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Abstract We use Mars Atmosphere and Volatile EvolutioN observations of the upstream solar wind,
and Mars Express observations of ionospheric electron densities and magnetic fields, to study how the
topside ionosphere (>320 km) of Mars is affected by variations in solar wind dynamic pressure. We find
that high solar wind dynamic pressures result in the topside ionosphere being depleted of plasma at all
solar zenith angles, coincident with increased induced magnetic field strengths. The depletion of topside
plasma in response to high solar wind dynamic pressures is observed in both weak and strong crustal
magnetic field regions. Taken together, our results suggest that high solar wind dynamic pressures lead to
ionospheric compression, increased ion escape, and reduced day-to-night plasma transport in the
high-altitude nightside ionosphere.

Plain Language Summary Mars lacks a global dipole magnetic field to hold off the solar wind.
As a consequence, the solar wind can significantly affect the structure of the topside ionosphere. Previous
studies detailing these effects, however, have primarily focused on impulsive space weather events. In this
work, we use observations from two spacecraft (MAVEN and Mars Express) to statistically study how the
solar wind dynamic pressure affects the topside ionosphere. We find that, during times of high solar wind
dynamic pressure, the ionosphere is globally depleted of plasma, which suggests that the ionosphere is
compressed and plasma escape is enhanced.

1. Introduction
At Mars, the solar wind interacts directly with the extended atmosphere and ionosphere to form a mag-
netic barrier that deflects the solar wind around the planet (Halekas et al., 2017; Ma et al., 2004; Nagy
et al., 2004). Through this interaction, the solar wind drives heating, acceleration, and escape of ionospheric
plasma (Brain et al., 2016; Collinson et al., 2018; Cravens et al., 2017; Dubinin et al., 2011, 2017; Dong
et al., 2015, 2017; Fowler et al., 2018; Halekas et al., 2016). Thus, characterizing the structure of the top-
side ionosphere, and its variations with upstream solar wind conditions, is important for understanding
the ionosphere-solar wind interaction and the physical processes that control ion escape at Mars. The top-
side ionosphere (>∼200 km) has been a topic of interest ever since the Viking Lander observations in 1978,
which models could reproduce only by invoking substantial plasma outflows (Chen et al., 1978; Fox, 1997,
2009; Hanson et al., 1977; Kar et al., 1996).

Observational studies detailing how the topside ionosphere is affected by upstream solar wind conditions
have, to date, primarily focused on case studies during impulsive space weather events (Crider et al., 2005;
Dubinin et al., 2009; Duru et al., 2017; Edberg et al., 2009, 2010; Harada et al., 2017; Jakosky et al., 2015;
Luhmann et al., 2017; Ma et al., 2017; Morgan et al., 2014; Opgenoorth et al., 2013; Pérez-de-Tejada et al.,
2009; Ramstad et al., 2017; Sánchez-Cano et al., 2017; Thampi et al., 2018; Withers et al., 2012, 2016). These
studies have found that space weather events—such as interplanetary coronal mass ejections (CMEs), coro-
tating interaction regions, and solar wind pressure pulses—compress the upper ionospheric boundary and
increase the induced magnetic field strength in the ionosphere. They have also found that, during the events,
plasma densities in the topside ionosphere are highly variable and depleted compared to quiescent condi-
tions, which is often interpreted as being the result of ionospheric compression or increased ion outflow
(Dubinin et al., 2009; Duru et al., 2017; Edberg et al., 2009, 2010; Fox & Yeager, 2009; Ma et al., 2017; Mendillo
et al., 2017; Opgenoorth et al., 2013; Wu et al., 2019).

Many of these studies were limited to using only approximations of upstream solar wind parameters because
the first dedicated solar wind monitors arrived at Mars only in 2014 as part of the Mars Atmosphere and
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Volatile EvolutioN (MAVEN) mission (Jakosky et al., 2015). These studies were also focused on individual
space weather events, so they were unable to perform statistical analyses concerning the global ionospheric
response to upstream solar wind conditions. Recently, Dubinin et al. (2018) used MAVEN data to complete
the most robust statistical analysis to date, which focused on O+ densities in the topside ionosphere. They
found that O+ densities above ∼450 km decreased with increasing solar wind dynamic pressure.

The crustal magnetic fields at Mars are also known to significantly affect the solar wind interaction and the
structure of the ionosphere (Andrews et al., 2015; Brain et al., 2005; Flynn et al., 2017; Němec et al., 2016,
2019; Nagy et al., 2004; Withers et al., 2019). Although recent work suggests that magnetic topology plays a
significant role (Fowler et al., 2019), it is still an open question as to how the crustal fields affect the response
of the topside ionosphere to variations in upstream solar wind conditions.

Motivated by these results, and the lack of a complete understanding of how the ionosphere responds glob-
ally to upstream solar wind conditions, we utilize MAVEN observations of the upstream solar wind dynamic
pressure, and Mars Express (MEX) observations of ionospheric electron densities, to show how the solar
wind dynamic pressure affects the global distribution of plasma in the topside ionosphere of Mars. We also
investigate how crustal magnetic fields influence the response of the topside ionosphere to variations in the
solar wind dynamic pressure.

2. Data
2.1. Electron Densities and Magnetic Fields From MEX
We use electron densities obtained from electron plasma oscillations observed during radar soundings made
by the Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) instrument on MEX (Gur-
nett et al., 2005, 2008; Picardi et al., 2004). When MARSIS sounds the ionosphere, it transmits pulses at 160
different frequencies between 0.1 and 5.4 MHz and records the return echoes that are reflected off the iono-
sphere. The frequency sweeps are repeated every 7.54 s for ∼40 min when MEX is below ∼1,500 km during
its 7-hr orbit. Each frequency sweep produces an ionogram—the echo intensity as a function of frequency
and time delay.

In this study, we use electron densities extracted from ionograms by measuring the frequency spacing
between vertical lines that appear between 0.1 and 2.0 MHz. These vertical lines are echoes caused by the
excitation of electron plasma oscillations during ionospheric sounding (Gurnett et al., 2005, 2008). The elec-
tron densities are measured locally at spacecraft location and detailed discussions that describe how they
are derived are presented in Duru et al. (2008) and Gurnett et al., 2008 (2005, 2008).

The local electron densities can only be detected when the plasma flow velocity is less than 160 km/s, the
plasma temperature is below 80,000 K, and the electron density exceeds ∼10 cm−3 (Duru et al., 2008, 2009).
Given these constraints, the local electron density measurements are made within the ionosphere and below
the magnetosheath where plasma flow velocities typically exceed the 160-km/s threshold (Duru et al., 2009).

We also use MARSIS measurements of the local magnetic field strength. The magnetic field is extracted from
ionograms by measuring the spacing between horizontal lines that sometimes appear at harmonics of the
local electron cyclotron frequency. They are caused by the excitation of electron plasma gyrations around
local magnetic field lines during ionospheric soundings. Details of how the magnetic fields are derived are
presented in Gurnett et al. (2008) and Akalin et al. (2010).

2.2. Upstream Solar Wind Conditions From MAVEN
We use measurements of the solar wind velocity (Vsw) and mass density (𝜌sw) from the MAVEN Solar Wind
Ion Analyzer (Halekas et al., 2015, 2017). The data are averaged over 45-s intervals and confined to times
when MAVEN was located outside of the bow shock and in the upstream solar wind (Halekas et al., 2017).
Using the Solar Wind Ion Analyzer measurements, we calculate the solar wind dynamic pressure (Psw) using
Psw = 𝜌swV 2

sw.

2.3. Combining the MEX and MAVEN Data
To combine the two data sets, we assign each orbit of MARSIS data a single value of the solar wind dynamic
pressure, determined by averaging all of the solar wind measurements that fall within 1 hr of the first MAR-
SIS measurement within a given orbit. If no solar wind measurements fall within 1 hr, then we exclude that
MARSIS orbit from our analysis. The resultant data set contains observations from 12 November 2014 to 6
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Figure 1. The distribution of the data used in this study. The top two panels show, respectively, the latitudes and solar
zenith angles (SZA) of the observations, with the color scale showing the Mars Advanced Radar for Subsurface and
Ionosphere Sounding (MARSIS) electron densities. The third panel shows the solar wind dynamic pressure with colors
representing the geographic east longitude of the concurrent MARSIS measurements. The bottom panel shows
geographic locations of the MARSIS measurements along with contours of the crustal magnetic field strength at 400
km (Morschhauser et al., 2014).

April 2016 and includes more than 30,000 local electron density measurements from 304 MEX orbits. The
distribution of the electron densities with respect to geographic latitude and solar zenith angle (SZA) are
shown in the top two panels of Figure 1. In these panels, the vertical lines span the periapsis segment of
MEX during which MARSIS sounded the ionosphere. The midpoint of each vertical line marks the peri-
apsis of MEX, which varied between 320 and 385 km during this time period. Data gaps within individual
orbits are somewhat common, particularly on the nightside where densities are often below the MARSIS
detection threshold of ∼10 cm−3.

The third panel in Figure 1 summarizes the concurrent MAVEN measurements of the upstream solar wind
dynamic pressure, which varied between 0.16 and 11.1 nPa. The dynamic pressure during this time period
had an average value of 0.98 nPa and 25%, 50%, and 75% quartile values of 0.48 nPa, 0.70 nPa, and 1.0 nPa,
respectively. The data in this panel are colored according to east longitude to show that the dynamic pres-
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sures are well distributed with respect to the crustal magnetic fields. The fourth panel in Figure 1 further
demonstrates this by showing the distribution of the measurements with respect to latitude, longitude, and
the crustal magnetic field strength at 400 km (Morschhauser et al., 2014). These panels illustrate that the
data are well distributed in latitude, longitude, SZA, and solar wind dynamic pressure.

The data set contains three distinct observational periods. During the first period, from 12 November 2014
to 8 March 2015, the observations were concentrated at high northern latitudes and covered SZAs from∼60◦

to 160◦. Space weather conditions during this period were somewhat stormy and included two major solar
energetic particle (SEP) events (December 2014 and Februry 2015), a series of M and X class solar flares,
and several CME impacts (Girazian et al., 2017; Jakosky et al., 2015; Lee et al., 2017).

During the second period, from 6 July 2015 to 2 October 2015, the observations were concentrated at mid/low
southern latitudes and covered SZAs from ∼45◦ to 105◦. Space weather conditions during this period were
more quiescent but included a handful of minor SEP events, M class solar flares, and weak CME impacts
(Lee et al., 2017).

During the third period, from 17 December 2015 to 6 April 2016, the observations were again concentrated
at middle/low southern latitudes, but this time covered SZAs from ∼ 90◦ to 170◦. Space weather conditions
during this period were somewhat stormy, particularly in January 2016, during which there were two SEP
events, M class flares, and CME impacts (Lee et al., 2017).

The extreme ultraviolet (EUV) solar flux was a factor of ∼1.5 higher during the first observational period
compared to the second and third observational periods (Girazian et al., 2019; Lee et al., 2017). Since day-
side electron densities are highly dependent on the EUV flux, this difference must be accounted for when
analyzing dayside data from the different time periods. In particular, topside electron densities are generally
larger when the EUV flux is higher (Duru et al., 2019).

In the next section, we use this combined data set to show how the solar wind dynamic pressure affects
electron densities and induced magnetic fields in the topside ionosphere. We also investigate how crustal
magnetic fields influence the response of the topside ionosphere to variations in the solar wind dynamic
pressure.

3. Effects of Solar Wind Dynamic Pressure
3.1. Depletion of the Topside Ionosphere
To investigate how the topside ionosphere responds to changes in solar wind dynamic pressure, we have
computed median electron density profiles at dayside solar zenith angles between 40◦ and 70◦ after separat-
ing the data into 25-km-altitude bins and into low (<0.5 nPa); typical (0.5–0.8 nPa); high (0.8–1.1 nPa); and
extreme (>1.1 nPa) solar wind dynamic pressure bins. The median density in each bin was computed only if
the bin contained at least 30 measurements. The profiles were derived using data from the second and third
time periods to ensure that the solar EUV flux was roughly constant throughout the observations (section
2.3). Additionally, data from strong crustal field regions were removed prior to averaging, with strong crustal
fields being defined as those greater than 10 nT at an altitude of 400 km (Morschhauser et al., 2014).

The resultant median profiles are shown in the left panel of Figure 2. Note that some of the abrupt struc-
tures in the median profiles are a consequence of the data having nonuniform altitude sampling, as there
are more measurements at lower altitudes than at higher altitudes. The number of measurements in each
averaging bin ranges from several hundreds at the lowest altitudes, to 30 at the highest altitudes, with each
bin containing measurements from at least six unique MEX orbits.

The density profiles in Figure 2 show that electron densities in the topside ionosphere are strongly affected
by the solar wind dynamic pressure. In each successive dynamic pressure bin, the densities become smaller
and, at most altitudes, there is clear separation between the different median density profiles. The profiles
show that increases in the solar wind dynamic pressure result in the topside ionosphere being depleted of
plasma. From low to extreme dynamic pressure conditions, electron densities at ∼400 km are depleted by a
factor of ∼10.

The right panel in Figure 2 shows median profiles of the measured magnetic field strength computed in the
same way. There is a clear trend of increasing magnetic field strength with increasing solar wind dynamic
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Figure 2. As the solar wind dynamic pressure increases, the topside ionosphere is depleted of plasma (left), and the
induced magnetic field strength increases (right). The colors in each panel mark median profiles computed during low,
typical, high, and extreme solar wind dynamic pressures as defined in the text. The error bars are the 25% and 75%
density quartiles in each 25-km-altitude bin and are offset in altitude for visual clarity. The data are from dayside solar
zenith angles between 40◦ and 70◦ and weak crustal field regions.

pressure, particularly below 400 km. This trend is consistent with previous observations (Crider et al., 2003;
Edberg et al., 2009) and matches the expectation that the induced magnetic field strength must increase
to maintain pressure balance across the Martian plasma environment (Dubinin, Modolo, Fraenz, Woch,
Chanteur et al. 2008; Dubinin, Modolo, Fraenz, Woch, Duru et al. 2008; Luhmann et al., 1987).

3.2. The Role of Crustal Magnetic Fields
To investigate how crustal magnetic fields influence the ionospheric response to variations in solar wind
dynamic pressure, we have computed median electron density profiles using a similar procedure as in
section 3.1. This time, though, we separated the data into low (<0.5 nPa) and high (>0.8 nPa) solar wind
dynamic pressure bins, and then into weak and strong crustal magnetic fields bins. The crustal field bins
are based on the field strength at 400 km (Morschhauser et al., 2014), with weak fields defined as being less
than 10 nT and strong fields defined as being greater than 20 nT (Figure 1). The resultant profiles are shown
in the left panel of Figure 3.

By comparing density profiles from weak (dashed) and strong (solid) crustal field regions, it can be seen
that higher electron densities are observed near strong crustal fields for both solar wind dynamic pressure
cases. This result is consistent with previously reported observations of increased plasma densities in the
topside ionosphere near strong crustal fields (Andrews et al., 2015; Flynn et al., 2017; Němec et al., 2016,
2019; Withers et al., 2019).

Comparing the two density profiles from weak crustal field regions (solid profiles) shows that they differ
in the same way as the profiles shown in Figure 2, once again indicating that increases in the solar wind
dynamic pressure result in a depleted topside ionosphere. A similar difference is also observed when compar-
ing the two density profiles from strong crustal field regions (dashed profiles), indicating that the depletion

Figure 3. Comparing the response of the topside ionosphere to variations in solar wind dynamic pressure near weak
and strong crustal magnetic fields. The left panel shows median electron density profiles and the right panel shows
median magnetic field profiles. Solid lines identify profiles from weak crustal field regions (|Bcrust,400km| < 10 nT),
while dashed lines identify profiles from strong crustal field regions (|Bcrust,400km| > 20 nT). The colors identify profiles
from low solar wind dynamic pressure (blue, <0.5 nPa) and high solar wind dynamic pressure (orange, >0.8 nPa). The
error bars are the 25% and 75% density quartiles in each 25-km-altitude bin and are offset in altitude for visual clarity.
The data are from dayside solar zenith angles between 40◦ and 70◦.
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Figure 4. Electron densities in the topside ionosphere are depleted at all solar zenith angles (SZA) during times of high
solar wind dynamic pressure. The top two panels show electron densities as a function of SZA and altitude for low
(top) and high (middle) solar wind dynamic pressures. The bottom panel shows the percent difference between the two
panels with negative values (blue colors) indicating that electron densities are lower during high dynamic pressure.
Note that Mars is not drawn to scale in order to emphasize ionospheric patterns.

of the topside ionosphere during high solar wind dynamic pressure is also observed in strong crustal field
regions.

The right panel in Figure 3 shows the median profiles of the magnetic field strength computed from the same
orbits. Near weak crustal fields (solid lines), the field strength increases during high solar wind dynamic
pressure, consistent with what is shown in Figure 2, with the induced magnetic field strength increasing
during high solar wind dynamic pressures. In contrast, near strong crustal fields, there is no significant
difference in the magnetic field profiles from both low and high solar wind dynamic pressures, as expected
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Figure 5. Magnetic field strength increases at all solar zenith angles (SZAs) during times of high solar wind dynamic
pressure. The top two panels show magnetic field strength as a function of SZA and altitude for low (top) and high
(middle) solar wind dynamic pressures. The bottom panel shows the percent difference between the two panels with
positive values (red colors) indicating that the magnetic field is stronger during high dynamic pressure.

for regions where the crustal magnetic field strength greatly exceeds the induced magnetic field strength
(Brain et al., 2003).

3.3. Influence on Nightside Plasma Sources
To investigate the global response of the topside ionosphere to variations in solar wind dynamic pressure,
Figure 4 compares electron densities during low (<0.5 nPa) and high (>0.7 nPa) solar wind dynamic pres-
sures using all data from locations where the crustal magnetic field strength at 400 km was less than 10 nT
(Morschhauser et al., 2014). The electron densities are plotted as a function of altitude and SZA after binning
the data into bins of size 25 km in the Mars-Solar-Orbital X direction, and 25 km in the Mars-Solar-Orbital
𝜌 = (Y2 + Z2)1/2 direction.
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From this comparison, it is readily observed that the topside ionosphere is depleted of plasma at all SZAs
during times of high solar wind dynamic pressure. This trend is observed deep into the nightside where the
ionosphere, at these high altitudes, is populated by combination of electron impact ionization and plasma
that has been transported from the dayside (Adams et al., 2018; Chaufray et al., 2014; Cui et al., 2015;
Girazian et al., 2017; Ma et al., 2004). This result shows that transport, impact ionization, or both, are reduced
during times of high solar wind dynamic pressure.

3.4. Impact on Globally Induced Magnetic Fields
To investigate the global response of the induced magnetic field to variations in solar wind dynamic pressure,
Figure 5 compares the measured magnetic fields during low (<0.5 nPa) and high (>0.7 nPa) solar wind
dynamic pressures using all the data from locations where the crustal magnetic field strength at 400 km was
less than 10 nT (Morschhauser et al., 2014). The magnetic fields are plotted in the same way as the electron
densities in Figure 4.

From this comparison, it is readily observed that the induced magnetic field strength increases at all SZAs
during times of high solar wind dynamic pressure. This trend is observed deep into the nightside, indicating
that the induced magnetic field is enhanced globally during times of high solar wind dynamic pressure. This
finding is consistent with previously reported observations from the Mars Global Surveyor magnetometer
(Ferguson et al., 2005), and from MARSIS observations during a CME impact (Harada et al., 2018).

4. Discussion
Using MAVEN measurements of the upstream solar wind, and MEX measurements of ionospheric electron
densities, we have investigated how the topside ionosphere of Mars is affected by variations in solar wind
dynamic pressure. We find that, at all observed SZAs, the topside ionosphere is depleted of plasma during
times of high solar wind dynamic pressure, which is broadly consistent with previous case studies of the
ionosphere during impulsive space weather events (section 1), and the statistical study by Dubinin et al.
(2018). We further find that induced magnetic field strengths increase at all SZAs during times of high solar
wind dynamic pressure, which is consistent with observations from the Mars Global Surveyor magnetome-
ter of stronger draped magnetic fields on the nightside during times of high solar wind dynamic pressure
(Ferguson et al., 2005).

Our results point to new aspects in regard to how the solar wind dynamic pressure affects the topside iono-
sphere of Mars. First, we find that topside plasma densities are depleted during times of high solar wind
dynamic pressure near both weak and strong crustal magnetic fields. Although electron densities are con-
sistently elevated near strong crustal fields (Andrews et al., 2015; Flynn et al., 2017; Němec et al., 2016, 2019;
Withers et al., 2019), they are still significantly depleted during times of high solar wind dynamic pressure.
Crustal magnetic fields, thus, do not completely shield the ionosphere from the influence of the solar wind.

Second, we find that plasma densities at high SZAs on the nightside are depleted during times of high solar
wind dynamic pressure. This demonstrates that, during high solar wind dynamic pressure, the production
of plasma in the high-altitude nightside ionosphere is reduced. Nightside plasma at these altitudes can be
sourced by electron impact ionization or day-to-night plasma transport. Evidence suggests, however, that
electron impact ionization is the primary source of plasma at low altitudes (<200 km), and day-to-night
transport is the primary source at high altitudes (Adams et al., 2018; Cao et al., 2019; Cui et al., 2019; Girazian
et al., 2017). Interpretation of this result, then, might be explained by analogy with the ionosphere of Venus
(Cravens et al., 1982; Miller et al., 1984): during times of high solar wind dynamic pressure, there is a smaller
reservoir of dayside plasma that can be transported to maintain the high-altitude nightside ionosphere.

Interpretation of our findings is somewhat limited because MARSIS cannot measure vector components of
the magnetic field, nor bulk properties of the topside ionospheric plasma. Nonetheless, it is well known that
high solar wind dynamic pressures compress the Martian plasma environment (Crider et al., 2003; Edberg
et al., 2009; Halekas et al., 2017, 2018; Ma et al., 2014; Opgenoorth et al., 2013), allowing for stronger, and
deeper penetrating, draped and open magnetic fields (Crider et al., 2003, 2005; Fowler et al., 2019; Jakosky
et al., 2015; Xu et al., 2018, 2019). In such a scenario, the topside ionosphere can be depleted due to higher
ion escape rates, driven by stronger magnetic tension and pressure gradient forces (Cravens et al., 2017;
Halekas et al., 2017; Wu et al., 2019), increased pickup ion escape, and enhanced ion outflow.
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Geophysical Research Letters 10.1029/2019GL083643

5. Conclusions
In conclusion, the solar wind dynamic pressure significantly affects electron densities in the topside iono-
sphere of Mars. Increases in the solar wind dynamic pressure result in stronger induced magnetic fields,
and a depleted topside ionosphere at all SZAs, near both weak and strong crustal magnetic fields. Interpre-
tation of these results suggests that high solar wind dynamic pressures result in ionospheric compression,
increased ion escape, and reduced day-to-night plasma flow. Future comparisons of our results with
magnetohydrodynamics models, and with MAVEN plasma and magnetic field data, will improve our under-
standing of the physical processes that lead to the solar wind dynamic pressure having a significant influence
on the structure of the topside ionosphere of Mars.
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Němec, F., Morgan, D. D., Gurnett, D. A., & Andrews, D. J. (2016). Empirical model of the Martian dayside ionosphere: Effects of crustal
magnetic fields and solar ionizing flux at higher altitudes. Journal of Geophysical Research: Space Physics, 121, 1760–1771. https://doi.
org/10.1002/2015JA022060
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