
1. Introduction
Since Mars does not possess a strong global intrinsic magnetic field, the incident solar wind plasma and 
interplanetary magnetic field interacts inductively with its upper atmosphere and highly conductive iono-
sphere. This interaction induces current sheets that produce a magnetic barrier to prevent the solar wind 
from further penetrating into the atmosphere (Ramstad et al., 2020), resulting in the formation of several 
plasma boundaries around Mars, such as the magnetic pileup boundary (Bertucci et al., 2004, 2005; Crider 
et al., 2002), photoelectron boundary (Garnier et al., 2017; Q. Han et al., 2019), and the ionopause (X. Han 
et al., 2014; Nagy et al., 2004).

The Martian ionopause is a feature defined as a steep gradient in electron density at the topside of the 
ionosphere. It is a tangential discontinuity that marks the transition from the hot plasma in the induced 
magnetosphere to the cold, dense ionospheric plasma. When the solar wind flows around Mars, it exerts 
its dynamic pressure indirectly on the ionosphere through the magnetosheath and magnetic pileup region. 
Therefore, as the ionospheric thermal pressure decreases sharply across the ionopause, a magnetic pres-
sure from an intrinsic or induced field is required to maintain a steady state of the ionosphere (Holmberg 
et al., 2019; Sánchez-Cano et al., 2020).

Abstract Due to the lower ionospheric thermal pressure and existence of the crustal magnetism at 
Mars, the Martian ionopause is expected to behave differently from the ionopause at Venus. We study 
the solar wind interaction and pressure balance at the ionopause of Mars using both in situ and remote 
sounding measurements from the Mars Advanced Radar for Subsurface and Ionosphere Sounding 
instrument on the Mars Express orbiter. We show that the magnetic pressure usually dominates the 
thermal pressure to hold off the solar wind at the ionopause at Mars, with only 13% of the cases where 
the ionospheric thermal pressure plays a more important role in pressure balance. This percentage 
at Venus, however, is up to 65%. We also find that the ionopause altitude at Mars decreases as the 
normal component of the solar wind dynamic pressure increases, similar to the altitude variation of 
the ionopauses at Venus. Moreover, our results show that the ionopause thickness at Mars and Venus is 
mainly determined by the ion gyromotion and is equivalent to about five ion gyroradii.

Plain Language Summary An ionopause is a sharp decrease in the plasma density at the top 
of the ionosphere, separating the ionospheric plasma from the shocked solar wind plasma. It was found to 
be a common feature at Venus, where its variability is well constrained by observations from the Pioneer 
Venus Orbiter. Past studies have shown that there are many similarities between the ionopauses at Mars 
and Venus. However, because the thermal pressure of the ionosphere at Mars is lower than that of Venus, 
the Martian ionopause is also thought to behave differently from the ionopause at Venus. We study the 
pressure configuration inside the ionopause at Mars and find that most of the time the magnetic pressure 
is greater than the thermal pressure. We also find that higher solar wind pressure pushes the ionopause 
downward at Mars. Moreover, we show that the thickness of the ionopauses at Mars equals a few radii 
of ion circular motion in the magnetic field. Our results provide insight to the process that controls the 
formation of the ionopause at Mars.
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Since Venus also lacks a global-scale magnetic field and its upper atmosphere interacts directly with the so-
lar wind, the ionopauses at Venus and Mars are similar in many aspects. For example, solar wind conditions 
can heavily influence the dynamics of the ionopauses at both planets (Phillips et al., 1985; Sánchez-Cano 
et al., 2020). Moreover, the altitudes of Venusian and Martian ionopauses both vary over the solar cycle as a 
result of the periodic effects of solar extreme ultraviolet (EUV) on the ionospheric thermal pressure (Duru 
et al., 2020; Kliore & Luhmann, 1991). Thanks to the Pioneer Venus Orbiter (PVO) mission, the studies of 
the ionopause at Venus have provided many deep insights that can be applied to understanding the forma-
tion of the ionopause at Mars.

On the other hand, due to the fact that Mars has a low ionospheric thermal pressure and strong localized 
crustal magnetism, the Martian ionopause is also strikingly different from that at Venus. For instance, un-
like Venus, the ionosphere at Mars is usually found to be in a magnetized state because the solar wind dy-
namic pressure often exceeds the maximum ionospheric thermal pressure (Nagy et al., 2004). The magnetic 
pressure, therefore, plays a more important role in standing off the solar wind ram pressure at the ionopause 
at Mars. In addition, fewer ionopauses are found over strong crustal magnetic field regions at Mars as min-
imagnetosphere can often form to prevent the solar wind from reaching the ionosphere. For example, Chu 
et al. (2019) showed that most of the ionopauses are detected in locations where the crustal field strength 
at 400 km is less than 40 nT. Sánchez-Cano et al. (2020) also found that the ionopauses occur at 36% of the 
time over strong crustal magnetic fields compared with 54% of the time over regions with weak magnetic 
fields.

In the past, a number of studies have been dedicated to the investigation of the dependence of the iono-
pause altitude on solar zenith angle (SZA) and solar EUV flux, as well as the effects of the crustal magnetic 
fields on the formation of the ionopause at Mars (Chu et al., 2019; Duru et al., 2020; Vogt et al., 2015). In 
this paper, we take advantage of both in situ and remote sounding measurements from the Mars Advanced 
Radar for Subsurface and Ionosphere Sounding (MARSIS) instrument on board the Mars Express (MEX) 
spacecraft to study the pressure configuration and balance in the Martian ionopause. We also report for the 
first time on the mechanisms that control the thickness of the ionopause at Mars. The paper is organized as 
follows: Section 2 gives a description of the ionopause observations from the MARSIS instrument, Section 3 
explains the pressure terms used in the analysis, Section 4 presents the results, Section 5 gives a discussion 
on ionopause thickness, and Section 6 concludes the paper.

2. Ionopause Observations
The MARSIS instrument on board the MEX spacecraft is a low-frequency radar sounder designed to per-
form both subsurface and ionospheric soundings (Picardi et al., 2004). In this study, the ionopause is detect-
ed by the Active Ionospheric Sounding mode of the MARSIS radar using two different techniques—topside 
remote radar sounding and in situ measurements.

Spacecraft-borne ionospheric sounders take advantage of the fact that electromagnetic waves will be reflect-
ed at the surface where the wave frequency is below the local electron plasma frequency,

𝑓𝑓pe = 8980
√

𝑛𝑛e Hz, (1)

where ne is the electron density in cm−3 (Hagg et al., 1969). The MARSIS remote radar sounding is per-
formed by transmitting a short radio pulse toward the ionosphere and detecting the time delay, Δt, for the 
echo reflected off the ionosphere to return. The apparent altitude or virtual height (Wright et al., 1972) of 
the reflection point can be expressed as,

ℎ = ℎMEX − 𝑐𝑐Δ𝑡𝑡
2

, (2)

where hMEX is the spacecraft altitude and c is the speed of light. Therefore, by stepping through the frequency 
of the transmitting radar pulses (0.1–5.5 MHz), MARSIS is able to obtain the vertical plasma density profile 
of the ionosphere from the spacecraft location to the peak of the electron density (Gurnett et al., 2005). The 
term “apparent altitude” here refers to the scale that has not been corrected for dispersion of the electromag-
netic waves propagating in a plasma. Since the discrepancy between the actual ionopause altitude and the 
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apparent altitude becomes larger as MEX is further away from the ionopause during remote sounding, here, 
we only consider the cases where the spacecraft altitude is below 700 km. Choosing such a subdataset will 
not change our results much as 96% of the ionopauses occur in the altitude range between 300 and 430 km 
(Chu et al., 2019).

The intensities of the return echoes received by MARSIS during each frequency sweep and the time delay 
Δt are displayed in ionograms. A schematic illustration of an electron plasma frequency profile as a function 
of altitude is shown in Figure 1a and the resulting ionospheric sounding ionogram is shown in Figure 1b. 
One of the most prominent features that can be easily seen in an ionogram is the ionospheric echo, usually 
extending from ∼1 MHz to a few MHz. An ionopause echo, on the other hand, appears much less often in 
the ionogram. In Figure 1b, an ionopause is identified as a short horizontal line in the low frequency range  
(𝐴𝐴 𝐴 0.4 MHz), indicating a steep density change over a short vertical distance. A potential problem we initially 
thought of in identifying the ionopause in an ionogram is that the small ionopause signature could some-
times be obscured by vertical or horizontal lines in the same region (electron plasma frequency harmonics 
or electron cyclotron echoes). After a careful examination, however, we find that this is not an issue since 
these lines do not appear in the ionogram anymore when the local plasma density at the spacecraft location 
is well below 100 cm−3, a condition satisfied most of the time during MARSIS remote sounding from above 
the ionopause. More detailed discussions about identifying the ionopause in an ionogram can be found in 
Chu et al. (2019).

Besides the remote sounding technique, the ionopause can also be detected through MARSIS in situ density 
measurements (Duru et al., 2009). In the process of remote sounding, intense electrostatic electron plas-
ma oscillations can be excited at the local electron plasma frequency surrounding the spacecraft (Gurnett 
et al.,  2008). Later when these oscillations are picked up by MARSIS, the received waveforms are often 
severely clipped, resulting in closely spaced vertical harmonic lines in the low frequency region of the ion-
ogram (Figure 1c). These harmonics allow us to determine the local electron density,

Figure 1. (a) Schematic illustration of a typical electron plasma frequency profile as a function of altitude in the Martian ionosphere. (b) An example of the 
color-coded Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) ionogram from the orbit 2,360 on November 14, 2005. The ionopause 
can be seen as a horizontal line at frequencies below 0.4 MHz. (c) Another ionogram from the same orbit showing the features of the electron plasma oscillation 
harmonics and electron cyclotron echoes. (d) Schematic illustration of the pressure terms at the ionopause. Pth is the ionospheric thermal pressure, PBi is the 
magnetic pressure in the ionosphere, PBp is the magnetic pressure in the magnetic pileup region, and Psw is the solar wind dynamic pressure.
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�e =
(

Δ�
8980

)2

cm−3, (3)

where Δf is the harmonic spacing in the units of Hz. As MEX enters or exits the topside ionosphere, one can 
identify the ionopause by looking for the signature of a steep density gradient in the local electron density 
profile.

Both of these two techniques, remote radar sounding and in situ measurements, have advantages and dis-
advantages in ionopause observations. MARSIS remote sounding can detect the ionopause continuously 
from above the ionosphere, whereas the in situ method can only observe the ionopause twice during each 
orbit. In our remote sounding data set, ∼1,600 out of 1,791 ionopauses are observed in completely different 
orbits, accounting for ∼89% of all the detections. On the other hand, the remote sounding technique cannot 
measure the magnetic field inside the ionopause. The in situ method therefore becomes the only way for us 
to investigate the pressure configuration at the ionopause. Despite the advantages of these two techniques, 
the ionopause is still a transient feature of the Martian system and only observed using this technique less 
than 18% of the time (Chu et al., 2019; Duru et al., 2009). It should also be noted that neither of these two 
techniques can measure the vertical plasma density profile in “pure” vertical direction due to the 3D nature 
of the spacecraft orbit.

3. Pressure Terms at the Ionopause
To investigate the solar wind interaction and pressure balance at the ionopause, we need to evaluate the 
pressures that are exerted on the ionopause. In this study specifically, we consider three different pressure 
terms, the thermal pressure and magnetic pressure in the ionosphere, and the solar wind dynamic pressure.

3.1. Ionospheric Thermal Pressure

Based on MARSIS in situ electron density measurements, the thermal pressure of the ionosphere can be 
estimated as,

𝑃𝑃th = 𝑛𝑛i𝑘𝑘𝑘𝑘i + 𝑛𝑛e𝑘𝑘𝑘𝑘e ≈ 2𝑛𝑛e𝑘𝑘𝑘𝑘e, (4)

where Ti and Te are the ion and electron temperature, respectively, ni is the ion density (ni ≈ ne), and k is 
the Boltzmann constant. Here, we assume equal ion and electron temperature Ti ≈ Te as the first order 
approximation for at least up to 350 km (Hanson & Mantas, 1988; Matta et al., 2014). We also use a fixed 
representation of the Te profile that does not account for potential SZA, latitude, seasonal, or solar activity 
variations (Ergun et al., 2015; Pilinski et al., 2019):

�e =
�H + �L

2
+ �H − �L

2
tanh

(

� −�0

�0

)

, (5)

where TH = 0.271 eV and TL = 0.044 eV are the upper and lower bounds of Te, respectively, z is the altitude, 
Z0 = 241 km represents the altitude of the most rapid change in Te, and H0 = 60 km is the scale height of 
the rapid change.

3.2. Magnetic Pressure in the Ionosphere

In addition to the vertical electron plasma oscillation harmonics discussed in Section 2, another commonly 
found feature in many MARSIS ionograms is a series of equally spaced horizontal echoes in time at frequen-
cies below 1 MHz, as shown in Figure 1c. When electrons near the antenna are accelerated by the strong 
electric fields during each transmission cycle, they go through cyclotron motions in the local magnetic field 
and periodically return to the vicinity of the antenna, causing the electron cyclotron echoes to appear in the 
ionogram (Gurnett et al., 2005). The repetition rate of these echoes is equal to the local electron cyclotron 
frequency,
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𝑓𝑓c =
𝐵𝐵𝐵𝐵
2𝜋𝜋𝜋𝜋e

, (6)

where B is the magnetic field strength, e is the electron charge, and me is the electron mass. Since MEX is 
not equipped with a magnetometer, these electron cyclotron echoes provide the only method to measure the 
local magnetic field. All the ionopause in situ detections selected in this study are accompanied by simulta-
neous magnetic field measurements.

As the peak thermal pressure in the Mars ionosphere rarely exceeds the solar wind dynamic pressure, the 
dayside ionosphere is often found to be magnetized in order to stand off the solar wind (Nagy et al., 2004; 
Zhang et al., 1990). Over the regions away from the strong crustal magnetism, we can assume that the mag-
netic field is approximately tangential to the ionopause (Halekas et al., 2017). Thus, the magnetic pressure 
in the ionosphere normal to the ionopause can be estimated to the first order as,

𝑃𝑃Bi =
𝐵𝐵2

2𝜇𝜇0
, (7)

where μ0 is the permeability of free space.

3.3. Solar Wind Dynamic Pressure

Since MEX does not directly measure the properties of the solar wind, the solar wind dynamic pressure Psw 
is estimated based on the ASPERA (Analyzer of Space Plasma and Energetic Atoms) solar wind moments, 
which are calculated from averaged proton distributions collected over the inbound/outbound segments of 
MEX outside the bow shock (Barabash et al., 2006; Ramstad et al., 2015, 2017):

𝑃𝑃sw = 𝑛𝑛p𝑚𝑚p𝑣𝑣2p, (8)

where np is the proton density, mp is the proton mass, and vp is the speed of the solar wind. As ASPERA 
makes measurements in the solar wind just before entering the bow shock and after exiting it, due to the 
MEX orbital period, the pressure values used in this study are the closest ones to the time when the iono-
pause is observed within 6 hr.

Note that the normal component of the solar wind ram pressure is not directly exerted on the ionopause; 
rather it is first converted to thermal pressure in the magnetosheath, then to magnetic pressure in the pileup 
region. The normal component of the solar wind dynamic pressure can be written as,

𝑃𝑃sw⟂ = 𝛼𝛼𝑃𝑃swcos2𝜃𝜃𝜃 (9)

where θ is the angle between the magnetic pileup boundary normal and the flow direction of the upstream 
solar wind, and α ≈  0.88 is the proportionality constant (Crider et  al.,  2003). For lower SZAs, θ can be 
approximately replaced by SZA. At higher SZAs, however, this approximation breaks down because the 
curvature of the obstacle must be accounted. Therefore, we only select the data set with SZA less than 65° 
in this study.

A schematic illustration of the three pressure terms Pth, PBi, and Psw is shown in Figure 1d. In theory, a pres-
sure balance across the ionopause requires:

𝑃𝑃th + 𝑃𝑃Bi = 𝑃𝑃sw⟂. (10)

In other words, the ionospheric thermal pressure and magnetic pressure should stand off the normal com-
ponent of the solar wind dynamic pressure. A detailed examination of this pressure balance relation will be 
presented in Section 4.
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4. Results
In this study, we utilize both MARSIS in situ (79 detections) and remote sounding (1,791 detections) meas-
urements, excluding crustal magnetic field regions, to study the pressure balance at Martian ionopauses and 
their interactions with the solar wind. The descriptions of these data sets can be found in Chu et al. (2019) 
and Duru et al. (2020). We first compare the pressure configuration at the ionopause at Venus and Mars, 
and then investigate the role of the solar wind in the formation of the Martian ionopause. Finally, we study 
the dependence of the ionopause thickness at Mars on altitude and magnetic field strength. The MARSIS 
remote sounding data are only used in Figure 3a in Section 4.2 while the in situ data are used in the rest of 
the plots in this paper.

4.1. Comparison of Pressure Configuration at Ionopauses at Venus and Mars

The maximum ionospheric thermal pressure at Venus often exceeds the solar wind dynamic pressure 
(Zhang & Luhmann, 1992). The thermal pressure of the ionosphere, therefore, plays a dominant role in the 
pressure balance underneath the ionopause. Figure 2a shows a typical example of the pressure configura-
tion at the ionopause at Venus (Orbit 168 on May 21, 1979) during solar maximum. Inside the ionopause, 

Figure 2. (a, b) Thermal pressure and magnetic pressure profiles at the Venusian ionopause as a function of the altitude. The data shown here are based on 
the in situ measurements from the Pioneer Venus Orbiter's Magnetometer (OMAG) and Electron Temperature Probe (OETP). A typical example of the pressure 
configuration is shown in panel (a) and a rare case is shown in panel (b). (c, d) Thermal pressure and magnetic pressure profiles at the Martian ionopause as a 
function of the altitude. The data shown are based on the MARSIS in situ measurements. A rare, Venusian-like example of the pressure configuration is shown 
in panel (c) and a typical case is shown in panel (d). The red arrows mark the ionopause thickness and the red stars represent the location where the total 
pressure Ptot = Pth + PBi is measured.

 21699100, 2021, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006936 by U
niversity O

f Iow
a, W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

CHU ET AL.

10.1029/2021JE006936

7 of 13

as the thermal pressure decreases, the magnetic pressure is forced to increase to maintain the pressure bal-
ance. There are some rare occasions shown in Figure 2b (Orbit 190 on June 12, 1979), where the magnetic 
pressure underneath the ionopause is around the same order of magnitude as the thermal pressure. In such 
cases, both of the pressure terms are equally important in balancing the solar wind dynamic pressure above 
the ionopause.

Due to the lower ionospheric thermal pressure at Mars, the behavior of the Martian ionopause is expected 
to be different from the ionopause at Venus. Figure 2c shows a rare, Venusian-like (typical pressure con-
figuration at Venus; unmagnetized) pressure configuration at the Martian ionopause, only found in 13% of 
all the cases over a 11-year period. This type of configuration usually occurs when the normal component 
of the solar wind dynamic pressure is extremely low (<0.03 nPa), so that the ionosphere is mostly in an 
unmagnetized state as the maximum thermal pressure of the ionosphere is sufficient to balance the total 
pressure above the ionopause, much like the case at Venus. In contrast, the similar pressure configuration 
at Venus shown in Figure 2a is observed at least 65% of cases at solar maximum (Elphic et al., 1981; Luh-
mann et al., 1980) and ∼52% at solar minimum (Angsmann et al., 2011). Figure 2d shows a typical pressure 
configuration (magnetized) at the ionopause at Mars, where the magnetic pressure is clearly seen to play a 
dominant roll in the pressure balance anywhere at the ionopause.

4.2. Influence of Solar Wind on Martian Ionopause

At Venus, the behavior of the ionopause is strongly affected by the upstream solar wind conditions (Brace 
& Kliore, 1991). In our previous study, we showed how crustal magnetism and solar EUV flux control the 
ionopause formation at Mars (Chu et al., 2019). Here, we examine the influence of the solar wind dynamic 
pressure on ionopause apparent altitude at Mars based on 1,791 ionopause detections (SZA < 65°) obtained 
using the MARSIS remote sounding technique (Figure 3a). Despite a strong scattering of the data points in 
Figure 3a, likely due to the variations of seasons and solar EUV flux (more plots showing the distribution in 
season, EUV flux, latitude, and SZA can be found in the Supporting Information S1), we find that the iono-
pause altitude decreases with the normal component of the solar wind dynamic pressure by 131 ± 50 km/
nPa based on the least squares fitting of the bin-averaged points with 95% confidence intervals. This slope, 
however, becomes 87 ± 27 km/nPa when we try to fit all the data points in Figure 3a. Nevertheless, both 
fittings show a negative correlation between the ionopause altitude and the solar wind dynamic pressure.

Figure 3. (a) Scatter plot of the ionopause apparent altitude (SZA < 65°) as a function of the normal component of the solar wind dynamic pressure at Mars. 
The ionopause data are collected using the Mars Advanced Radar for Subsurface and Ionosphere Sounding remote sounding technique. The mean ionopause 
altitude averaged over each 0.1 nPa bin is shown in blue dots. Error bars represent the standard deviation. (b) Correlation between the total ionopause pressure 
(SZA < 65°) and normal component of the solar wind dynamic pressure at Mars. The mean ionopause pressure for each 0.05 nPa bin is shown in blue dots. 
Error bars represent the standard error of the mean (𝐴𝐴 𝐴𝐴∕

√

𝑁𝑁  , σ standard deviation and N number of data points in each bin). The best fit lines in panels (a, b) 
are based on the least squares method. SZA = solar zenith angle.
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Similar ionopause altitude variation with the solar wind dynamic pressure was also observed at Venus by 
PVO (Brace et al., 1980). The trend shown in Figure 3a, however, was not found in Vogt et al. (2015). This 
can simply be due to the relatively small size of their data set since this work was done at the very early 
stage of the MAVEN (Mars Atmosphere and Volatile EvolutioN) mission. Later using MARSIS in situ meas-
urements, Duru et al. (2020) was actually able to show the similar result as ours that the ionopause altitude 
decreases while the solar wind dynamic pressure increases. These solar wind effects are also observed in 
other plasma boundaries at Mars, such as the bow shock, magnetic pileup boundary (Edberg et al., 2009), 
ion composition boundary (Halekas et  al.,  2018), and the photoelectron boundary (Girazian, Halekas, 
et al., 2019; Garnier et al., 2017; Withers et al., 2016).

To test the theory for pressure balance at the ionopause, we plot the total pressure inside the ionopause 
(Ptot = Pth + PBi, measured at the “center point” of an ionopause as shown in Figure 2) as a function of the 
normal component of the solar wind dynamic pressure for SZA < 65° in Figure 3b. We then perform a linear 
fit (least squares method) for the average pressure in each pressure bin using the formula Ptot = aPsw⊥ + b. 
Given the large uncertainties and many assumptions we made in calculating Ptot and Psw in Section 3, such 
as a fixed profile of Te and closest Psw within 6 hr of ionopause detections, we still find that a = 1.36 ± 0.44, 
a slope somewhat higher than 1 but consistent with unity. The result of the test potentially indicates that 
the total pressure Ptot inside the ionopause on average balances the normal component of the solar wind 
dynamic pressure Psw⊥, in agreement with the similar test based on the simultaneous measurements by 
ASPERA and MAVEN in Sánchez-Cano et al. (2020). Additionally, we find that b = 0.19 ± 0.06 nPa, a small 
offset between Ptot and Psw⊥, which suggests that Ptot may slightly exceed Psw⊥ at the location where the ion-
opause forms, in agreement with the results shown in Holmberg et al. (2019).

4.3. Dependence of Ionopause Thickness on Altitude

We identify the thickness of a Martian ionopause as the length scale of the steep change in ionospheric 
plasma density continuously greater than Δn/n > 0.1. Since the MARSIS in situ technique can only measure 
the local plasma density once in each frequency sweep period (1.257 s), assuming the local plasma density 
is ∼100 cm−3 and the vertical speed of MEX is ∼3 km/s , this sorting criteria is equivalent to a minimum 
density gradient of ∼2 cm−3∕km . An example illustrating the ionopause thickness is shown in Figure 2. 
Since the ionopause is essentially a current sheet induced to shield the solar wind magnetic field from pen-
etrating into the upper ionosphere, the thickness of this boundary layer is expected to be in the order of the 
ion gyroradius scale (Cravens & Shinagawa, 1991). However, there are also other factors that can affect the 
ionopause thickness, such as diffusion (Elphic et al., 1981).

At Venus, past observations from PVO showed that the ionopauses can be mainly grouped into two classes 
based on the mechanisms that determine their thickness—the thick ionopauses (thickness 𝐴𝐴 𝐴 60 km) at low 
altitudes and thinner ones at high altitudes (Elphic et al., 1981). The PVO measurements of the ionopause 
thickness as a function of altitude are shown in Figure 4a (reproduced from Figure 6 in Elphic et al., 1981). 
When the ionopause forms at low altitudes (colored in orange), due to relatively high ionospheric density, 
the ion coulomb collision rate usually dominates the ion gyrofrequency in this boundary layer, making dif-
fusive broadening an important process in determining the ionopause thickness. However, as the altitude 
increases, the coulomb collision rate falls off rapidly, causing the thickness of the ionopause forming in 
high altitudes (colored in green) to be simply proportional to the ion gyroradius. Since the variation of the 
ion temperature is small above 300 km, the thickness of these ionopauses is also inversely proportional to 
the magnetic field strength (Miller et al., 1980). Figure 5a shows the PVO measurements of the ionopause 
thickness as a function of the field strength (reproduced from Figure 5 in Elphic et al., 1981). If we rewrite 
the ion gyroradius as �i =

√

�i��i∕�� , where mi is the ion mass and e is the electron charge, by fitting (least 
squares method) the thickness of the ionopauses at high altitudes (colored in green) with formula d = γρi 
and assuming the temperature of O+ ions Ti ≈ 3,000 ± 500 K, we find that on average the ionopause thick-
ness is about γ = 5.4 ± 1.4 ion gyroradii at Venus (Elphic et al., 1981).

At Mars, however, the ionospheric density is much smaller than that at Venus. Previous studies have shown 
that the ion coulomb collision rate is only comparable to the ion gyrofrequency in the ionospheric dyna-
mo region that lies between 100 and 250 km in altitude, well below that of the ionopause (Opgenoorth 
et al., 2010; Withers, 2008). Therefore, in contrast to the two main mechanisms that affect the thickness 
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of Venusian ionopauses at low and high altitudes, the ion gyroradius scale becomes the most important 
factor that determines the ionopause thickness at Mars. Figure  4b shows the ionopause thickness as a 
function of altitude based on the MARSIS in situ measurements. In general, we find that the ionopause 
thickness increases with altitude at Mars due to lower magnetic field strength at higher altitudes (Holm-
berg et al., 2019). Another contributing factor to this trend is that higher fields are associated with higher 
solar wind dynamic pressure, thus thin ionopauses tend to be found in lower altitudes. Figure 5b shows the 
ionopause thickness as a function of the field strength. If we assume the topside ionospheric composition 
is about 50% O+ ions and 50% O+

2  ions, and Ti ≈ Te ≈ 3,000 ± 500 K, by repeating the same procedure as in 
Figure 5a, we find that the ionopause at Mars has a thickness of 5.8 ± 1.3 ion gyroradii, comparable to 5.4 
ion gyroradii at Venus (Girazian, Mahaffy, et al., 2019).

Figure 4. (a) Ionopause thickness as a function of altitude at Venus, reproduced from Figure 6 in Elphic et al. (1981). The orange and green dots mark the 
thick ionopauses (thickness 𝐴𝐴 𝐴 60 km) forming at low altitudes and thin ionopauses at high altitudes, respectively. (b) Ionopause thickness as a function of 
altitude at Mars, based on the Mars Advanced Radar for Subsurface and Ionosphere Sounding in situ measurements. The “ionopause altitude” in panels (a, b) 
refers to the altitude of the center point of an ionopause, as indicated by the red stars in Figure 2.

Figure 5. (a) Ionopause thickness as a function of magnetic field strength at Venus, reproduced from Figure 5 in Elphic et al. (1981). Same as Figure 4a, the 
orange and green dots represent the ionopauses forming at low and high altitudes, respectively. (b) Ionopause thickness as a function of magnetic field strength 
at Mars, based on the Mars Advanced Radar for Subsurface and Ionosphere Sounding in situ measurements. The red curves in panels (a, b) represent the best fit 
(least squares method) of the green dots with the formula � = �

√

�i��i∕�� ∝ 1∕� .
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5. Discussion on Ionopause Thickness
To better understand how the ion gyroradius determines the ionopause thickness at Mars, we can con-
sider the “thinnest” boundary layer between a plasma and a vacuum magnetic field (Elphic et al., 1981; 
Grad, 1961). Here, we assume that the magnetic field at the ionopause can be approximately represented 
by the following profile:

� = �0(1 + tanh�), (11)

where ξ = (z − z0)/H, z is the altitude, H is the arbitrary characteristic length scale of the magnetic field 
variation, and B0 is the magnetic field strength inside the ionopause (z = z0). Since we are only interested 
in calculating the ionopause thickness Δz, we can simply assume z0 = 0. A steady state plasma boundary 
requires the total pressure inside the ionopause the same everywhere (Figure 6a). By solving the pressure 
balance equation Pth(ξ) + PBi(ξ) = PBi(ξ → ∞) and assuming Ti ≈ Te, we can obtain the expression for the 
electron density.

�e =
�2

0

4�0��i
(3 − tanh2� − 2tanh�). (12)

The plasma density gradient can thus be computed as,

��e
��

= −
�2

0

2�0��i
sech2�(tanh� + 1). (13)

For the thinnest possible boundary profile, Elphic et al. (1981) found that H ≈ ρi when Ti ≈ Te, ρi being the 
ion gyroradius. Therefore, by inserting the ionopause identifying criteria dne/dz > 2 cm−3/km, we are able 
to calculate the ionopause thickness for various magnetic field strengths as shown in Figure 6b. Here, we 
adopt the same assumptions made in Section 4.3, such as the ionospheric composition at Mars is about 

50% O+ ions and 50% O+
2  ions, and Ti ≈ 3,000 K. It is much to our surprise 

that these theoretical predictions agree very well with the MARSIS in situ 
observations, better than the best fit in Figure 5b.

One interesting result from this simple model is that the ratio of the ion-
opause thickness to ion gyroradius is no longer a constant as we previ-
ously assumed in Section 4.3; it is now dependent on the magnetic field 
strength (Table 1). We notice that the ratio ranges from γ = 3.4 at 10 nT to 
γ = 6.8 at 45 nT, however, on average it is close to our predicted value of 

Figure 6. (a) Thermal pressure and magnetic pressure profile at the plasma boundary layer based on the magnetic field expression in Equation 11. (b) 
Theoretical predictions of the ionopause thickness as a function of magnetic field strength (red curve) at Mars, along with the Mars Advanced Radar for 
Subsurface and Ionosphere Sounding in situ observations (green dots).

B (nT) 10 15 20 25 30 35 40 45 50 55

γ 3.4 4.3 5.0 5.5 5.9 6.3 6.6 6.8 7.1 7.3

Table 1 
Ratio of Ionopause Thickness to Ion Gyroradius for Various Magnetic Field 
Strengths at Mars: d = γρi, d Being the Ionopause Thickness and ρi the Ion 
Gyroradius
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5.8 based on the best fit in Figure 5b. Compared to γ being a constant, the field strength dependent profile 
of γ results in a better agreement between the theory and the observations in Figure 6b, suggesting that the 
latter might be the actual case scenario that determines the ionopause thickness at Mars. In addition, since 
this model does not impose constrains on any specific plasma boundary, it can as well be applied to the ion-
opause at Venus. This explains the coincidence that the ratio of the ionopause thickness to ion gyroradius 
at Venus is comparable to that at Mars.

6. Conclusions
We have investigated the solar wind interaction and pressure balance at the dayside ionopause of Mars 
using both in situ and remote sounding measurements from the MARSIS instrument. We have found that 
most of the time the magnetic pressure dominates the thermal pressure to hold off the solar wind at the 
ionopause at Mars. Only about 13% of the ionopauses that we examined over a 11-year period are unmag-
netized, whereas the unmagnetized ionopauses account for at least 52% at Venus. Additionally, our analysis 
has shown that the ionopause altitude decreases as the solar wind dynamic pressure increases at Mars, 
similar to the altitude variation of the ionopauses at Venus. Finally, we have shown for the first time that the 
thickness of the ionopauses at Mars is mainly determined by the ion gyromotion, much alike the ionopaus-
es forming in high altitudes at Venus. The ionopauses at Mars are found to have a thickness of about 5.8 ion 
gyroradii, surprisingly close to the ionopause thickness of 5.4 ion gyroradii at Venus.

Data Availability Statement
The MARSIS data used in this study are publicly available through the NASA Planetary Data System (PDS; 
https://pds-geosciences.wustl.edu/missions/mars_express/marsis.htm). The PVO Orbiter's Magnetometer 
data (Kniffin, 1993) and Electron Temperature Probe data (Theis, 1993) are also publicly available through 
the NASA PDS. The solar wind moments and derived data products shown in Figures 3–5 are archived on 
zenodo.org (Chu et al., 2021).
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