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Abstract The observations made by the Mars Atmosphere and Volatile EvolutioN spacecraft in the
topside (≥200 km) ionosphere of Mars show that this region is very responsive to the variations of the
external (solar extreme ultraviolet flux, solar wind, and interplanetary magnetic field [IMF]) and internal
(the crustal magnetic field) drivers. With the growth of the solar irradiance the ionosphere broadens while
with increase of the solar wind dynamic pressure it shrinks. As a result, the upper ionospheric boundary at
solar zenith angles of 60–70◦ can move from ∼400 to ∼1,200 km. Similar trends are observed at the
nightside ionosphere. At Pdyn ≥ 1–2 nPa the nightside ionosphere becomes very fragmented and depleted.
On the other hand, the ion density in the nightside ionosphere significantly (up to a factor of 10) increases
with the rise of the solar extreme ultraviolet flux. Large-amplitude motions of the topside ionosphere also
occur with variations of the value of the cross-flow component of the IMF. The upper dayside ionosphere
at altitudes of more than 300–400 km is sensitive also to the direction of the cross-flow component of the
IMF or, correspondingly, to the direction of the motional electric field in the solar wind. The ionosphere
becomes very asymmetrical with respect to the Vsw × BIMF direction and the asymmetry strongly enhances
at the nightside. The topside ionosphere above the areas with strong crustal magnetic field in the dayside
southern hemisphere is significantly denser and expands to higher altitudes as compared to the ionosphere
above the northern nonmagnetized lowlands. The crustal magnetic field also protects the nightside
ionosphere from being filled by plasma transported from the dayside. The draping IMF penetrates deeply
into the ionosphere and actively influences its structure. Weak fields and, correspondingly, weak magnetic
field forces only slightly affect the ionosphere. With increase of the induced magnetic field strength the
transport motions driven by the magnetic field pressure and field tensions seem to be intensified and we
observe that the local ion densities at the dayside considerably decrease. A different trend is observed at the
nightside. The ion density in the nightside ionosphere above the northern lowlands is higher than in the
southern hemisphere indicating that plasma transport from the dayside is the main source of the nightside
ionosphere. Nonstop variations in the solar wind, the IMF and the solar irradiance together with planetary
rotation of the crustal magnetic field sources lead to a continuous expansion/shrinking and
reconfiguration of the topside ionosphere of Mars.

1. Introduction
The Martian ionosphere was first detected by the Mariner-4 spacecraft Kliore et al., 1965 and then extensively
sampled by the radio occultation, radar sounding, and in situ methods on other space missions (Hanson
et al., 1977; Hinson et al., 1999; Kliore et al., 1992; Gurnett et al., 2005; Pätzold et al., 2005, 2016; Ergun
et al., 2015). The bulk of the ionosphere at Mars is formed by solar extreme ultraviolet (EUV) (10–95 nm)
photoionization of the major atmospheric neutrals (CO2) followed by the photochemical production of O+

2
ions (see, e.g., Schunk & Nagy, 2009 and Fox et al., 2017). A balance between photoionization and recombi-
nation (photochemical equilibrium) forms the peak electron density at altitudes between 120 and 150 km,
depending on the solar zenith angle (SZA). The electron density in the peak and the SZA dependence are
in a reasonable agreement with the Chapman model. The direct photoionization of oxygen atoms produced
by photolysis of CO2 together with the dissociative ionization of CO2 generate a population of O+ ions with
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the density gradually increasing upwards to ∼200–250 km. In addition to the main ionospheric peak, the
lower-altitude layer between 90 and 130 km altitude is created by solar X-rays (≤10 nm) (Fox, 2004; Mendillo
et al., 2006; Pätzold et al., 2016; Peter et al., 2014). Additional plasma is occasionally present between 70 and
110 km altitude. At h ≥∼ 200 km the ionosphere is no longer in photochemical equilibrium and diffusion
and transport processes become dominant.

Variations in the ionosphere near the main peak are directly linked to the variability in the solar radia-
tion. These include long-term temporal variations caused by the changing heliocentric distance (∼1.38–1.67
AU) and the planetary season, changes in the solar output related to the solar rotation (∼27 day) (Mendillo
et al., 2013; Venkateswara Rao et al., 2014; Withers & Mendillo, 2005), the solar cycle (∼ 11 year) (Mendillo
et al., 2013, 2016; Sanchez-Cano et al., 2015, 2016; Withers et al., 2015), solar flares (Gurnett et al., 2005, 2008;
Mendillo et al., 2006). Various effects of the periodic solar EUV forcing are also clearly observed in numerical
simulations (e.g., in the Mars-Global Ionosphere-Thermosphere Model (e.g., Bougher et al., 2014).

The ionosphere below the main peak varies due to changes in the neutral atmosphere, dust storms, and
solar flares. Large variations in this portion of the ionosphere at different phases of the solar cycle were
observed by Sanchez-Cano et al. (2016) using the radio-occultation measurements by the Mars Radio Science
experiment (Pätzold et al., 2009; Peter et al., 2014). Analyzing variability of the main peak during the period
of very low solar variability, Mendillo et al. (2017) have found that the residual variability of the electron
number density is due to a change in density of the CO2 molecules that are ionized to form the ionosphere.
Long-term variations in solar EUV flux with the solar cycle generally well control the ionospheric structure
at altitudes above the main peak but below ∼250 km (Sanchez-Cano et al., 2016).

The vertical structure of the dayside ionosphere at h ≥∼200 km occurs much more variable and complex
than previously thought, with distinct deviations from the Chapman model (Ergun et al., 2015; Pätzold
et al., 2016; Kopf et al., 2008; Peter et al., 2014). Substantial variations in the number densities of all ion
species (Benna et al., 2015; Bougher et al., 2015) are typical for the topside ionosphere. At these altitudes the
collision frequency strongly decreases and the ionosphere being no longer in photochemical equilibrium
becomes very dynamic. Plasma transport processes are dominant here making this portion of the ionosphere
critically important for ion losses. Nightside ion densities also show a high variability changing by nearly 1
order of magnitude (Girazian et al., 2017).

Although the topside ionosphere is no longer in photochemical equilibrium, solar irradiance remains to be
important. Solar wind is another important driver since the topside ionosphere is in a direct contact with it.
Crustal magnetic fields (Açuna et al., 1999; Connerney et al., 2005) can strongly reduce the mobility of ions
and electrons in the ionosphere making them less exposed to vertical and horizontal motions. In this paper
we study the role of all these factors for variability of the topside ionosphere. Analysis is made on the base of
the measurements performed by the Supra-Thermal And Thermal Ion Composition (STATIC) instrument
(McFadden et al., 2015) onboard the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft. The
measurements provide the first systematic in situ measurements of the ion number densities of the differ-
ent ion species in the Martian ionosphere with in situ monitoring of the solar irradiance, solar wind, and
the ionospheric magnetization. In contrast to the observations by the Neutral Gas and Ion Mass Spectrom-
eter instrument (Benna et al., 2015) the ion densities can also be measured by STATIC for the parts of the
ionosphere in which the ions are in motion.

2. Observations
The MAVEN spacecraft arrived at Mars in September 2014 to study the processes in the upper atmo-
sphere/ionosphere and its interaction with solar wind and the consequent escape of atmospheric species
to space Jakosky et al., 2015. MAVEN was inserted into an elliptical orbit with periapsis and apoapsis
of 150 and 6,200 km, respectively, and with a period of 4.5 hr. It carries a complete instrument package
measuring the input fluxes of solar wind and solar irradiance and monitor the response of the Martian atmo-
sphere/exosphere and ionosphere. In this paper we discuss observations made by the STATIC instrument
on MAVEN spacecraft from 1 November 2014 to 15 August 2017. The STATIC instrument mounted on the
Actuated Payload Platform is used to study the escape of planetary ions. It measures energy spectra of ion
fluxes in the range of 0.1 eV to 30 keV and the ion composition (McFadden et al., 2015). The instrument
consists of a toroidal top hat electrostatic spectrometer with an electrostatic deflector at the entrance provid-
ing 360◦ × 90◦ field of view combined with a time-of-flight velocity analyzer resolving the major ion species

DUBININ ET AL. TOPSIDE IONOSPHERE OF MARS 9726



Journal of Geophysical Research: Space Physics 10.1029/2019JA027077

Figure 1. Maps of the median values of the oxygen ion number density in the SZA-altitude variables for different values of the solar irradiance (a, b); at two
different levels of the solar wind dynamic pressure (c, d); at two different values of the cross-flow component of the IMF (e, f); and in two different
MSE-hemispheres (g, h). Red shaded bins correspond to the densities with LogNi ≥ 4.2.

DUBININ ET AL. TOPSIDE IONOSPHERE OF MARS 9727



Journal of Geophysical Research: Space Physics 10.1029/2019JA027077

Figure 2. (a, b) SZA-altitude maps of ni obtained in the northern and southern hemispheres for areographic longitudes 160–240◦. (c) Map of the magnetic field
strength in areographic coordinates at altitude of 300–500 km. Dotted lines bound the areas used for the maps shown in Figures 2a and 2b. (d) Map of the ion
number density in areographic coordinates at altitude of 300–500 km.

H+, He++, He+, O+, O+
2 , and CO+

2 . The measurements allow a retrieval of the velocity distribution functions
and their moments (density, velocity, and temperature) for different ion species. The measurements of the
low-energy ions in the dense ionosphere and in the planetary wake are affected by the spacecraft potential.
Therefore, calculating the ion distribution functions we made corrections using the spacecraft potential.
Corrections related to the spacecraft velocity were also utilized. The instrument operates in different modes
(RAM, Conic, and Pickup) providing different data products with different mass, energy, angular, and time
resolution. In this study we used “joined” products which have 32 energy steps, 4 deflector angles (eleva-
tion angles), 16 anodes (azimuth angles), 8 ion masses, and 4 s cadence to calculate the moments of the ion
distribution functions. Here we focus only on the observations of the number density of the oxygen ions
(O+ and O+

2 ), which dominate in the topside ionosphere. The STATIC observations were complemented by
EUV (Eparvier et al., 2015) and solar wind monitoring (Solar Wind Ion Analyzer; Halekas et al., 2015). The
full EUV spectrum at Mars combining the MAVEN measurements and the observations at Earth orbit on

Figure 3. (a) Map of the oxygen ion number density in the ionosphere at SZA = 60–70◦ as a function of the solar wind dynamic pressure at different altitudes;
(b) similar map for the protons with Ee ≥ 30 eV. Black shaded bins in panels (a) and (b) correspond to the densities lower than 10−1 and 10−2 cm3, respectively.
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Figure 4. (a) Densities and their standard deviations of (O++ O+
2 ) ions at different altitudes as functions of the solar wind dynamic pressure. (b–d) Typical

examples of the ion (oxygen = red and protons = black) density profiles obtained for three MAVEN orbits with different values of the dynamic pressure.

TIMED-SEE and SOLSTICE instruments interpolated to the Mars position at the time of the MAVEN mea-
surements was provided (L3 data product) to characterize the EUV conditions at Mars. Monitoring of solar
wind by Solar Wind Ion Analyzer is made with high cadence (4 s) measurements of ion velocity distribu-
tions in the 30 eV to 25 keV energy range with 14.5% energy resolution and 3.75◦ × 4.5◦ angular resolution in
the sunward direction. The magnetic field measured by the magnetometer (Connerney, Espley, DiBraccio,
et al., 2015; Connerney, Espley, Lawton, et al., 2015) was used to characterize the interplanetary magnetic
field (IMF) and the ionospheric magnetization.

2.1. General Trends
There are several important processes controlling the density variations in the topside ionosphere. Solar
radiation is probably the most important driver. Figures 1a and 1b compare maps of the median values of
the total ion (O+ + O+

2 ) number density in the SZA-altitude variables at two different levels of the solar
irradiance (EUV). It is observed that the ion density at altitudes of ∼200–300 km increases with a rise of the
solar EUV flux. The ionosphere at higher solar irradiance also expands to higher altitudes that is well seen
at SZA ≥60◦ and at the nightside.

Figures 1c and 1d compare maps of the median value of the oxygen ion number density in two different
ranges of the solar wind dynamic pressure. Here we observe the opposite trend as compared to varia-
tions caused by EUV. At higher values of Pdyn the ionosphere shrinks and the ionospheric number density
decreases at altitudes above 400–500 km. In contrast, at weak Pdyn the ionosphere expands upward.

Figure 5. Map of the oxygen ion number density in the ionosphere at SZA
= 60–70◦ as a function of the value of the cross-flow component of the IMF
at different altitudes.

The topside ionosphere occurs to be responsive to the IMF. Figures 1e
and 1f depict the ion density maps at different values of the cross-flow
component of the magnetic field in the solar wind. At higher values of the
B⟂ the ionosphere shrinks and becomes more patchy at higher altitudes.

The ionosphere is also sensitive to the direction of the cross-flow com-
ponent of the IMF and hence to the direction of the motional electric
field in the solar wind −vsw × BIMF . Figures 1g and 1h show SZA-altitude
maps of the ion density in the different Mars Solar Electric (MSE) hemi-
spheres, with ZMSE < 0 and ZMSE > 0, respectively. Note that in the MSE
system the XMSE axis coincides with the XMSO axis, while the YMSE axis
is determined by the magnetic field vector in the solar wind being along
the cross-flow component of the IMF. Then the ZMSE axis is always along
the direction of the motional electric field Esw = −Vsw x BIMF . To decrease
a probable effect of the crustal magnetic field (see below), we exploited
only the measurements carried out in the northern hemisphere where
crustal fields are much weaker. It is observed that in the E− hemisphere
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Figure 6. Altitude profiles of the median values and standard deviations of
the ion (O++ O+

2 ) number density measured in the E− and E+ hemispheres.

(ZMSE < 0) the ionosphere expands to higher altitudes than in the E+

hemisphere (ZMSE > 0) although the effect is weaker than for variations
caused by the dynamic pressure.

Crustal magnetic fields also significantly influence the ionosphere struc-
ture by restricting the plasma transport there. Figures 2a and 2b compare
SZA-altitude maps of the ion (O+ + O+

2 ) density measured in two parts
of the northern and southern hemispheres for areographic longitudes
160–240◦ shown in Figure 2c by the dotted lines. The magnetic field con-
ditions in these areas are very different. We observe that the ionosphere in
the southern dayside hemisphere, which contains the strong crustal field
sources, spreads to higher altitudes, and is generally denser as compared
to the ionosphere in the northern hemisphere. On the other hand, when
the southern regions with the strong crustal fields occur at the night-
side the ionosphere is more depleted than at the north. An influence of
the crustal field on the dayside ionosphere structure is also well seen in
Figure 2d, which shows a map of ni at 300-500 km altitude in areographic
coordinates.

2.2. Dayside Ionosphere
Here we discuss in more detail how the topside ionosphere at SZA = 60–70◦ varies depending on the differ-
ent parameters. The range of the SZAs is representative since it is close to the terminator that is the important
region for the ion transport to the nightside and for ion losses (Fraenz et al., 2010, 2015). Figure 3a depicts
a map of the ion (O+ + O+

2 ) density at SZA = 60–70◦ as a function of the solar wind dynamic pressure at dif-
ferent altitudes. It is observed that at low values of the dynamic pressure (Pdyn ≤ 0.1 nPa) the ionosphere
broadens up to 1,200-1,400 km and shrinks below ∼500 km when the dynamic pressure increases up to
∼2–3 nPa. A similar map for the protons with Ei > 30 eV (Figure 3b), which characterizes variations of the
magnetosheath, verifies large-amplitude motions of the ionosphere in response to the solar wind variations.
Figure 4a shows how the density at different altitudes changes with variations of the dynamic pressure.
To exclude the influence of the solar irradiance only the measurements made at the EUV flux (0.1–50 nm)
0.04–0.05 W/m2 were taken. We can see that the ionosphere is depleted with growing solar wind pressure.
The effect is increasing with altitude h and even noticeable at h ∼ 200–250 km). It is worth noting that the
averaged profiles in Figure 4a dilute the transition between the ionosphere and the magnetosheath that com-
monly is rather sharp. Figures 4b–4d depict typical examples of the profiles of the densities of the oxygen
ions and the sheath protons near the upper boundary of the ionosphere measured at different values of the
solar wind dynamic pressure. We also include the profile obtained during the impact of the September 2017
interplanetary coronal mass ejection (ICME). The shock related with the ICME arrived on 13 September at
02:52 UT (Lee et al., 2018). During the event MAVEN did not enter the solar wind and therefore there are
uncertainties in the solar wind parameters. Results from the CME modeling provide the proxy peak values

Figure 7. (a) Map of the oxygen ion number density at SZA = 60–70◦ as a function of altitude and the solar EUV flux (0.1–50‘nm); (b) map of the proton
(E ≥ 30 eV) number density.
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Figure 8. (a, b) Typical examples of the ion (oxygen = red and protons = black) density profiles obtained for two
typical MAVEN orbits for the two ranges of the EUV flux.

Figure 9. (a) Map of the ion (O+ + O+
2 ) number density at different altitudes at SZA = 60–70◦ as a function of the crustal magnetic field value from the Cain'

model (Cain et al., 2003); (b) map of the ion (O+ + O+
2 ) density as a function of the in-situ measured magnetic field value; (c) relations between the ion density

and the model magnetic field at different altitude intervals; (d) the same as in (c) but instead of the model value the actual in situ measured magnetic field
strength is taken.
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Figure 10. (a, b) Maps of the oxygen number density as a function of the magnetic field values in the ionospheric areas with strong and weak crustal fields,
respectively (see Figure 2c). (c, d) Dependences of the ion density on the magnetic field value at different altitudes in the ionosphere with and without crustal
field, respectively.

of the dynamic pressure in the range of 3.4–3.8 nPa. Ma et al. (2018) have inferred the parameters of the
upstream solar wind by fitting the MAVEN observations in the magnetosheath to a MHD model. Accord-
ing to Ma et al. (2018) the peak value of the dynamic pressure reached 20.8 nPa at 8 UT. It is seen that the
ionosphere contracts from ∼1,000 to 600 km. with increase of the dynamic pressure from ∼0.2 to ∼1.2 nPa.
During the ICME impact the ionosphere at SZA = 60 − 70◦ shrinks down to ∼400 km. We do not observe
a visible effect of compression at low altitudes implying that the upper portion of the ionosphere might be
lost during strong pressure pulses. The observations of a sharp drop of the ionospheric density (ionopause)
and its motions with the solar wind pressure are consistent with the PVO results on Venus (Phillips
et al., 1985).

Figure 11. (a, b) Dependences of the ion density on the magnetic field geometry (the inclination angle) at different altitudes in the ionosphere without and
with crustal fields, respectively.
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Figure 12. (a) Map of the oxygen ion number density in the ionosphere at SZA = 120–180◦ as a function of the solar wind dynamic pressure at different
altitudes. (b) Density as a function of Pdyn at different altitudes.

Figure 5 shows a map of the density at SZA = 60–70◦ as a function of the cross-flow component of the
IMF. The ionosphere is depleted and more patches of planetary plasma are emerging at high altitudes with
increasing B⟂.

Figure 6 compares the density profiles in the E+ and E− hemispheres, respectively. At altitudes above
∼300–400 km the density in the E− hemisphere is about 3 times higher than in the opposite hemisphere (see
also Dubinin et al., 2018).

Figures 7a and 7b show maps of the ion (O+ + O+
2 ) and the proton number densities at different altitudes

at SZA = 60–70◦ as a function of the EUV flux, respectively. Comparing these maps we observe a rather
smooth expansion of the ionosphere with increase of the EUV flux from 0.02 to 0.075 W/m2 implying that
the size of the ionospheric obstacle is determined not only by the dynamic pressure of the solar wind but
also by the solar irradiance. At higher values of the EUV flux and altitudes below ∼500 km the ionospheric
density increases. Although at higher altitudes the data are very scarce, we can see here the opposite trend
of the ionosphere shrinking. Note that a rise of solar EUV flux is also accompanied by a growth of the proton
density in the magnetosheath (Figure 7b) and, correspondingly, by an increase of the dynamic pressure that
can result in a contraction of the ionosphere.

Figures 8a and 8b show typical examples of the density for the different EUV conditions. The upper boundary
of the ionosphere generally goes upward with increase of the solar irradiance.

It was shown above that the ion density in the topside ionosphere is very responsive to the presence of the
crustal magnetic fields. Although solar wind can significantly deform these fields it is useful to look how
the ion number density in the ionosphere and the proton density in the sheath vary with the model crustal
field. Figure 9a depicts a map of the ion (O+ + O+

2 ) number density at different altitudes at SZA = 60–70◦

Figure 13. (a) Map of the oxygen ion number density in the ionosphere at SZA = 120–180◦ as a function of the cross-flow component of the IMF. (b) Map of
the density in the YZ-MSE plane for the data obtained at SZA = 120–180◦.
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Figure 14. (a) Map of the oxygen ion number density in the ionosphere at SZA = 120–180◦ as a function of the EUV flux. (b) Density as a function of EUV at
different altitudes.

as a function of the crustal magnetic field value at the point of the MAVEN measurements taken from the
Cain’ model (Cain et al., 2003). It is observed that the density in the ionosphere rises with increase of the
magnetic field strength. The effect of crustal magnetic field enhances with altitude. This is clearly seen in
Figure 9c, which shows dependences of the density on the field value at the different altitudes. This is in
agreement with the MARSIS observations on the Mars Express spacecraft which has no a magnetometer
(Dubinin et al., 2016).

However, relations between the ionospheric densities and the actual magnetic field measured by MAVEN
occur very different. A map of the ion number density as a function of the in situ measured magnetic field
strength does not reveal a drop at low field values (Figure 9b). In contrast, the ionospheric density increases
at small field magnitudes (Figure 9c). Such a different behavior is probably related to the fact that besides
the crustal field the draping IMF, which is excluded in Figures 9a and 9c, also affects the topside ionosphere.
For a better separation of the effects related to the magnetic fields of different origin we have analyzed
similar relations for the data obtained in the ionosphere above the northern nonmagnetized lowlands (Lat
= 10◦ ÷ 80◦, Long = 160◦ ÷ 240◦), where the magnetic field has primarily IMF origin and for the data in
the ionosphere above the southern strongly magnetized areas (Lat = −10◦ ÷−80◦, Long = 160◦ ÷ 240◦)
(Figure 10). We observe that the rise of the ion density at low magnetic fields followed by a decrease with
increasing magnetic field value as seen in Figures 9b and 9d is associated with the trends, which appear
due to the draping IMF component (see Figures 10b and 10d). It is not clear yet whether a sharp increase
of the ion density, which appears at Bt ∼ 55 nT is caused by poor sampling at high values of Bt. In contrast,
the density in the areas with strong crustal field sources is almost insensitive to the variations in the field
strength.

Figure 11 shows how the ion density in these regions depends on the field geometry. The field geometry is
characterized by the inclination angle. An angle of 0◦ (90◦) corresponds to the horizontal (vertical) orienta-
tion of the field vector, respectively. In the ionosphere above the southern strongly magnetized areas we do

Figure 15. Map of the ion number density at the nightside at altitudes of
300–500 km plotted in areographic coordinates.

not observe visible variations in the ion density due to the field orien-
tation (Figure 11b). In the areas where the role of the draping IMF is
more important, the density sharply decreases for a strongly horizontal
(inclination angle ≤20◦) field orientation (Figure 11a). It is interesting
to note that in the regions with almost vertical field orientation the ion
density is almost the same as in the corresponding areas of the southern
hemisphere.

2.3. Nightside Ionosphere
For better statistics we consider a broad range (120–180◦) of the SZAs.
Figure 12 shows how the density at the nightside varies with the solar
wind dynamic pressure. Similar to the variations at the dayside, the ion
density decreases with rise of the pressure. At Pdyn ≥ 1–2 nPa the night-
side ionosphere becomes very depleted a contains a lot of patches. The
dependence on altitude becomes very weak.
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Variations caused by the changes in the B⟂ in solar wind bring out a different behavior as compared to
the dayside ionosphere (Figure 13a). Although the data at high B⟂ are scarce the trend of the ionosphere
intensification is seen. Influence of the direction of the cross-flow IMF component at the nightside occurs
even enhanced. The ionosphere significantly shifts in the Vsw×BIMF direction that is well seen in Figure 13b,
which shows a map of the ion density in YZ-MSE plane created for the data obtained at SZA = 120–180◦.

Solar irradiance occurs to be a strong driver for the nightside ionosphere (Figure 14). Here we have a better
sampling at high EUV fluxes than at SZA = 60–70◦ and observe an increase in the density by a factor of 10
when the EUV flux rises only by a factor of 2.

The local magnetic field strongly affects the nightside ionosphere too. Figure 15 presents the ion density in
the altitude range of 300–500 km as a function of the areographic coordinates. Contrary to the observations
on the dayside, the nightside ionosphere in the southern hemisphere filled by strong crustal magnetic field
sources, occurs significantly depleted as compared to the northern hemisphere in which the contribution of
the draping field component dominates. A more severe depletion is observed in the region of the strongest
crustal fields (compare with Figures 2c and 2d). At midlatitudes in the northern hemisphere the density is
3–4 times higher than in the southern regions. In the regions with strong crustal fields the density rises with
an increase of the magnetic field inclination angle implying a possible downward motion of plasma from
the dayside that is consistent with the MEX observations (Dubinin et al., 2016) and the additional ionization
by the field-aligned suprathermal electrons (Lillis et al., 2018).

3. Discussion
The observations made by the MAVEN spacecraft in the topside (≥200 km) ionosphere of Mars show that
this region is very responsive to the variations of the external (solar EUV flux, solar wind, and IMF) and
internal (the crustal magnetic field) drivers. At stable conditions in the solar wind the ionosphere broadens
with the growth of the solar irradiance. For example, the altitude of the upper boundary of the ionosphere at
SZA = 60–70◦ increases almost linearly from 500 to 1,000 km when the EUV flux increases from 0.03 to 0.06
W/m2. The observed variations in the topside ionosphere caused by solar EUV flux are in general agreement
with the data obtained by Mars Express (Dubinin, Fraenz, Pätzold, Andrews, et al., 2017) although a lack
of measurements performed by MAVEN at the dayside at EUV fluxes higher than ∼ 0.08 W/m2 limit the
comparison and the extrapolation of the trends. Large variations in the size of the ionospheric obstacle can
even lead to the noticeable motions of the bow shock (Hall et al., 2016). The ionosphere expansion with an
increase of the EUV flux is also accompanied by enhanced transterminator fluxes of ionospheric ions and
their losses (Fraenz et al., 2015; Dubinin, Fraenz, Pätzold, Andrews, et al., 2017; Dubinin, Fraenz, Pätzold,
McFadden, Halekas, et al., 2017). Similar variability with solar EUV flux was observed on Venus (Bauer &
Taylor, 1981).

The measurements at the nightside show an increase in the density up to a factor of 10 during the times when
the EUV flux in the rage of 0.1–50 nm is higher than ∼0.08 W/m2. Such a considerable growth implies that
the solar irradiance is the crucial agent for the ion losses. It is worth noting that the nightside ionosphere
measurements on Venus also show a strong variability related with the Sun activity. One order of magnitude
higher densities were measured by the PVO spacecraft at solar maximum as compared to the measurements
by Venera-9,10 at solar minimum (Knudsen et al., 1986).

Large-amplitude motions of the Martian ionosphere occur with variations in the dynamic pressure in the
solar wind. The ionosphere contracts to altitudes of ∼ 400 km (SZA = 60–70◦) during strong events and
inflates to altitudes >1,000 km at Pdyn ∼ 0.05 nPa. The absence of the ionospheric compression at low alti-
tudes with increase of Pdyn raises the question about the fate of the depleted ionosphere at higher altitudes.
A paradox is that, on the one hand, a decrease of the ion fluxes in the tail at high values of the dynamic
pressure is observed (Dubinin, Fraenz, Pätzold, McFadden, Mahaffy, et al., 2017; Ramstad et al., 2015). On
the other hand, a strong shrinkage of the ionosphere without a noticeable compression implies a loss of a
significant portion of the ionospheric plasma. Similar response of the dayside ionosphere was observed on
Venus. The measurements made by PVO have shown that the ionopause expands and contracts from ∼400
km to over ∼1,000 km with changes in solar wind pressure (Brace et al., 1980).

The contraction of the ionosphere propagates also to the nightside. At Pdyn ≥ 1–2 nPa the nightside
ionosphere becomes very fragmented and depleted. A similar behavior of the ionosphere is exposed with
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variations of the cross-flow component of the IMF suggesting an important role of the draping IMF in the
transport mechanisms.

The upper dayside ionosphere at altitudes of more than 300–400 km occurs also sensitive to the direction
of the motional electric field in the solar wind. In the E− hemisphere in which the motional electric field is
pointed toward the Mars-Sun axis the density is higher and the ionosphere expands to higher altitudes. The
asymmetry with respect to the Vsw × BIMF direction strongly enhances at the nightside.

The topside ionosphere above the magnetized areas in the southern hemisphere and above the northern
nonmagnetized lowlands is also very different. The crustal magnetic field strongly reduces the mobility of
ions and electrons making them less exposed to the transport processes (see also Dubinin et al., 2016). As
a result, the upper boundary of the ionosphere above the regions with crustal magnetization at the dayside
rises and produces the ionospheric bulge (Brain et al., 2005; Dubinin et al., 2008). This difference in altitude
of the boundary above the different regions reaches values of 200–300 km. The crustal field also protects
the nightside ionosphere from being filled by plasma transported from the dayside. The relations between
the ion densities and the values of the model crustal field observed at the dayside by MAVEN are similar
to the ones obtained from the Mars Express observations (Andrews et al., 2013; Dubinin et al., 2016)—with
density depletions above low magnetic field regions. There was no a magnetometer on Mars Express and
therefore relations between the actual magnetic field and the ionospheric density could not be studied before
the MAVEN arrival to Mars. The MAVEN in situ observations show that these relations are very different
and do not reveal a drop at low magnetic fields.

Effects of the draping component of the magnetic field of the IMF origin were also studied. We have shown
that the draping IMF penetrates deeply into the ionosphere and actively influences its structure. Weak fields
and, correspondingly, weak magnetic field forces only slightly affect the ionosphere. With increase of the
induced magnetic field strength the transport motions driven by the magnetic field pressure and field ten-
sions seem to be intensified and we observe that the local ion densities considerably decrease. The reduction
in the ion density at h ∼ 300–600 km at Bt ∼ 40–50 nT reaches a factor of more than 10. This suggests an
enhanced transport of the plasma for the horizontal field orientation, when the magnetic field forces are
maximized. In the ionosphere above the regions with strong crustal magnetic fields the ion density is almost
insensitive to the field strength and its direction.

A comparison between the nightside ionospheres in the northern and the southern hemispheres shows a
different trend. The ion density in the ionosphere above the northern lowlands is higher than in the southern
hemisphere. Such a tendency indicates that plasma transport from the dayside is the main source of the
nightside ionosphere. In the regions void of strong crustal sources transport processes are more effective. In
the nightside ionosphere above large crustal fields the density rises with an increase of the inclination angle
suggesting an easier access of plasma to low altitudes and the ionization by the field-aligned magnetospheric
electrons.

In conclusion, we note that constant variations in the solar EUV flux, the solar wind dynamic pressure, the
IMF value and the field orientation, and the variations of the crustal magnetic field due to Mars rotation lead
to a continuous large-amplitude motions of the ionosphere that must have a strong impact on the dynamics
of the ionospheric losses.
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