labora-
tory for probing conditions not found elsewhere in the solar system, such as variations in magnetic field
strength, direction, and connectedness to the solar wind on small length scales.

Previous work has established that Mars’ crustal magnetic fields, although spatially restricted, do have signif-
icant effects on the planet’s interaction with the solar wind (e.g., Edberg et al., 2008; Mitchell et al., 2001).

It is also clear that Mars’ crustal magnetic fields have important effects on the structure of the Martian iono-
sphere (e.g., Gurnett et al., 2008; Withers et al., 2005). The presence of strong crustal magnetic fields can influ-
ence the ionospheric electron density on regional scales. The ionosphere of Mars is summarized in Withers
(2009). The key aspects for this paper are that dayside conditions are dominated by photoionization and asso-
ciated chemical processes below ~200 km, while transport processes are significant above ~200 km.
Andrews, Andersson, et al. (2015) compared dayside electron densities above 300 km measured by Mars
Express to an empirical model of the Martian ionosphere and found that the measured values exceeded
the model predictions in regions of strongest crustal fields. The magnetic field orientation and topology
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can influence the local electron density. Nielsen et al. (2007) reported enhanced peak electron densities in
magnetic cusps or regions of strongly vertical magnetic field that are likely connected to the solar wind.
However, the large-scale effects of crustal magnetic fields on ionospheric conditions have not been fully
characterized by previous work.

The purpose of this paper is to report on the influence of crustal fields on electron densities and temperatures
in the dayside Martian ionosphere as observed by NASA’s Mars Atmospheric and Volatile EvolutioN (MAVEN)
mission. MAVEN entered Mars orbit in September 2014 and provides the best opportunity to date for study-
ing the effects of crustal magnetic fields on the Martian ionosphere. The spacecraft is equipped with a
Langmuir Probes and Waves (LPW) instrument (Andersson et al., 2015) that provides electron density
measurements over a larger altitude range than was possible with Mars Global Surveyor or Mars Express radio
occultations. LPW also provides the first electron temperature measurements in the Martian ionosphere since
the single profile measured by the Viking landers (Hanson & Mantas, 1988).

An initial survey of MAVEN data showed that regions of strong crustal fields have increased electron densities
compared to surrounding regions (Andrews, Edberg, et al., 2015). Here we expand on that study by adding
roughly one Earth year of additional electron density data, considering dependence on altitude, and also
examining the effects of crustal fields on the electron temperature.

This paper is organized as follows. Section 2 presents the MAVEN observations used in this study and an
analysis of how the electron density and temperature are affected by strong crustal magnetic fields.
Section 3 discusses the implications of our findings and possible mechanisms to explain the influence of
crustal fields on the ionospheric density and temperature. Section 4 summarizes the findings of this project.

2. Observations

MAVEN is located in a 4.5 h elliptical orbit around Mars, with periapsis typically at ~150 km, apoapsis at
~6,200 km, and a 75° inclination (Jakosky et al., 2015). We have surveyed MAVEN LPWmeasurements of elec-
tron density and temperature from October 2014 through the end of April 2016. This interval includes four
“deep dips” in which the spacecraft orbital periapsis was lowered to ~120–130 km for about a week. The
interval also covers most of a Mars year, starting in northern fall (Ls ~206°) and going through northern late
summer (Ls ~145°). We have restricted our analysis to data assessed by the LPW team to be suitable for
scientific interpretation and to solar zenith angles less than 90° because the dayside and nightside
ionospheres are controlled by different physical processes (e.g., Withers, 2009). We shall examine the effects
of crustal magnetic field using maps of how dayside electron density and temperature vary with areographic
latitude and longitude (defined positive eastward throughout).

Figure 1 shows how the median LPW electron density and temperature vary with areographic latitude and
longitude at three different altitude ranges: 180–200 km, 240–260 km, and 300–320 km. The conclusions
of this work are the same whether considering the median or mean electron density or temperature. In each
panel the color of each 10° latitude by 10° longitude bin indicates the median electron density or electron
temperature in each bin. Contours of crustal magnetic field as predicted by the Cain et al. (2003) model
are overplotted in each panel and show that regions of strongest crustal magnetic fields are largely confined
to southern latitudes, particularly at longitudes ~140°–240°. Each 10° latitude by 10° longitude bin in Figure 1
typically contains at least 50 data points at altitudes above 300 km and more than 100 data points per bin at
altitudes below 200 km.

Inspection of Figure 1 leads to two immediate impressions. First, there are substantial differences between
observed conditions in the northern and southern hemispheres. Second, observed conditions at high
altitudes, southern latitudes, and longitudes near 180° are noticeably different from observed conditions at
the same altitudes and latitudes but different longitudes.

The first impression, hemispheric asymmetry, is not significant for this work. The hemispheric asymmetry that
is visible is simply caused by variations in the Mars-Sun distance and solar zenith angle between northern and
southern observations. We do not discuss these further in this work.

The second impression, variations in ionospheric conditions with longitude, is the focus of this work. The
Mars-Sun distance, season, and the latitude, local time, solar zenith angle of MAVEN’s periapsis change
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slowly and systematically between successive orbits. Longitude, on the other hand, changes appreciably
between successive orbits. Differences in ionospheric conditions at two different longitudes and the same
latitude cannot be caused by changes in Mars-Sun distance, season, latitude, local time, or solar zenith
angle. Only factors fixed with respect to the solid body of Mars can do so—such as crustal magnetic fields.

Temporal variations in solar forcing, such as the solar ionizing flux or external solar wind conditions, could, in
principle, cause variations in ionospheric conditions with longitude. However, any such temporal variations in
solar forcing are unlikely to occur with a periodicity commensurate with the periodicity of MAVEN’s longitu-
dinal sampling. MAVEN completes approximately five orbits in each Martian day (sol). Occasional extreme
solar events, such as solar flares, which occur on timescales of minutes to hours, could perhaps create
longitudinal structure in observed ionospheric conditions. Since the MAVEN observations come from a very
weak solar cycle with few solar flares, we deem this unlikely ( e.g., Thiemann et al., 2017). We conclude that
variations with longitude in this set of ionospheric observations cannot be caused by external factors.

Figure 1. MAVEN LPW (left column) electron density and(right column) temperature as a function of areographic latitude and longitude, plotted for three different
altitude ranges. The color indicates the median (left) electron density or (right) electron temperature in each 10° latitude by 10° longitude bin. The white bins indicate
those with fewer than five available data points. The contours of the Cain et al. (2003) model for magnetic field magnitude 50, 100, and 200 nT, evaluated in the
middle of each altitude range (e.g., at 190 km for the 180–200 km altitude), are overplotted in gray.
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Figure 1 shows that the electron density and temperature are largely unaffected by the presence or absence
of strong crustal magnetic fields at low altitudes (180–200 km panel). At higher altitudes (240–260 km and
300–320 km) the strong crustal magnetic field regions feature larger electron densities and smaller electron
temperatures than the surrounding regions. This is most noticeable in the largest region of strong crustal
fields, located at southern latitudes and longitudes ~140°–240°, but is also noticeable in the more equatorial
crustal field regions (e.g., latitudes ±~15°, longitudes ~10–50°, and ~300–360°). At these higher altitudes, the
electron density increases by ~25–30% and the electron temperature decreases by ~10–15% in regions of
strong crustal fields compared to other regions. For example, we can compare the electron density and
temperature at 240–260 km altitude in a region of weak crustal field, southern latitudes between �30° and
�60°, and longitudes 0–140°, to the electron density and temperature in the nearby region of strong crustal
field, southern latitudes between �30° and �60°, and longitudes 140–240°. In this weak crustal field region
the electron density is typically ~3.5–3.6 × 103 cm�3 compared to ~4.4 × 103 cm�3 in the strong crustal field
region, while the electron temperature is typically ~1,750 K in the weak crustal field region compared to
~1,950 K in the strong crustal field region.

Next, we focus on the southern hemisphere only and consider how the electron density and temperature
change with longitude. This approach allows us to continue to examine the effects of crustal fields on the
ionosphere, since the regions of strongest crustal fields are located in the southern hemisphere and the
crustal fields not only are most longitudinally constrained in the southern hemisphere but also remove the
observational bias and other factors that contribute to the north-south hemispheric asymmetry in both the
electron density and electron temperature.

Figures 2a and 2b show how the electron density and temperature vary with altitude and longitude for
latitudes poleward of 30°S. This latitude restriction highlights latitudes where the crustal magnetic fields
are the most longitudinally restricted, though we note that expanding the analysis to data at all southern
latitudes shows similar trends to those seen in Figure 2. Below ~200 km altitude both the electron density
and temperature are uniform with longitude, while above ~200 km altitude, both quantities show a depen-
dence on longitude. At a given altitude above ~200 km, the electron densities are increased and electron
temperatures are decreased at longitudes ~110–250° compared to values for noncrustal field regions, as seen
in Figure 1.

Figures 2c and 2d show how the median electron density and electron temperature in four different 20 km
altitude bins vary with longitude poleward of 30°S. At 160–180 km altitude (black line) the electron density
and temperature are independent of longitude. As in Figures 2a and 2b, a longitudinal dependence is evident
for both the electron density and temperature at higher altitudes. For example, in Figure 2c, at altitudes
320–340 km (red line), the median electron density increases from values of ~1.7 × 103 cm�3 in noncrustal
field regions to ~2.0 × 103 cm�3 in the strong crustal field regions at longitudes 110–250°. In Figure 2d, at
altitudes 320–340 km (red line), the median electron temperature decreases from values of ~2,400 K in
noncrustal field regions to ~2,100 K in the strong crustal field regions at longitudes 110–250°.

Upper and lower quartiles are shown for data from 160–180 km and 220–240 km. The median value for all
longitudes is generally within those quartiles, so the statistical significance of the putative variations with
longitude is not immediately clear. Further inspection, however, of the data at 220–240 km shows that the
24 of the 26 median values of electron density in 5° longitude bins between 120° and 250° are greater than
the zonal average. Such a high proportion of observed values exceeding the median is extremely unlikely to
have occurred by chance. By contrast, 10 of the 26 median values at 160–180 km exceed the zonal average,
close to the half expected when longitude has no effect on electron density. Similarly, 1 of 26 electron
temperature values exceeds the zonal average at 220–240 km.

Based on Figure 2, we conclude that the longitudinal dependence of dayside electron density and electron
temperature at high altitudes and southern latitudes is due to the presence of strong crustal magnetic fields
at longitudes ~110–250°.

In Figure 3 we present median altitude profiles of the electron density and temperature in the southern hemi-
sphere for five different longitude regions. Electron density and temperature measurements are typically
presented as altitude profiles, so it is interesting to compare median profiles in strong crustal field regions
to profiles from regions without strong crustal fields. The two green lines represent longitudes with strong
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crustal magnetic fields (160–180° in dark green, 180–200° in light green), while the other colored lines
represent longitudes without crustal fields. Each point in this figure below (above) 380 km is the median of
over 200 (over 100) measurements.

For both the electron density and temperature the green crustal field-influenced profiles diverge from the
other three profiles at altitudes ~200 km. The electron density in the green crustal field-influenced profiles
is ~30% larger than in the noncrustal field profiles at ~200–250 km altitude, ~40% larger at ~250–350 km
altitude, and ~50–60% larger at ~350–500 km altitude. The electron temperature in the green crustal field-
influenced profiles is ~95% of the electron temperature in the noncrustal field profiles at ~200–250 km
altitude, ~90% at ~250–320 km altitude, and ~85% at ~320–500 km altitude. This represents a temperature
difference of ~250 K at ~250–320 km altitude and ~450 K above 320 km altitude.

Upper and lower quartiles are shown for data at 60°–80° (weak crustal fields) and 160°–180° (strong crustal
fields). Median electron densities in the strong crustal field region are not generally larger than the upper
quartile densities in the weak crustal field region, so the statistical significance of the putative variations with
longitude is not immediately clear. Further inspection, however, of the data shows that each of the 60median
electron density values reported at 5 km intervals between 200 km and 500 km is greater for the strong
crustal field longitudes than for the weak crustal field longitudes. That is extremely unlikely to have occurred
by chance. Similar trends are seen for electron temperature.

Figure 2. (a) MAVEN LPW electron density measurements as a function of altitude and longitude from latitudes poleward of 30°S and solar zenith angles less than
90°. The color indicates the median electron density in each 5 km altitude by 10° longitude bin. The white bins indicate those with fewer than five available
measurements. (b) As in Figure 2a but for electron temperature. (c) Median MAVEN LPW electron density as a function of longitude, calculated using data from
latitudes poleward of 30°S and solar zenith angles less than 90° at four different altitude ranges: 160–180 km (black), 220–240 km (green), 260–280 km (blue), and
320–340 km (red). The black dashed horizontal line shows the median value of all densities at 160–180 km, and so on for other altitude ranges. The two dotted
black (green) lines show lower and upper quartiles for 160–180 km (220–240 km). (d) As in Figure 2c but for electron temperature.

Geophysical Research Letters 10.1002/2017GL075367

FLYNN ET AL. MARS MAGNETIC FIELD EFFECT ON IONOSPHERE 5



Figure 3c shows electron temperature as a function of electron density for the five sets of results shown
as vertical profiles in Figures 3a and 3b. Strikingly, the five profiles are very similar. The two profiles
from strong crustal field regions do not appear different from the other three profiles in
this representation.

Overall, Figures 1–3 show that above 200 km altitude in the dayside Martian ionosphere, regions of strong
crustal magnetic fields feature larger electron densities and colder electron temperatures than regions with-
out crustal magnetic fields. The influence of the crustal fields on both density and temperature increases with
altitude, but between ~200 and ~400 km altitude, the presence of strong crustal fields typically increases the
electron density by ~30% from values in noncrustal field regions and decreases the electron temperature by
~10–15% from values in noncrustal field regions, or about ~250–450 K.

3. Discussion

Our survey of dayside MAVEN LPW data shows how the electron density and temperature changes in regions
of strong crustal fields, which provides useful information for determining the processes by which crustal
fields influence the structure of the dayside Martian ionosphere. The key finding is that electron densities
are larger but electron temperatures are smaller, in regions of strong crustal field than in regions of weak
crustal field.

Our findings for electron density are consistent with the results of previous work. For example, using Mars
Express MARSIS AIS measurements, Andrews, Andersson, et al. (2015) reported that the dayside electron
density at altitudes 350–400 km was ~40% larger in regions of strong crustal magnetic fields compared to
average values. Similarly, we found that the green crustal field-influenced median profiles in Figure 3 are
~50% larger than noncrustal field profiles at altitudes 350–400 km.

Figure 3. (a) Median MAVEN LPW electron density altitude profiles, calculated using data from latitudes poleward of 30°S and solar zenith angles less than 90°,
and five different longitude ranges: 20–40° (black), 60–80° (blue), 160–180° (dark green), 180–200° (light green), and 320–340° (red). The dashed lines show upper
and lower quartiles for data at 60°–80° (weak crustal fields) and 160°–180° (strong crustal fields). (b) As in Figure 3a but for electron temperature. (c) Electron
temperature profiles from Figure 3b as a function of electron density profiles from Figure 3a.
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Our most significant result concerns the influence of crustal fields on the
electron temperature, as MAVEN’s electron temperature measurements
are the first since Viking’s single vertical profile. This work shows that
Mars’s crustal magnetic fields affect its ionospheric electron temperature.
We found that regions of strong crustal magnetic field feature electron
temperatures that are ~10–15%, or ~250–400 K, cooler than regions with-
out strong crustal fields at altitudes between ~200 and ~400 km.

One hypothesis for the observations presented in this work is that iono-
spheric properties, including density and temperature, track fixed pressure
levels. This hypothesis is suggested by Figure 3c, which shows that elec-
tron temperature is fixed with respect to electron density regardless of
crustal magnetic field strength. This hypothesis is reasonable at low alti-
tudes, where the ionosphere is photochemically controlled (Bougher
et al., 2001), but questionable at high altitudes, where transport plays a sig-
nificant role. Nevertheless, if that supposition were true, then the longitu-
dinal variations in ionospheric properties could simply be a consequence
of longitudinal variations in the neutral atmosphere associated with crus-
tal magnetic fields. To test this hypothesis, we examined MAVEN Neutral
Gas and Ion Mass Spectrometer (NGIMS, Mahaffy et al., 2015) data from
a period that overlaps the period from which LPW data were selected.
Figure 4 shows the number density of neutral argon in a format equivalent
to the display of electron density and temperature in Figure 1. In order to
reach the highest altitudes possible, the inert species argon is selected as it
is the species whose density is measured most reliably by NGIMS. As in
Figure 1, the variations with latitude that are visible in Figure 4 are caused
by variations in periapsis latitude, the Mars-Sun distance, and solar zenith
angle over the observing period. Our interest is in whether the neutral
measurements show longitudinal variations similar to those displayed by
the plasma measurements. They do not, so the hypothesis is not
supported. Electron temperature is fixed with respect to electron density
in these observations, but these ionospheric properties are not fixed with
respect to neutral density.

To interpret the finding that regions of strong crustal field feature larger
electron densities and smaller electron temperatures than regions of weak
crustal field, we consider two idealized end-member scenarios.

First, in photochemically controlled regions like the lower ionosphere, if
the electron temperature is isothermal, electron densities decrease expo-
nentially with altitude with a plasma scale height that is twice the neutral
scale height ( e.g., Withers, 2009, and references therein). This behavior is
modified if the electron temperature is not isothermal, because the
electron temperature controls the main plasma loss process, the dissocia-
tive recombination of the dominant O2

+ ion species. The dissociative
recombination coefficient for O2

+ is proportional to Te
�0.7 (Schunk & Nagy, 2009) so that the electron density

is proportional to Te
0.35, where Te is the electron temperature (e.g., Withers, 2009, and references therein).

Higher electron temperatures should be associated with higher electron densities.

Second, in transport-controlled regions like the high-altitude ionosphere, electron temperature may also
affect electron densities. Hotter electron temperatures create larger pressure gradients, which lead to larger
electron densities at high altitude as plasma flows upward more strongly. In the idealized case of diffusive
equilibrium, the plasma scale height Hp is proportional to the sum of the ion and electron temperatures.
Since the electron temperature is much greater than the ion temperature (Schunk & Nagy, 2009), the plasma
scale height is effectively proportional to the electron temperature. Again, higher electron temperatures
should be associated with higher electron densities.

Figure 4. MAVEN NGIMS Ar number density as a function of areographic lati-
tude and longitude, plotted for three different altitude ranges. Bin sizes are
10° in both latitude and longitude. The data span from February 2015 to
October 2016.
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Thus, changes in electron temperature may significantly and directly affect electron density. So if the crustal
magnetic fields somehow change electron temperatures, then they will also change electron densities.
However, in both these idealized end-member scenarios, higher electron temperatures are associated with
higher electron densities. In the observations, higher electron temperatures are associated with low electron
densities. It appears that processes associated with the crustal magnetic fields are directly affecting both the
densities and temperatures of ionospheric electrons.

What processes could explain the observed changes in the electron density and electron temperature in
regions of strong crustal field? Models and data suggest that the transition between the low-altitude photo-
chemically controlled region and the high-altitude transport controlled region in the Martian ionosphere
occurs at ~200 km altitude (Barth et al., 1992; Nagy & Cravens, 2002; Withers et al., 2012). The observation that
ionospheric effects of strong crustal fields are noticeable only above ~200 km altitude on the dayside, along
with the fact that the changes in electron density and temperature are inconsistent with photochemical equi-
librium theory, suggests that the processes by which crustal magnetic fields influence the Martian ionosphere
over spatially extended regions have minimal effect on photochemical production and loss processes in the
dayside ionosphere. This conclusion does not necessarily apply to localized regions of cusp-likemagnetic field.

In previous studies that reported enhanced electron densities at the ionospheric peak in cusp-like magnetic
fields, Nielsen et al. (2007) and Gurnett et al. (2008) suggested that the electron density enhancement was
due to plasma heating by either the two-stream plasma instability driven by the solar wind induced electric
field or by solar wind electrons that can access the lower ionosphere along open magnetic field lines. This
mechanism cannot explain the observations reported here, which concern higher altitudes and are not
focused solely on cusp-like regions.

Andrews, Andersson, et al. (2015) suggested that the electron density increase observed in regions of strong
crustal fields at altitudes 350–400 km is caused by changes to the magnetic field inclination, or the angle that
a field line makes with respect to the planetary surface. The field is, on average, less horizontal in strong crus-
tal field regions than elsewhere, which affects the vertical and horizontal transport of plasma. It is unclear
whether this can explain the observed behavior of electron temperatures.

The ionospheric magnetic field lines in regions of strong crustal field may also have a different field topology,
indicating whether one, neither, or both ends of a field line are rooted in the planet, compared to the mag-
netic field lines in the surrounding areas. Recent analysis by Xu et al. (2017) suggests that the magnetic fields
at dayside altitudes where we have observed enhanced electron densities are most likely to be closed, or
have both ends rooted in the planet, rather than having one or both ends open to the solar wind. They stu-
died electron energy and pitch angle distributions measured by the MAVEN Solar Wind Electron Analyzer
instrument from December 2014 through the beginning of May 2016, a similar interval to the one we have
used here, and created 3-dimensional maps of how the magnetic topology varies with altitude and Mars lati-
tude and longitude. They found that at altitudes between 200 and 400 km, the most common field line topol-
ogy was closed (occurrence rate greater than 50%) but also that, at these altitudes, field lines were even more
likely to be closed and less likely to be open in regions of strong crustal fields than in regions of weak
crustal fields.

The enhanced electron densities in regions of strong crustal fields could then be explained by the fact that
electrons in these regions are trapped on closed field lines, with relatively little loss to the solar wind com-
pared to on open or draped field lines. Low electron temperatures in strong crustal field regions could per-
haps be caused by the longer lifetime of plasma trapped on closed field lines. Electrons, when first
generated, are hotter than neutrals and ions and therefore cool over time (e.g., Schunk & Nagy, 2009). This
hypothesis predicts that ion temperatures are also relatively cool in regions of strong crustal field, which
can be tested using data from the MAVEN SupraThermal and Thermal Ion Composition instrument
(McFadden et al., 2015). Further work is necessary to test whether this hypothesis can explain the fixed
density/temperature relationship illustrated by Figure 3c.

4. Conclusions

We have surveyed MAVEN LPW measurements of the electron density and temperature in the dayside
Martian ionosphere and studied how these quantities change in response to the presence of strong
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crustal magnetic fields. Specifically, we have studied how the electron density and temperature vary with
planetary latitude and longitude, which are excellent proxies for the spatially restricted crustal fields. We
found that the presence of strong crustal fields has no effect on the electron density or temperature
below 200 km altitude. Above 200 km altitude, areas with strong crustal fields feature enhanced electron
density and cooler electron temperature than in surrounding regions. The effect of crustal fields on the
electron density and temperature increases with increasing altitude, but it typically represents about a
~30% increase in the electron density and a ~10–15% decrease in the electron temperature, correspond-
ing to ~250–400 K colder temperatures.

Our finding with respect to the electron density is consistent with previous studies that reported enhanced
electron densities in magnetic cusps, as well as larger surveys that showed enhanced electron densities in
regions of strong crustal fields at high altitudes. However, our finding that electron temperatures are coolest
in regions of strong crustal fields is both new and surprising, since MAVEN provides the first electron
temperature measurements in the Martian ionosphere since the single profile measured by the Viking lander
and previous studies have attributed the increase in electron density near crustal fields to plasma heating.

The observed anticorrelation of electron densities and temperatures is not consistent with explanations
based on idealized photochemical equilibrium, which is anyway unlikely to apply at the relevant altitudes,
or idealized plasma diffusion. However, processes associated with plasma transport are favored by the fact
that these effects of crustal fields are observed only above 200 km, which is the altitude at which plasma
transport becomes significant. One possible explanation for the observations is that closed field lines on
which electrons can be trapped are more prevalent in strong crustal field regions than elsewhere. Trapped
on closed field lines, electrons are protected against loss processes involving the solar wind. This would lead
to longer plasma lifetimes, higher densities, and lower temperatures.
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