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Abstract The Martian ionopause boundary detected as steep gradients in the local electron density
profiles from the Mars Advanced Radar for Subsurface and Ionospheric Sounder on Mars Express is
studied individually and statistically and compared to the photoelectron boundary identified by the drop of
photoelectron signature due to CO, and O molecules. In ~90% of the cases where we have electron

energy flux data, the ionopause coincides with the photoelectron boundary. The steep density gradients form
at the border of the photoelectron region and above. The ionopause is observed in a wide range of
latitude, longitude, and altitude. According to remote sounding investigations, the average thickness of the
ionopause is ~30 km. The average altitude is between 500 and 700 km on the dayside. The altitude of the
ionopause is inversely related to the solar wind dynamic pressure. Strong crustal magnetic fields increase the
altitude of the boundary and they have a slight, negative effect on the occurrence only for high values.
The ionopause occurs more frequently, and its altitude is higher during southern summer. The average
altitude of the ionopause and solar irradiance are correlated with each other. The effect of the extreme
ultraviolet flux on the occurrence rate is less noticeable.

1. Introduction

Understanding the interaction of the ionosphere of Mars with the solar wind provides information on the
evolution and current mechanisms and the plasma environment of the planet. To achieve this, knowledge
of the boundaries between Mars and solar wind and the physics behind them should be obtained. Lacking
a global magnetic field (Acuna et al., 1998), Mars is more susceptible to the effects of the solar wind than pla-
nets with strong global magnetism such as Earth. Due to its high conductivity, the ionosphere acts as a bar-
rier to the solar wind flow, causing many boundaries to form. A well-defined bow shock which is a
collisionless shock standing between the solar wind and magnetosheath; a magnetic pile-up boundary
(MPB), that separates the magnetic pile-up region from the magnetosheath—a sharp transition where the
solar wind proton density drops sharply; and induced magnetospheric boundary (IMB), obtained by ion
and electron measurements, that separates induced magnetosphere from the magnetosheath, are some
examples of boundaries at Mars (Vignes et al., 2000; Trotignon et al., 2006; Nagy et al., 2004; Schunk &
Nagy, 2009; Lundin et al., 2004; Duru et al., 2010).

Over the years, several boundaries in the environment of Mars have been identified and named according to
the instruments and procedures used to define them. Some of these boundaries coincide with each other, at
least under some conditions (Espley, 2018; Matsunaga et al., 2017).

Herein, we provide our results from the investigation of the ionopause boundary at Mars using 12 years of
local electron density data from Mars Advanced Radar for Subsurface and Ionospheric Sounder (MARSIS)
onboard Mars Express (MEX). Our purpose is to provide a more holistic view of the ionopause and under-
stand the conditions that could change the occurrence rate and appearance of this boundary.

We define the ionopause boundary as a steep altitudinal gradient in the ionospheric density, in analogy with
previous work from Venus. The Pioneer Venus orbiter data revealed sharp density drops in almost all the
orbits (Brace et al., 1980; Elphic et al., 1980; Elphic et al., 1981). Duru et al. (2009) studied similar steep den-
sity gradients on the Martian ionosphere using MARSIS local electron density profiles and concluded that
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the ionopause is a transient feature on Mars, happening only about 18% of the time. Vogt et al. (2015) ana-
lyzed the ionopause with the Neutral Gas and Ion Mass Spectrometer (NGIMS), Solar Wind Ion Analyzer
(SWIA), and Solar Wind Electron Analyzer (SWEA) instruments onboard Mars Atmosphere and Volatile
Evolution (MAVEN). Due to their more generous definition of steepness, they observed the ionopause in
about 50% of the cases. Recently, Chu et al. (2019) studied the steep density gradients using MARSIS remote
sounding data and showed that the occurrence rate is affected by the extreme ultraviolet (EUV) radiation
and crustal magnetic fields.

Some studies have defined the ionopause differently. For example, Knudsen et al. (1979) defined the Venus
ionopause as the location where the electron density first drops below about 100 cm™>. Similarly, Han
et al. (2014) used a 10®> cm ™ density threshold to define the ionopause. We believe this kind of definition
is open to ambiguity since the Martian ionosphere is highly fluctuating (Gurnett et al., 2010; Bougher
et al., 2015). In many instances, the density drops and rises back to high values. We used the steep density
gradient method with the density profiles to identify the ionopause and made sure that the density does
not go back to ionospheric values after the ionopause.

2. Instruments

In this study, we define the ionopause using local electron density data from MARSIS, one of the six instru-
ments on MEX (Chicarro et al., 2004), and study the cases we observe using ASPERA-3 ELS and MAVEN
SWIA. MARSIS (Picardi et al., 2004) is a low-frequency radar, which performs remote sounding of the iono-
sphere and subsurface, by sending radio signals at 160 different frequencies between 100 kHz and 5 MHz and
by recording the time it takes for the signal to be reflected back to the spacecraft. Remote sounding surveys
the planet's ionosphere between altitudes of about 130 and 400 km. In addition, MARSIS can measure the
electron density and the magnitude of the magnetic field at the spacecraft. To obtain the local electron
density, the spacing between electron plasma oscillation harmonics are measured, which provides the
local electron plasma frequency, which in turn can be converted into electron density using f, = 8980/,
where f, is in Hz and n, is in cm ™ (Gurnett & Bhattacharjee, 2005). The harmonics are seen as equally
spaced, vertical lines in the upper left corners of the plots of echo intensity as a function of time delay and
frequency, which are called ionograms (Gurnett et al., 2005; Duru et al., 2008; Duru et al., 2019). The
magnetic field magnitude is obtained by measuring the spacing between electron cyclotron echoes
(Gurnett et al., 2005; Akalin et al., 2010).

The Analyzer of Space Plasma and Energetic Atoms (ASPERA-3) is another instrument onboard MEX. Its
main objective is to study the near-Mars plasma environment (Barabash et al., 2004). A low-power electron
spectrometer (ELS), which covers an electron energy range up to 20 keV/q is one of the units of ASPERA-3.
The electron flux is measured over a 360° field of view (Frahm et al., 2006). Horizontal lines at energies
between 20 and 30 eV in the electron flux spectra identify the photoelectron region. The lines are caused
by the ionization of the atmospheric neutrals, CO, and O, by EUV photons from the Sun. The location at
which the photoelectron peaks disappear is called the photoelectron boundary (PEB) (Mitchell et al., 2000;
Mitchell et al., 2001; Lundin et al., 2004; Frahm et al., 2006).

Since 2015, we also have access to the data from the MAVEN mission, which is designed to study the upper
ionosphere and solar wind environment of Mars. Its aims are to provide information about the escape pro-
cesses, the evolution of the Martian atmosphere, its habitability, and climate (Jakosky et al., 2015). MAVEN
consists of eight sensors, among which SWIA is designed to measure the velocity distribution of solar wind
ions (Halekas et al., 2015).

3. Ionopause and Comparison With the Photoelectron Boundary

Local electron density profiles show fluctuations for a given pass; however, a general pattern is almost
always present: The local electron density starts from a low or zero value at the highest altitude of the space-
craft. It increases as the spacecraft descends and reaches its maximum value around the periapsis, after
which it decreases as the spacecraft ascends. In some passes, there is an altitude where the local electron
density drops or rises suddenly, forming a steep gradient (see Figure 1a). We define this steep altitudinal den-
sity gradient as the ionopause.
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Figure 1. (a) The local electron density profile obtained with MARSIS for the pass on 4 September 2015. The two steep changes in the density are defined as iono-
pause. (b) An ionogram from an orbit from 20 November 2014. The short horizontal line at low frequencies and low time delays is the ionopause.

An example of the local electron density profile from 4 September 2015—orbit 14808—is shown in panel (a)
of Figure 1. The pass starts at ~21:56 UT. The first electron plasma harmonics appear at ~22:04 UT.
Therefore, it is not possible to obtain the local electron density value before this time. In the magnetosheath,
the electron plasma oscillations do not consistently appear due to low density, high temperature, and/or
high flow velocity (Duru et al., 2008). Once it is measurable, the local electron density stays almost constant
at very low values of ~20 cm™ until 22:09 UT, where it reaches 300 cm ™ in ~30 s. We identify the steep den-
sity gradient at ~22:09 UT and 22:25 UT as the ionopause. After the ionopause on the outbound leg, the local
plasma oscillations disappear until the end of the pass.
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We went through all the orbits and chose the ones that have steep density gradient with equal or more than
50 cm ™ within a single 7.54 s sweep period, which corresponds to a minimum slope of 5 cm™>/km. Out of
the ~3,700 orbits investigated—between August 2005 and November 2018—we identified 935 ionopause
crossings with this method, which is ~7 times the number what in our previous study (Duru et al., 2009).
However, given the longer time range, the occurrence rate derived from the current study is consistent with
what is our previous results, with the ionopause identified in ~13% of the possible cases.

The ionopause can also be observed by remote sounding with MARSIS. The steep density gradients show up
as a short horizontal line at low frequencies, below about 0.5 MHz, with the ionospheric echo being observed
at higher frequencies and longer time delays (Duru et al., 2008; Chu et al., 2019). To detect the ionopause
remotely, it has to be below the spacecraft. Since the ionograms are full of other features, such as local elec-
tron plasma harmonics, electron cyclotron echoes, oblique reflections, and so forth, it is not always possible
to detect these short lines. When present, the short horizontal line usually lasts for a few consecutive iono-
grams, providing a clear and unambiguous indication of a steep density gradient.

We observed an ionopause crossing in 1,300 ionograms. An ionogram with the ionopause feature, from 20
November 2014, is shown in Figure 1b. The short horizontal line, at frequencies 0.3-0.55 MHz, shown
between two red arrows, at a time delay of ~1.6 ms is the steep density gradient, observed before the iono-
spheric echo at about 3.4 ms.

The MARSIS local electron density profile from the pass from 8 August 2005 (orbit 1994) is shown in the top
panel of Figure 2. The plot displays two well-defined steep density gradients in both the inbound and out-
bound segments of the orbit. The electron plasma harmonics are not observed until 01:57 UT. After this time,
the local electron density increases as the spacecraft moves toward periapsis and then decreases back as it
ascends. The change in the electron density is relatively smooth except at ~01:57 UT and ~02:15 UT, where
we observe the two sharp density changes. After the sharp decrease at 2:15 UT, the electron plasma oscilla-
tions disappear for ~3 min. When the oscillations return, the density is low, below 100 cm ™, and stays low
until the end of the pass at 2:48 UT.

The magnitude of the local magnetic field for the orbit 1994 is shown in the bottom panel of Figure 2. On
Venus, the location of the ionopause is typically characterized by a balance between the thermal ionospheric
pressure below and magnetic pressure above. At the Venus ionopause, the magnetic field increases sud-
denly, coincident with a sudden drop in the electron density (Brace et al., 1980). In about half of the cases
observed by Vogt et al. (2015), the magnetic field changes drastically in the vicinity of the ionopause. This
behavior is not observed in MARSIS data. As seen in the figure, the magnetic field continues to change
slowly as the spacecraft crosses the ionopause, which is a common feature of our cases.

The middle panel of Figure 2 displays the electron flux as a function of energy and time from ASPERA-3 ELS.
Atlow altitudes in the ionosphere, the photoelectron signature due to the ionization of the atmospheric neu-
trals by the EUV and soft X-ray photons from the Sun is observed, at energies between 21 and 24 eV and
27 eV, due to the ionization of neutrals. Due to the instrumental energy resolution, the two lines are often
observed as one (Frahmn et al., 2006; Mantas & Hanson, 1979). The photoelectron boundary (PEB), as iden-
tified by the disappearance of these horizontal lines, separates the ionospheric electrons from shocked mag-
netosheath electrons (Lundin et al., 2004). Above the PEB, higher energy electrons are observed, in some
cases immediately after PEB, in others after a gap. As seen by the dashed lines in the figure, both ionopause
cases identified with local electron density data from MARSIS correspond to the location of the PEB as seen
by ELS, where the horizontal photoionization lines are lost and the high energy electrons are detected right
after the ionopause.

Figure 3 shows a collection of ionopause crossings from different times during the mission, with correspond-
ing ELS data also shown in this figure. The dashed lines show the location of the ionopause and where it
corresponds in the electron energy data. In panels (a), (c), and (d), the ionopause is seen in both the inbound
and outbound segments. On the other hand, in panels (b), (e), and (f), the steep density gradients are
observed in only one of the orbit segments. One thing common to all six passes is that the ionopause location
coincides with the PEB.

Regardless of their presence in one or both legs, 87% of all the ionopause cases for which the electron data
were available occurred at the same location as the PEB for the cases we had ASPERA-3 data with clear
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Figure 2. A pass for orbit 1994 from 4 August 2005. (a) The local electron density profile from MARSIS. (b) Electron
energy flux from ASPERA-3 ELS. (c) The magnitude of the magnetic field from MARSIS. The dashed lines indicate the
location of the ionopause cases.

PEB signatures. As seen in the examples, the coincidence is almost perfect between the position of the PEB
and the steep density gradient. In every case, the ionopause altitude was lower than the altitude of the
magnetosheath. In some cases, the magnetosheath started right after the PEB; in others, there was a gap
between the two. A similar 4-5 min gap was also reported in Duru et al. (2009). In 6% of the cases, the
photoelectron signature continued after the ionopause. According to Dubinin et al. (2006), the existence
of this gap in the majority of cases is a clear indication of the fact that PEB and MPB are two
distinct boundaries.

This does not mean that a steep density gradient would be observed every time the PEB is seen. When the
PEB altitude is high, the electron densities are already low in the region. Without a high density at the begin-
ning, it is not possible to obtain a sharp and sudden drop as the ones accepted as ionopause in this study. The
pass from 7 August 2005 on panel (e) of Figure 3 is an example of this. On the inbound leg, the PEB is
observed at an altitude of 480 km and SZA of 52°, and a sharp density gradient is present at the same time.
However, on the outbound leg, the photoelectron signature continues even after 1,300 km of altitude. At that
point, the local electron density is already too low to present a sudden drop.

4. Location of the Ionopause

Figure 4 shows the geographical locations of all the ionopause crossings identified from local electron
density measurements. The background color indicates the magnitude of the crustal magnetic field at
400 km, from Morschhauser et al. (2014). The occurrence rate is slightly less near the poles; however,
the difference is not very significant. Considering the data coverage is homogeneous with respect to geo-
graphic longitude (Chu et al., 2019), we find no evidence for an inhomogenous distribution of ionopause
locations. We find that the ionopause occurs with approximately the same frequency at all latitudes
and longitudes.

The average altitude of the ionopause, with the error bars, for a given solar zenith angle (SZA) range is
shown in Figure 5a, along with the individual cases around Mars (Figure 5b). The average altitude is
~620 km around the subsolar point and goes down to ~510 km at 25°. Except at 65°, where it is about
570 km, the ionopause altitude is above 600 km until the deep nightside, where the data are much more
scarce. The average altitudes are in agreement with the altitude of the PEB in Han et al. (2014).
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Figure 3. A collection of MARSIS local electron density profiles along with ASPERA-3 ELS electron energy spectra for six passes.

5. Effect of the Solar Wind Dynamic Pressure

It is expected that as the solar wind dynamic pressure increases, the altitude of the boundaries decreases.
Recently, Garnier et al. (2017) showed that there is a clear relationship between the solar wind ram pressure
and the average altitude of the PEB. According to their findings, which used MAVEN data, the altitude of
PEB is ~700 km for very low ram pressure and decreases to ~500 km at 2.5 nPa.

We plotted the average altitude of the steep density gradients, from local electron densities, as a function of
the solar wind dynamic pressure obtained by the MAVEN SWIA instrument, available since November 2014
(Figure 6). The pressure values used are the closest values in time to the ionopause for up to 6 hr. The cases
where the two values are more than 6 hr apart are excluded. As Figure 6 shows, the average altitude of the
ionopause is at ~680 km at 0.25 nPa ram pressure and decreases to ~480 km at 1.75 nPa ram pressure. The
shape of the plot is strikingly similar to that of Garnier et al. (2017) for all pressure values. The values are
somewhat lower in our results, but the difference is usually within 50 km. These findings suggest that the
ionopause coincides with PEB. The ionopause and PEB have similar altitudes, and they behave in the same
way with changing solar wind dynamic pressure.
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Figure 4. Geographic distribution of the ionopause cases. Individual ionopause crossings are shown on the magnetic field
magnitude map of Mars.

6. Effect of the Crustal Fields on the Occurrence and the Altitude of
the Ionopause

The crustal fields are known to increase the local altitude of the boundaries at Mars (Crider et al., 2002; Brain
etal., 2005), as well as the average values of electron densities at a given altitude (Andrews et al., 2014; Flynn
et al., 2017). Figure 7 confirms the previous results for the dayside: The altitude of the ionopause at a given
SZA range is higher above regions of strong crustal fields on the dayside. In this figure, the green and orange
dots represent the average altitude of the cases above weak crustal field regions (less than 50 nT) and above
strong crustal field locations (more than 50 nT), respectively. The ionopause altitude above the strong crustal
fields is higher on the dayside, by more than 200 km for some SZA ranges. This result is also consistent with
Garnier et al. (2017), who showed that the altitude of the PEB depends strongly on the crustal magnetic
fields, which increase the altitude on average by about 150 km, and with Chu et al. (2019) who found that
the crustal magnetic fields increase the altitude of the ionopause by ~1.58 km per nT.

100 ) o

b)

Figure 5. (a) Average altitude and the error bars of the ionopause as a function of the solar zenith angle with 10 deg of SZA bins. (b) The location of individual

ionopause cases around Mars.
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Figure 6. The average altitude with error bars of the ionopause as a function of solar wind dynamic pressure computed

with MAVEN SWIA.

Another interesting question is whether crustal fields have an effect on the occurrence of the ionopause. To
answer this question, we made histograms of the ratio between the occurrence of the ionopause crossings
over areas with crustal magnetic fields higher than a given magnetic field value (10, 50, and 125 nT) and
the percentage of the total area on Mars with crustal magnetic fields higher than the given value. Again,
the magnetic field magnitude at 400 km is used (Morschhauser et al., 2014). According to Figure 8, the ratio
between the ionopause occurrence and the percentage of Mars' area with magnetic field >10 nT is about
1.37. The ratio becomes 1.08 for >50 nT, and it is 0.82 for >120 nT. Since our data coverage is fairly homo-
geneous, these plots tell us that there is no substantial effect of the crustal fields on the occurrence. However,

1200
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Altitude, km

600-

400-

» Magnetic field magnitude >50
» Magnetic field magnitude <50

200
0

25

50

75 100 125 150 175
Solar Zenith Angle, deg

Figure 7. The average altitude of the ionopause above strong crustal magnetic field region (orange points) and weak crus-
tal magnetic field regions (green dots). The border of the crustal magnetic fields is 50 nT at 400 km.
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Figure 8. The ratio of the percentage of the occurrence of ionopause over a region of magnetic field higher than a given
value to the percentage of area of Mars with magnetic fields stronger than the given value. The magnetic field strengths
chosen are 10, 50, and 120 nT.

as the crustal field magnitude becomes high, it may prevent the formation of the steep density gradients.
According to Chu et al. (2019), the crustal fields have a clear negative effect on the formation of the iono-
pause. Although we do not find a strong correlation in our data, we can say that there may be a slight effect
for crustal field values greater than 100 nT at 400 km.

7. Effect of Seasons and Solar Cycle

The EUV photon fluxes have been shown to have an effect on the altitude of the boundaries at Mars. Garnier
et al. (2017) showed that the PEB is raised when the EUV flux is high. However, Mitchell et al. (2001), who
made the observation of the PEB during solar minimum with Electron Reflectometer on Mars Global
Surveyor data, did not observe any effect of the EUV flux on the ionopause altitude.

Mars experiences all four seasons. Due to Mars' orbit, the seasonal variations include significant variations in
the Mars-Sun distance and, thus, EUV flux level. Seasons affect the temperature, electron, ion, and peak den-
sities in the ionosphere, as well as the occurrence rates of pickup ions, hydrogen corona, H escape rates, and
so forth (Valeille et al., 2009; Yamauchi et al., 2015; Halekas et al., 2017, Rahmati et al., 2018;
Girazian et al., 2019).

Investigation of the average altitude of the ionopause boundary for Northern Hemisphere seasons revealed
that the altitude does not change substantially with the seasons. We find that there is ~17 km of altitude dif-
ference between winter (628 km on average) and summer (611 km on average). Northern Hemisphere win-
ter corresponds to Southern Summer, including the perihelion, where the effect of the Sun is
more prominent.

The occurrence rate of the ionopause cases (calculated by dividing the number of ionopause crossings to the
total data) also changes slightly with seasons. Again, the effect is mostly due to the EUV flux changes and
dust storms during Southern summer. The occurrence is slightly higher during northern winter (about
0.145), where EUV flux should be higher, which in turn can cause more clear photoelectron signatures.
The occurrence rate is slightly below 0.1 for the northern summer.

Recent studies show that the solar cycle has significant effects on the composition, scale height, and density
distribution of the ionosphere (Morgan et al., 2008; Bougher et al., 2015; Sanchez-Cano et al., 2016; Lundin
et al., 2013; Withers et al., 2014). Figure 9 displays the average altitude of the ionopause as a function of time
(top panel), the occurrence rate of the ionopause cases as a function of the universal time (middle panel), and
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Figure 9. Top panel: The average altitude of the ionopause as a function of time. Middle panel: The occurrence rate of the
ionopause as a function of time. Bottom panel: Solar irradiance corrected for Mars as a function of time from TIMED-SEE
data.

the solar irradiance at 30.5 nm from Thermosphere, Ionosphere, Mesosphere Energetics, and
Dynamics-Solar EUV Experiment (TIMED-SEE) scaled to Mars' distance (bottom panel). Since both the
average altitude and the occurrence rate are calculated for all the data, they include variations due to
parameters other than the EUV, as well. However, even then, it is possible to see a correlation between
the altitude of the ionopause and the solar irradiation. The relation of the occurrence rate to the solar
irradiation is weak, but the effect is observed for most of the solar cycle. These results are in agreement
with previous results showing that the EUV increases the height of the ionosphere and the boundaries
(Duru et al., 2019; Garnier et al., 2017; Girazian et al., 2019; Chu et al., 2019).

8. Conclusions

The ionopause boundary, defined as a steep altitudinal density gradient, is a transient feature at Mars.
According to this study, which is performed using MARSIS local electron density profiles, the ionopause
crossings occurs less than 15% of the time. The percentage is higher in some previous studies, such as
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Vogt et al. (2015) who observed the ionopause in about 50% of the cases, due to their less strict criteria in
defining the steepness.

MARSIS observations confirm that, unlike at Venus, at Mars the ionopause does not usually represent a bal-
ance between the thermal ionospheric pressure and magnetic field pressure. The ionospheric thermal pres-
sure in the Martian ionosphere is often insufficient to balance the total pressure above it during solar
minimum (Nagy et al., 2004; Sanchez-Cano et al., 2016). However, it can be strong enough to withstand
the incident solar wind dynamic pressure during solar maximum (Nagy et al., 2004; Zhang &
Luhmann, 1992). This may be one of the reasons why the physics of the ionopause at Mars is different than
that of Venus.

Comparisons with electron energy flux data from ASPERA-3 ELS show that in 90% of cases the ionopause
occurs where the photoelectron signature in the ionosphere appears/disappears, that is, at the PEB. This fact
is consistent with Mitchell et al. (2001) who stated that the PEB and ionopause boundaries are closely related
to each other. However, it disagrees with the findings of Han et al. (2014), who found that the ionopause
boundary is about 200 km lower than the PEB on average. The discrepancy is likely due to our definitions
of ionopause. Han et al. (2014) defined the location of the ionopause the altitude where the electron density
reaches 10° cm™, without a steep gradient requirement, and regardless of whether the density returns to
high values afterward. Recently, Han et al. (2019) reported that the steep density gradients and PEB coincide
whenever they are observed together. However, they found that the average altitude of the PEB is higher
than the average altitude of the steep density gradients.

We find that the ionopause altitude on the dayside varies between ~500 and 700 km on the dayside, similar to
the average altitude of the PEB (Han et al., 2014). Also, consistent with previous studies on the effect of solar
wind dynamic pressure on the altitude of the boundaries at Mars, the altitude of the ionopause boundary
decreases with increasing solar wind pressure. Strong crustal magnetic fields also increase the altitude of
the ionopause by a substantial amount, up to 200 km in some SZA ranges. Moreover, the comparison of
the percentage of the Mars area with the magnetic fields above a given value and the percentage of the iono-
pause cases at locations with a magnetic field above a given value shows that the strong magnetic fields
(above 50 nT, at 400 km) could have a negative effect on the occurrence of the ionopause boundary. Chu
etal. (2019) explained this in terms of the pressure due to crustal fields, which does not require a big increase
in the thermal pressure to counteract the solar wind pressure.

During northern winter, which occurs just after perihelion at Mars, we find higher ionopause altitudes, as
well as higher occurrence rates. A fairly clear correlation is observed between the average altitude of the
ionopause and the solar irradiance. The relation is less noticeable for the occurrence rate.

Our results confirm previous studies that show that the altitudes of the boundaries are affected by several
parameters, such as EUV, crustal fields, and solar wind dynamic pressure.
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