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1.  Introduction
Mars does not possess a global dipole magnetic field and therefore the solar wind interacts with the gravitation-
ally bound ionosphere to produce an induced magnetosphere that acts to slow down and deflect the incident 
supersonic solar wind flow about the planet (Bertucci et al., 2011; Dubinin et al., 2011; Halekas et al., 2017; Nagy 
et al., 2004). The induced nature of the Martian magnetosphere means that this interaction is highly dependent 
upon the upstream solar wind conditions, particularly the Interplanetary Magnetic Field (IMF) orientation (Brain 
et al., 2006; Crider et al., 2004; Fang et al., 2018). In its nominal Parker Spiral configuration, the IMF makes an 
angle of ∼57° to the Mars-Sun line, depending on Mars season and solar activity (Liu et al., 2021). This leads to 
quasi-perpendicular shock conditions at the nose of the planet that are characterized by a relatively stable plasma 
and magnetic field environment and the formation of a clear bow shock and magnetosheath (Bale et al., 2005; 
Mazelle et al., 2004). In addition, on the dayside at Mars several plasma boundaries are collocated beneath the 

Abstract  The solar wind interaction with Mars controls the transfer of energy and momentum from the 
solar wind into the magnetosphere, ionosphere and atmosphere, driving structure, and dynamics within each. 
This interaction is highly dependent on the upstream Interplanetary Magnetic Field (IMF) orientation. We use 
in-situ plasma measurements made by the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission to 
identify several prominent features that arise when the IMF is aligned approximately parallel or antiparallel to 
solar wind flow (conditions known as “radial IMF”). In particular, solar wind protons and alphas are observed 
to directly penetrate down to periapsis altitudes, while the magnetic barrier forms deep within the dayside 
ionosphere. The MAVEN observations are consistent with either an ionopause-like boundary or diamagnetic 
cavity forming beneath the barrier, as a consequence of the dense cold ionosphere and the absence of significant 
crustal magnetic fields at this periapsis location. The planetary ions above the magnetic barrier are exposed 
to solar wind flow and subsequent mass-loading. The 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 (convective electric field or “ion pickup”) force 
is weak and highly variable during radial IMF. While wave particle interactions and subsequent wave heating 
contribute to incorporating the heavy planetary ions into the solar wind flow, the solar wind momentum is not 
fully deflected around the obstacle and is delivered into the collisional atmosphere. Significant ion heating 
is observed deep within the dayside ionosphere, and observed ionospheric density and temperature profiles 
demonstrate that these ion energization mechanisms drive significant erosion and likely escape to space.

Plain Language Summary  The planets and comets in our solar system are exposed to a barrage of 
energetic particles emitted by our Sun, known as the solar wind. These particles carry with them a magnetic 
field, and this magnetic field plays an important role in determining how the solar wind is deflected around 
these planetary and cometary bodies. We use observations made by a spacecraft orbiting Mars to investigate 
this interaction when the solar wind magnetic field is oriented in a somewhat unique fashion, aligned in the 
same direction as the solar wind flow (in contrast to more typical conditions when the solar wind magnetic field 
is oriented at an angle to the flow direction). In this unique orientation, we find that solar wind particles crash 
into the dayside atmosphere of Mars, instead of being deflected around the planet. In addition, this magnetic 
field orientation allows significant solar wind energy to be deposited into the dayside atmosphere via the 
interaction of generated electric and magnetic fields, with charged particles in the atmosphere. The resulting 
near space environment at Mars is highly dynamic and disturbed compared to more typical conditions.
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magnetosheath that act to separate the shocked solar wind plasma from the cold thermal planetary plasma of 
the ionosphere (Dubinin et al., 1996; Matsunaga et al., 2017). These boundaries include the Magnetic Pileup 
Boundary (MPB, also known as the outer edge of the magnetic barrier) (Bertucci, Mazelle, Crider, et al., 2003; 
Vignes et al., 2000), the Induced Magnetosphere Boundary (IMB) (Dubinin et al., 2008; Dubinin, Winningham, 
et al., 2006), and the Ion Composition Boundary (ICB) (Breus et al., 1991; Sauer et al., 1995). During Parker 
Spiral IMF conditions, localized quasi-parallel shock conditions that are characterized by highly variable plasma 
and magnetic field behavior can arise on one flank of the magnetosphere (Burgess et  al.,  2005; Schwartz & 
Burgess,  1991). Case studies have demonstrated that low frequency electromagnetic waves generated at the 
quasi-parallel flank can transmit energy to the underlying ionosphere, driving ion heating, and escape to space 
(Collinson et al., 2018; Fowler et al., 2018, 2019, 2021).

In contrast, when the IMF is aligned with the solar wind flow (“radial IMF”), quasi-parallel shock conditions are 
expected to arise across the entire dayside solar wind interaction region and produce a highly variable plasma 
environment. While recent studies have demonstrated that this foreshock structure is expected to form upstream 
under such conditions (Collinson et al., 2020; Omidi et al., 2017), detailed data-driven studies are lacking. In 
particular, the characterization of these conditions, including the importance of additional sources of variability 
such as exospheric ion pick up, and the impact of such dynamic structure on the underlying ionosphere, are 
incomplete. At Venus (also unmagnetized like Mars), Phillips et al. (1986) and Du et al. (2009) used magnetom-
eter observations to show that during radial IMF conditions the Venusian magnetosheath becomes dominated by 
strong and turbulent magnetic fluctuations, while Zhang et al. (2009) showed that the induced Venusian magne-
tosphere and corresponding magnetic barrier may disappear entirely. A study by Chang et al.  (2020) showed 
that the magnetic barrier at Venus became weak during radial IMF conditions, and the underlying ionosphere 
demagnetized (i.e., the solar wind magnetic field was unable to penetrate into it).

These previous studies of radial IMF conditions at Mars and Venus have focused on the response of the plasma 
boundaries to radial IMF but have yet to determine the consequences for the underlying dayside ionosphere, in 
particular with regard to energy transfer through the solar wind interaction region. In the case study presented 
here, we evaluate the effect of radial IMF on the Martian dayside ionosphere using the comprehensive plasma 
measurements made by the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft and identify several 
prominent changes that arise in the dayside interaction region, as compared to more typical Parker Spiral IMF 
conditions. In particular, MAVEN obtains high time cadence, mass resolved, ion (and electron) distribution 
functions, alongside measurements of all important plasma parameters, which enable us to fully characterize the 
local plasma environment and identify the physical processes active. This has not been possible prior to MAVEN 
because previous spacecraft have not flown instrument suites with these capabilities. This event was originally 
identified based on Emirates Mars Mission observations of patchy proton aurora caused by direct deposition 
of solar wind protons on the thermosphere (Chaffin et al., 2022). The data analyzed in this study are described 
in Section 2 and the MAVEN observations are presented in Section 3. Our interpretations and discussion are 
presented in Section 4 and conclusions are drawn in Section 5.

2.  Data Sets
Observations analyzed for this case study were made by NASA's MAVEN mission (Jakosky et al., 2015). For 
this case study (11 August 2021), MAVEN's elliptical orbit had a periapsis altitude of ∼230 km that sampled 
the dayside ionosphere, and an apoapsis altitude of ∼4,360 km that sampled the magnetotail. This study utilizes 
observations from the Magnetometer (MAG, Connerney et al., 2015), SupraThermal And Thermal Ion Composi-
tion (STATIC, McFadden et al., 2015), Solar Wind Ion Analyzer (SWIA, Halekas, Taylor, et al., 2015), Langmuir 
Probe and Waves (LPW, Andersson et al., 2015), Solar Wind Electron Analyzer (SWEA, Mitchell et al., 2016), 
and Neutral Gas and Ion Mass Spectrometer (NGIMS, Mahaffy et al., 2015). The data sources for these data sets 
are listed in the Acknowledgments.

The 3D magnetic field is measured at 32 Hz by MAG, and data are presented in the Mars Solar Orbital (MSO) 
coordinate system, defined as X pointing Sunward along the Mars-Sun line; Z points north out of the eclip-
tic plane, and Y completes the right-handed system pointing approximately opposite to Mars' orbital motion. 
STATIC is an electrostatic top hat analyzer that measures ions from 0.1 eV up to 30 keV in energy. STATIC 
utilizes a time of flight velocity analyzer to distinguish the major ion species at Mars (H +, He ++, O +, O2 +, and 
CO2 +). Observations of solar wind ions are provided at 4 s cadence by SWIA, an electrostatic top hat analyzer. 
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Thermal electron density and temperature are provided by LPW via the analysis of current-voltage curves (Ergun 
et al., 2015, Ergun, Andersson, Fowler, & Thaller, 2021; Ergun, Andersson, Fowler, Thaller, & Yelle, 2021). 
Observations of suprathermal electrons at energies 3 eV–4 keV are provided by SWEA, an electrostatic top hat 
analyzer. NGIMS is a quadruple mass spectrometer that measures neutral and ion densities at ∼2 s cadence.

3.  Observations: Case Study on 11 August 2021
3.1.  Overview

An overview of the case study is shown in Figure 1. Panels (a–d) show time series plasma observations made by 
MAVEN during the periapsis pass, while panels (e–h) show MAVENs orbit trajectory in various planes of the 
MSO coordinate system. Prior to 21:40, MAVEN is sampling in the dayside dawn southern hemisphere of the 

Figure 1.  Overview of the case study event. Panels show (a) SWIA omni-directional ion energy spectrogram; (b) STATIC mass spectrogram; (c) magnetic field 
amplitude; and (d) ionospheric thermal electron density. MAVEN's orbit in various planes of the MSO coordinate system is shown in panels (e–h); the gray whiskers 
denote the magnetic field vector in each plane; the purple conic marks the average position of the bow shock derived by Vignes et al. (2000). Eflux has units of eV (eV 
s sr cm 2) −1. The rainbow color bar (under panel d) can be directly compared to the orbit tracks and rainbow color bars in all subsequent figures.

 21699402, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030726 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [22/02/2024]. 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: Space Physics

FOWLER ET AL.

10.1029/2022JA030726

4 of 21

magnetosphere and observes high amplitude fluctuations in the ion energy flux (panel a) and the magnetic field 
strength (panel c). These characteristics permeate the entire time range shown and are characteristic of in-situ 
plasma measurements made through quasi-parallel shock crossings at Earth (e.g., Burgess et al., 2005) and Mars 
(e.g., Fowler et al., 2019; Halekas et al., 2017; Ruhunusiri et al., 2017). As is discussed later, MAVENs orbit 
does not sample the foreshock region during this case study, and for the remainder of this paper, we refer to this 
highly dynamic region that MAVEN samples as the “interaction region.” One can argue that the Mars-solar 
wind interaction starts upstream of the bow shock and continues through the ionosphere—for this study, we are 
referring to the magnetosheath region that displays high amplitude nonlinear wave features. Panels (e–h) show 
that MAVEN is well below the typical bow shock location and likely sampling downstream of an extended fore-
shock. During this initial time period, MAVEN observes solar wind protons, alphas, and planetary heavy ions 
(panels a and b). As MAVEN approaches periapsis (∼21:40–21:50) the spacecraft passes close to the subsolar 
point (SZA values approaching zero) and highly variable plasma conditions are still observed. At around 21:50, 
MAVEN encounters the thermal plasma of the ionosphere (panel d), coincident with increases in heavy planetary 
ion fluxes (panel b). The ionospheric plasma density profile is characterized by significant variability (panel d) 
through till periapsis (orange vertical line). On the outbound segment (∼22:00–22:15), MAVEN is sampling in 
the northern hemisphere close to the dusk terminator polar region. The ionospheric density and magnetic field 
profiles are still variable but less disturbed than on the inbound segment. The magnetic field whiskers shown in 
panels (e–h) demonstrate significant variability particularly during the inbound segment, further supporting the 
notion that MAVEN is sampling a dynamic environment here.

3.2.  Particle Observations

Detailed time series plasma observations focusing on the inbound segment of this periapsis pass are shown in 
Figure 2. Prior to MAVEN encountering the ionosphere at ∼21:50, the ion composition is a mixture of solar wind 
ions and energized planetary O + and O2 + (panels f–i). Observations of ions traveling in the −X MSO direction 
made by SWIA (i.e., Marsward, panel i) demonstrate that several populations exist: a solar wind beam-like proton 
population at ∼500 eV; a solar wind beam-like alpha population at ∼1,000 eV, and shocked protons and alphas 
spanning 10s eV up to ∼1 keV. SWIA's finer energy resolution allows it to distinguish the solar wind alphas in 
energy, while STATIC's mass resolution confirms this composition. Panel DF1 shows a STATIC energy-mass 
distribution function observed at the first blue vertical line demonstrating that the protons, alphas, and heavy 
planetary ions have broad distributions in energy. SWIA observes solar wind protons and alphas traveling in the 
−X MSO direction throughout the entire periapsis pass. Accompanying suprathermal electron observations are 
characterized by energy spectra containing significant fluxes at high energy (>70 eV) that are typically associated 
with magnetosheath and/or solar wind plasma (panel c). These populations are observed throughout the periapsis 
pass. Suprathermal electron energy spectra associated with the cold ionosphere (characterized by reduced fluxes 
above energies of 70 eV) are observed only sporadically around periapsis. The heavy planetary ions that are 
present during this inbound segment have energies of tens of eV up to a few hundred eV (panels g and h) and are 
characterized by densities up to 40 cm −3 (panel e). Their energy spectra (panels g and h) are characterized by large 
variability in energy, and the distributions are broad in energy.

As MAVEN encounters the thermal ionosphere at ∼21:50, the ion composition becomes dominated by O + and 
O2 +, and thermal electron densities are ∼100 cm −3 (panels d and e). Energy spectra of O + and O2 + in this region 
(panels g and h) demonstrate significant variability that is coincident in time with the variability observed in 
thermal density (panel d). A STATIC ion distribution function sampled at the second vertical blue line from this 
region is shown in panel DF2. Low energy (<100 eV) planetary protons, ions of amu/q (mass-to-charge) of two, 
and heavy ions are observed. The amu/q two ions are likely H2 + because (a) they are low energy and MAVEN is 
sampling the ionosphere and (b) the presence of a “ghost peak” at amu/q ∼12 in DF2 is consistent with the pres-
ence of H2 + (see Section 3.8 in McFadden et al. [2015]). STATIC's energy sweep spans up to 500 eV during this 
time period and the lower energy portion of solar wind protons are visible at energies of a few hundred eV; solar 
wind alphas are not visible as they would have energies of ∼1,000 eV, outside of the energy sweep range here. 
We note that the background calibration software did not fully remove the instrumental signatures of straggling 
protons (see McFadden et al., 2015), which are observed at solar wind proton energies (∼500 eV) at higher mass 
bins in DF2. We believe the unique and highly variable nature of the observations are the cause of this, but these 
stragglers are easily discernible and do not influence our conclusions.

 21699402, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030726 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [22/02/2024]. 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: Space Physics

FOWLER ET AL.

10.1029/2022JA030726

5 of 21

As MAVEN progresses through to periapsis, ionospheric densities are still highly variable and increase up to 
∼5,000 cm −3 (panels d and e). The planetary ion population is observed as the low energy beam in panels (g and 
h), and the distribution function obtained at the third blue vertical line (panel DF3) confirms that O2 + dominates 
the ion composition here. The observed ion distributions are broad in energy and temperatures are significantly 
enhanced by factors of ∼2 compared to typical values (discussed in Section 4.5). Note that because STATIC's 

Figure 2.  Time series plasma observations of the periapsis pass analyzed. Panels show (a and b) magnetic field magnitude and vector; (c) SWEA suprathermal 
electron energy flux; (d) thermal electron density; (e) STATIC ion density; (f–h) STATIC energy spectra for H +, O + and O2 +; (i) SWIA ion energy spectrogram in the 
anti-sunward direction (−X MSO). The orange line is periapsis (∼230 km), the green vertical dashed lines mark the magnetic barrier (see Section 4.4). (DF1−DF3): ion 
distribution functions measured by STATIC at the three blue vertical lines. DF has units of (km 3 s −3 cm 3) −1.
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energy sweep spanned 1–10 eV at periapsis, STATIC did not observe the more energetic solar wind protons and 
alphas that SWIA observed here (panel i).

3.3.  Magnetic Field Fluctuations

Detailed time series observations of the magnetic field during the event are shown in Figure 3. The magnetic 
field vector measurements (panel a) demonstrate that significant rotations in the magnetic field accompany the 

Figure 3.  Time series plasma observations focusing on the magnetic fluctuations observed upstream of Mars during the inbound segment. Panels show (a) magnetic 
field vector; (b) cone angle between the magnetic field and +X MSO (Sunward) direction (the blue line is the average calculated over a 90 s sliding window); (c–e) 
wavelet transforms of the three magnetic field components (parallel, perpendicular 1 and 2), the blue lines show the H +, O + and O2 + cyclotron frequencies; (f) STATIC 
O + energy spectrum; (g) solar wind H + velocity derived from STATIC. The inserts PS1–PS3 show power spectra from panels (c–e), measured at each of the three 
vertical blue lines.
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fluctuations during the inbound segment, especially prior to the first vertical dashed green line located just 
after 21:54 (the dashed green vertical lines are discussed in detail in Section 4.4). The cone angle between the 
magnetic field and the +X MSO direction (Mars-Sun line) is shown in panel b, where values of 0° and 180° 
denote magnetic field pointing sunward and anti-sunward, respectively, and values of 90° denote magnetic field 
aligned perpendicular to the Mars-Sun line. The blue line shows the average cone angle calculated over a 90-s 
sliding window. A 90-s window is chosen to be consistent with the magnetic field analysis described below. The 
cone angle is highly variable and while the average value in the interaction region lies between ∼50° and 120°, 
there are frequent excursions to values close to 0° and 180°. Variability, particularly at higher frequencies, in the 
cone angle decreases substantially past the first dashed green vertical line, and the importance of this is discussed 
in Section 4.4.

Wavelet transforms of the components of the magnetic field are shown in panels (c–e). The magnetic field obser-
vations are rotated into the average frame of the magnetic field using a 90-s sliding window, and the wavelet 
transforms are computed using the method described in Torrence and Compo (1998). Prior to MAVEN enter-
ing the ionosphere, the proton cyclotron period is approximately 30 s, and we chose a 90-s sliding window to 
encompass roughly three proton cyclotron wave periods. Panel (c) shows wave power in the component parallel 
to the magnetic field (“para”); panels (d and e) show wave power in the two components perpendicular to the 
magnetic field (“perp1” and “perp2”). Higher frequency (≳0.1 Hz) fluctuations are observed in all three magnetic 
field components in the interaction region; after the second dashed green vertical line magnetic fluctuations at 
higher frequencies are not observed. As MAVEN enters the ionosphere (around the first dashed green vertical 
line), significant wave power is observed in all three components at lower frequencies (≲0.01 Hz) and some of 
this is likely attributable to the changes in a large-scale magnetic field structure observed in panel (a) rather than 
“real waves.”

The blue lines that overplot the wavelet spectra in panels (c–e) mark the local H +, O +, and O2 + cyclotron frequen-
cies in the spacecraft frame. Significant wave power exists at the H + cyclotron frequency in all three magnetic 
field components in the region upstream from the ionosphere, with wave power gradually increasing as MAVEN 
approaches the ionosphere. Prior to ∼21:15, wave power is also observed in the parallel component of the 
magnetic field at the heavy ion (O + and O2 +) cyclotron frequencies (panel c). In contrast, no significant wave 
power is observed at the heavy ion cyclotron frequencies in the two perpendicular components (panels d and 
e) until after ∼21:15; wave power at these frequencies then tends to grow in amplitude in all three components 
as MAVEN approaches the ionosphere. The appearance of perpendicular wave power at the heavy ion cyclo-
tron frequencies at ∼21:15 coincides with when heavy ions are first observed by STATIC (panel f). The inserts 
PS1–PS3 show power spectra observed at the three solid blue vertical lines; PS1 and PS2 are observed in the 
interaction region and confirm the presence of higher frequency waves and wave power at the heavy ion cyclotron 
frequencies. PS3 is observed as MAVEN enters the ionosphere and shows that wave power at higher frequencies 
is greatly reduced here.

The bulk flow velocity of H + is shown in panel (g), calculated for proton energies between 300 and 900 eV 
(the energy range within which the bulk of the solar wind proton flow is observed in Figure 2f). Significant 
small-scale variability is observed in the magnitude and direction of the flow in the interaction region. Prior to 
∼21:20, the H + bulk flow is predominantly in the anti−Sunward direction (−X MSO); at this time there is a clear 
change in the flow characteristics suggesting that MAVEN is transitioning between flow regimes as it passes 
from the outer to inner magnetosphere (e.g., Figures 1e–1h). This transition occurs at the same time that heavy 
ions are first observed by STATIC.

4.  Discussion
Here, we discuss the most prominent features of the Mars-solar wind interaction that arise during this case 
study. As we will justify following, we infer that radial IMF conditions are the primary driver of these features. 
MAVEN did not sample the pristine solar wind during this time period (confirmed in both the time series data 
and Figures 1e–1h), and so we cannot say conclusively that radial IMF conditions were present during this case 
study. We can, however, make a compelling argument that this was the case based on the MAVEN observations, 
and that in fact the observations are very difficult to explain if nominal Parker Spiral IMF conditions are invoked. 
These details are discussed below.
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4.1.  Penetration of Solar Wind Protons and Alphas Through Periapsis: Evidence for Radial IMF

The presence of Marsward traveling solar wind protons and alpha particles throughout the periapsis pass is 
extremely atypical and suggests a very different Mars-solar wind interaction compared to normal Parker Spiral 
IMF conditions. The energy fluxes of these protons and alphas are 2–3 orders of magnitude greater than those 
associated with “penetrating protons,” solar wind protons that penetrate the dayside ionosphere via charge 
exchange interactions with the hydrogen corona upstream of the Martian bowshock and the dayside neutral 
atmosphere (Halekas, Lillis, et al., 2015). In addition, penetrating protons are most abundantly observed below 
altitudes of ∼200 km (Henderson et al., 2021) and during Mars southern solstice (Mars solar longitude Ls = 270°) 
when the hydrogen exosphere is most dense (Halekas, 2017). MAVEN's periapsis altitude for this pass is 230 km 
and observations are made close to aphelion (Ls = 84°). These characteristics strongly indicate that penetrating 
protons are not the cause of the observed solar wind protons and alphas here.

As already noted, the highly variable plasma environment during the inbound segment is reminiscent of condi-
tions that arise under quasi-parallel shock conditions. During this time range, MAVEN is sampling close to the 
subsolar point and as such quasi-parallel shock conditions would constitute near-radial IMF conditions. Our 
interpretation is that radial IMF conditions are present, resulting in an extended foreshock spanning the upstream 
region ahead of Mars, and that MAVEN is sampling downstream of this extended foreshock. Because MAVEN 
does not sample the pristine solar wind on this orbit, we cannot conclusively confirm this; however, the observa-
tions (those noted here and those discussed in the following sections) provide strong and consistent support for 
this interpretation.

4.2.  Mass Loading of the Solar Wind Flow by Planetary Ions

As the solar wind flow approaches Mars, it will be subject to a variety of forces that determine if and how the 
flow is deflected around the planetary obstacle. The two-fluid momentum equations for solar wind protons and 
heavy planetary ions (i.e., heavy ions sourced from the planetary ionosphere) can be written as follows (Chapman 
& Dunlop, 1986; Halekas et al., 2017):

𝐹𝐹𝑝𝑝 = 𝑚𝑚𝑝𝑝𝑛𝑛𝑝𝑝

(

𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝑉𝑉𝑝𝑝 ⋅ ∇

)

𝑉𝑉𝑝𝑝 =

𝑛𝑛𝑝𝑝

𝑛𝑛𝑒𝑒

[

𝑞𝑞𝑞𝑞𝑝𝑝

(

𝑉𝑉𝑝𝑝 − 𝑉𝑉ℎ

)

× 𝐵⃗𝐵 + 𝐽𝐽 × 𝐵⃗𝐵 − ∇𝑃𝑃𝑒𝑒

]

− ∇⋅

↔

𝑃𝑃𝑝𝑝� (1)

𝐹𝐹ℎ = 𝑚𝑚ℎ𝑛𝑛ℎ

(

𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝑉𝑉ℎ ⋅ ∇

)

𝑉𝑉ℎ =
𝑛𝑛ℎ

𝑛𝑛𝑒𝑒

[

𝑞𝑞𝑞𝑞ℎ

(

𝑉𝑉ℎ − 𝑉𝑉𝑝𝑝

)

× 𝐵⃗𝐵 + 𝐽𝐽 × 𝐵⃗𝐵 − ∇𝑃𝑃𝑒𝑒

]

− ∇⋅

↔

𝑃𝑃ℎ� (2)

where, subscripts p, h, and e denote protons, heavy ions, and electrons, respectively, and all other symbols have 
their usual meaning. Equations 1 and 2 incorporate fluid particle pressure (via scalar electron pressure Pe and 

tensor ion pressure 𝐴𝐴
↔

𝑃𝑃𝑝𝑝,
↔

𝑃𝑃ℎ ) and the 𝐴𝐴 𝐽𝐽 × 𝐵⃗𝐵 force terms (which can be separated into the magnetic pressure and 
curvature terms in the usual fashion). Momentum coupling between the protons and heavy ions is captured by 
the 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 term, where the definition of velocity depends specifically upon the difference between the proton and 
heavy ion velocity vectors.

The 𝐴𝐴 𝐽𝐽 × 𝐵⃗𝐵 and pressure terms cannot be calculated using single point measurements but statistical studies by 
Halekas et al. (2017) and Ramstad et al. (2020) have shown that the 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 term typically dominates at Mars by 
roughly an order of magnitude. Heavy ions are usually sourced from either the ionization of the extended neutral 
corona of Mars (Deighan et al., 2015) or from the ionosphere itself, and in both cases the initial heavy ion velocity 
can typically be assumed to be negligible compared to the solar wind flow in the planetary frame. Thus, momen-
tum coupling via the 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 term acts to incorporate the heavy ions into the solar wind flow, a process more 
commonly referred to as ion pickup (or laminar pickup, e.g., Szegö et al., 2000), and which is particularly impor-
tant for unmagnetized bodies that possess a gravitationally bound atmosphere, including comets, Venus, and 
Mars (e.g., Coates, 2004; Ip & Axford, 1986; Luhmann & Kozyra, 1991). We note here that the term “convective 
electric field” is perhaps a more accurate description of this force, because ion pickup can still occur even when 

𝐴𝐴 𝑉𝑉  is parallel to 𝐴𝐴 𝐵⃗𝐵 . Gary (1993) demonstrates that field-aligned beam distributions of newborn ions in the solar 
wind frame are unstable to wave generation and can subsequently be picked up by the solar wind as a result of 
wave-particle interactions. As expanded on below, this pickup mechanism is also consistent with the MAVEN 
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observations. For simplicity, for the remainder of this paper, we stick with the commonly used term ion pickup to 
describe the 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 force, noting the above caveats.

For the case of radial IMF, the 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 term is expected to be small and one can then ask the question of which 
physical processes facilitate the transfer of momentum between solar wind protons and heavy ions, as the latter 
are incorporated into the solar wind flow. This is a particularly interesting question because the 𝐴𝐴 𝐽𝐽 × 𝐵⃗𝐵 and pres-
sure terms in Equations 1 and 2 do not explicitly couple the two ion populations. As we discuss further below, the 
MAVEN observations do indeed provide evidence of weak 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 coupling and suggest that wave particle inter-
actions and subsequent heating of the ion populations play a more dominant role in isotropizing and thermalizing 
the proton and heavy ion distributions for this case study.

MAVEN observes O + and O2 + ions on the inbound segment. In the upstream region at times prior to ∼21:52 
(roughly the second blue vertical line in Figures 2g and 2h), the heavy ion energies are relatively low (typically 
10s to 100's eV) compared to more typical keV pickup ion energies under nominal Parker Spiral IMF conditions 
(e.g., Rahmati et al., 2017), and they exhibit significant variability in both energy and energy flux. Further, the 
heavy ions flow (with significant variability) at approximately 90° to the solar wind protons (not shown here). 
These characteristics are consistent with the heavy ions being accelerated by a small and highly variable 𝐴𝐴 𝑉𝑉  x 𝐴𝐴 𝐵⃗𝐵 
force, as expected given the observed variability in the magnetic field vector during these radial IMF conditions. 
Further evidence of heavy ion acceleration via motional electric field is observed as MAVEN encounters the 
dense thermal plasma in Figure 2, DF2: second, higher energy populations of O + and O2 + exist at energies of 
∼10–20 eV and 25–40 eV, respectively, that enter STATIC from different directions compared to lower energy 
(≲10 eV) thermal ions.

Evidence for wave heating facilitating momentum transfer between the ion populations is observed in the ion 
distribution functions measured in the interaction region (Figures  2g,  2h,  2DF1, and  2DF2), which possess 
extended suprathermal tails in the energy dimension for all ions. Significant fluctuations are observed in the 
parallel and perpendicular magnetic field components coincident in time with these heated ion populations 
(Figures 3c–3f, 3PS1, and 3PS2). These magnetic field fluctuations are likely produced from a combination of 
sources: (a) ultralow frequency (ULF) waves generated upstream within the foreshock (the region that MAVEN 
does not sample) that are transmitted through the quasi-parallel shock into the downstream region that MAVEN 
samples and (b) waves generated locally in the downstream region as a result of plasma micro-instabilities.

In the upstream region, low frequency waves can be generated by newly born pickup ions and the reflection 
of ions from the quasi-parallel shock back upstream (in the foreshock). In the former case, newly born pickup 
ions will form a high-speed beam (with velocity −Vsw, where Vsw is the solar wind velocity) in the solar wind 
frame and the ion distribution is nearly equivalent to a two-species plasma where the solar wind core protons 
and pickup ions (including heavies) can be represented by two drifting Maxwellian distributions separated by 
significant velocities (in this case, to first order, the solar wind velocity). In the latter case, ions reflected back 
upstream will constitute a similar situation albeit with a larger separation in drift velocities. In both cases, the 
newly picked up ions act as a source of free energy and the nature of the resulting instability depends upon α, 
the angle between the solar wind flow and solar wind magnetic field (e.g., Section 8 of Gary [1993], Brinca 
and Tsurutani  [1989], Scholer and Terasawa  [1990], and Brinca  [1991]). The resulting waves act to disrupt 
the beam of ∼stationary heavy ions and to isotropize them in the solar wind frame (i.e., incorporate them into 
the solar wind flow). For radial IMF conditions, α will be small and in the frame of the solar wind the newly 
picked up ions form a beam distribution traveling at ∼−Vsw, in contrast to a ring-beam distribution when α ≳ 45°. 
Studies of, and computer simulations based upon, spacecraft observations made in the environments of comets 
Halley and Giacobini-Zinner have shown that for the tenuous cometary ion density the ion/ion right hand reso-
nant instability is the dominant growing mode for newborn ions picked up under small α (Gary et al., 1989; 
Glassmeier et  al.,  1989; Tsurutani & Smith, 1986). In the case of small α, the combination of the cyclotron 
resonance conditions and Doppler shift means that the instability will appear as fluctuations at the corresponding 
ion-cyclotron frequency in the spacecraft frame (e.g., Tsurutani & Smith, 1986 and Section 7 in Gary [1991]). 
This has led to the clear identification of heavy-water-ion/proton right hand instabilities at the heavy-water-ion 
cyclotron frequency, during α ≲ 60° conditions, in cometary environments (Glassmeier et al., 1989; Tsurutani 
et al., 1987, 1989), along with the so called “proton cyclotron waves” at Venus and Mars (Bertucci et al., 2013; 
Delva et al., 2011, 2015; Romanelli et al., 2016).
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In contrast, waves generated from protons backstreaming after reflecting from the quasi-parallel shock will travel 
with velocity greater than −Vsw in the solar wind frame, and the resulting waves are not expected to be generated 
at exactly the proton-cyclotron frequency (Gary, 1993). The conditions present during radial IMF at Mars (and 
inferred to exist here) are analogous to the aforementioned cometary environment and are consistent with the 
above mechanisms generating ULF waves both upstream (via ion pickup and reflection from the quasi-parallel 
shock) and downstream (via ion pickup) of the foreshock. Waves generated upstream can be transmitted through 
the quasi-parallel shock (e.g., Shan et al., 2014, 2020) where they are observed by MAVEN. In their linear stage, 
these waves are primarily transverse and take on a quasi-sinusoidal form, and MAVEN is likely sampling these 
waves at a later non-linear stage in their evolution after transmission through the quasi-parallel shock, explaining 
why wave power at the ion cyclotron frequencies does not dominate the perpendicular wavelet power spectra 
shown in Figures 3PS1 and PS2. Thus, the dynamic wave environment observed by MAVEN in the interaction 
region may be a combination of these processes, and we have not attempted to quantify the contributions from 
each mechanism here.

Finally, the small scale size of Mars' magnetosphere relative to important plasma length scales (e.g., the proton 
gyro radius) means that the solar wind plasma is not expected to fully thermalize before encountering the planet 
(Moses et al., 1988). The interaction region that MAVEN samples downstream of the quasi-parallel shock is thus 
also likely unstable to the local generation of plasma waves via micro-instabilities that will contribute to the elec-
tromagnetic wave environment. Sources for such waves include temperature anisotropies (Harada et al., 2016; 
Ruhunusiri et al., 2015) and relative drifts between solar wind and heavy planetary ions (Akbari et al., 2022).

4.3.  Penetration of Solar Wind Protons and Alphas Through Periapsis: The Role of Physical Collisions in 
the Atmosphere

The observation of solar wind protons and alphas traveling Marsward in the ionosphere at MAVEN's periapsis 
demonstrates that the solar wind flow has not been fully deflected around Mars by the usual electromagnetic and 
pressure gradient forces associated with the magnetosphere during Parker Spiral IMF conditions. An interesting 
question then arises: Do physical collisions with the neutral atmosphere act to stop the solar wind flow? To deter-
mine whether this process is feasible and consistent with the MAVEN observations, we show several parameters 
related to the neutral atmosphere, and collisions between the solar wind protons and this atmosphere, in Figure 4. 
Panel (a) shows neutral O and CO2 densities measured by NGIMS on the inbound segment of this periapsis. 
The straight lines are fits to these density profiles, made assuming constant scale heights for each species, and 
extrapolated down to the planet surface. The extrapolated values are consistent with NGIMS measurements made 
earlier in the mission when MAVENs periapsis reached as low as ∼125 km (Benna et al., 2015), giving us confi-
dence in the fits and extrapolations.

Panel (b) shows calculated collision frequencies between solar wind protons and neutral O and CO2, using colli-
sion frequencies defined in Tables 4.4 and 4.5 in Schunk and Nagy (2009). The total collision frequency is the 
sum of these two. Panel (c) shows estimates for the distance solar wind protons travel in the ionosphere between 
physical collisions with the neutral atmosphere, using two different methods. The first assumes that solar wind 
protons travel at 300 km s −1 (based on Figures 2i and 3g), and that the distance traveled between physical colli-
sions is equal to the proton speed divided by the total collision frequency shown in Figure 4b. These results are 
shown as the black line in Figure 4c. The second method calculates the mean free path (λ) of solar wind protons 
traveling through the atmosphere via Equation 3:

𝜆𝜆 =
1

(𝜎𝜎𝑝𝑝𝑝𝑝𝑛𝑛𝑜𝑜 + 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝2𝑛𝑛𝑐𝑐𝑐𝑐2)
� (3)

where, no and nco2 are the O and CO2 densities, respectively; σpo is the cross section for H + − O collisions, taken 
to be 1 × 10 −15 cm −2 (Figures 1 and 6 in Hamre et al. (1999) and Pandey et al. (2007), respectively); and σpco2 is 
the cross section for the H + − CO2 collision, taken to be 1 × 10 −15 cm −2 (Figure 4 in López-Patiño et al. [2015]). 
The mean free path of solar wind protons calculated using method two is shown as the blue line in Figure 4c.

As expected, the distances traveled by solar wind protons in between collisions with the neutral atmosphere 
are large (100's–1,000's km) at higher altitudes (≳200 km) and reduce in value quickly as the neutral densities 
increase at lower altitudes. We have assumed that the solar wind proton flow is effectively stopped when the 
distance traveled between collisions reduces to 1 km, and the altitudes at which this criterion is met for each 
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method are marked by the dashed black and blue lines in the figure. Under these assumptions, the solar wind 
proton flow is stopped between altitudes of ∼145–160 km, far below MAVEN's periapsis altitude of 230 km for 
this orbit. Photochemical modeling and detailed analysis of NGIMS observations have shown that the exobase 
region (the transition from transport-dominated processes above to collision-dominated processes below) typi-
cally lies between 180 and 200 km at Mars (e.g., Fox & Hać, 2009; Jakosky et al., 2017; Nier & McElroy, 1977). 
The results and trends from both methods are thus consistent with each other and our general understanding of 
photochemical processes and collisions in the Martian atmosphere.

4.4.  Magnetic Barrier Formation

During Parker Spiral IMF conditions, a clear magnetic barrier typically forms at the top of the ionosphere that acts 
to separate the shocked solar wind plasma from the cold ionospheric plasma. This barrier, known as the magnetic 
pileup boundary (MPB), is identified through a combination of plasma characteristics: (a) a sharp increase in 
magnetic field strength; (b) a rotation in the magnetic field to a draped configuration about the ionosphere; (c) a 
reduction in magnetic fluctuations downstream of the boundary; (d) a reduction in energetic (>70 eV) suprather-
mal electron fluxes; and (e) a sharp transition in ion composition from shocked solar wind/magnetosheath proton 
dominated to cold heavy planetary ion dominated (e.g., Bertucci et al., 2005; Breus et al., 1991; Dubinin, Fränz, 
et al., 2006; Vignes et al., 2000; Xu et al., 2016).

The observations in Figure 2 demonstrate that the magnetic barrier does not form at the top of the ionosphere: at 
∼21:50 (thermal plasma is first observed, panel d) the magnetic field is still highly variable (panel a), there is no 
large-scale rotation in the field (panel b), significant fluxes of energetic suprathermal electrons are present (panel 
c), and there is no clear switch in the ion composition (panel e). For this case study, the magnetic barrier appears 
to form deep within the dayside ionosphere and our identification of this barrier is enclosed by the green dashed 

Figure 4.  Observations and parameters calculated pertaining to the neutral atmosphere and its ability to stop solar wind 
protons. Panels show: (a) measured O and CO2 density profiles, along with fitted profiles extrapolated to the surface; (b) 
calculated collision frequencies between solar wind protons and the neutral profiles shown in panel (a); (c) calculated 
parameters showing (1) the distance solar wind protons travel between collisions (black line, based on panel b); (2) the mean 
free path of protons in the atmosphere (blue line, based on Equation 3).
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vertical lines in Figures 2, 3, and 5. Referring to Figure 2, at the upper boundary (first dashed green vertical line), 
there is an enhancement in magnetic field strength and a large-scale rotation in the field to a draped configuration 
(panels a and b). At the lower boundary (second dashed green vertical line), there is a reduction in magnetic field 
fluctuations (panel a) and reduction in energetic suprathermal electrons (panel c). The magnetic field strength 
also decreases below the boundary, from ∼25 nT to ∼3 nT, over an altitude range of ∼3 km, suggesting the 
presence of an ionopause-like boundary or diamagnetic-like cavity, the former having been observed at Venus 
and Mars (e.g., Elphic et al., 1980; Duru et al., 2009) and the latter at comets (e.g., Goetz, Koenders, Richter, 
et al., 2016; Holmberg et al., 2019). We discuss this feature below.

The magnetic barrier spans an altitude range of 267 km down to 232 km and is situated deep within the thermal 
ionosphere: significant plasma density close to 1,000 cm −3 is observed immediately above this barrier, which is 
directly exposed to the incident solar wind flow. For comparison, the magnetic barrier at these SZA is typically 
located at altitudes of ∼900 km (Vignes et al., 2000) and at these altitudes and SZA the ionospheric plasma 
densities are typically 2–3 orders of magnitude smaller (Fowler et al., 2022). The cold ionospheric plasma above 
the magnetic barrier is directly exposed to the solar wind flow and can be mass loaded into it, as described in 
Section 4.2. While the magnetic barrier prevents the IMF from being convected deeper into the ionosphere, solar 

Figure 5.  Time series plasma observations focused on the magnetic barrier that forms within the ionosphere on the inbound 
segment. Panels show: (a and b) magnetic field strength and vector; (c) SWIA ion energy spectrum; (d) STATIC O + energy 
spectrum; (e and f) LPW thermal electron density and temperature; (g) pressure contributions; (h) plasma beta (thermal 
plasma pressure divided by magnetic pressure); (i) collision frequencies between O2 + and the neutral atmosphere. The dashed 
green vertical lines enclose the magnetic barrier; the dotted orange vertical line marks periapsis.
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wind protons and alphas are observed by SWIA to penetrate beneath the magnetic barrier due to their large gyro 
radii that are on the order of several hundred kilometers for the observed plasma conditions.

In Section 4.3, we demonstrated that physical collisions between solar wind protons and the neutral atmosphere 
will stop the solar wind flow at around 150 km altitude, well below MAVENs periapsis altitude (230 km) and 
the altitude at which the magnetic barrier is observed (232–267 km). An interesting question that then arises 
from these observations is: Why does the magnetic barrier form at the altitudes observed, given that the solar 
wind flow is observed to reach significantly lower altitudes in the atmosphere and will not be stopped until well 
beneath the magnetic barrier?

To answer this question a zoom in on the magnetic barrier is shown in Figure 5. Various plasma observations and 
parameters calculated from the MAVEN data are shown, including various pressure terms (panel g), the plasma 
beta (panel h), and various collision frequencies (panel i). The total pressure (shown in panel g) is calculated via 
Equation 4:

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃 + 𝑃𝑃𝐵𝐵 + 𝑃𝑃𝐻𝐻+ = 𝑁𝑁𝑒𝑒𝑘𝑘𝑏𝑏𝑇𝑇𝑒𝑒 +
𝐵𝐵2

2𝜇𝜇0

+ 𝜌𝜌𝜌𝜌
2

𝐻𝐻+� (4)

where, the first term on the right hand side represents the thermal electron pressure, the second term the magnetic 
pressure, and the third term the dynamic pressure from solar wind protons flowing in the −X MSO direction 
into the ionosphere. Ne, Te and B are the measured thermal electron density and temperature, and magnetic field 
strength, respectively; kb is the Boltzmann constant and μ0 the permeability of free space. Because the term 𝐴𝐴 𝐴𝐴𝐴𝐴 2

𝐻𝐻+
 

represents the dynamic pressure from solar wind ions traveling in the −X MSO direction in the ionosphere, VH+ 
is equal to 280 km s −1, equivalent to protons at 400 eV energy, the energy of these solar wind protons in the iono-
sphere, as observed by SWIA in Figure 5c. The mass density ρ = mpnH+, where mp is the proton mass and nH+ is 
the density of solar wind ions observed by SWIA between energies of 200 and 700 eV, centered around the beam 
energy of 400 eV. We assume that solar wind protons dominate the solar wind mass composition here as inclusion 
of the solar wind alpha contribution does not affect our conclusions. These pressure contributions are shown in 
panel (g) along with an estimate of the upstream pristine solar wind dynamic pressure as the purple dashed line 
(“SW dynamic,” Pdyn). Pdyn was estimated based on observations prior to 21:20 when MAVEN observes a sharp 
change in the flow conditions as it approaches Mars. We have used a solar wind density of 2 cm −3 (Figure 2e) and 
a solar wind velocity of 300 km s −1 (Figure 3g) to obtain this dynamic pressure estimate.

Referring back to Figure 5, prior to encountering the magnetic barrier (first dashed green vertical line), Pdyn 
dominates the pressure contribution as expected. PH+ is approximately equal to Pdyn here, giving us confidence 
that our assumptions in calculating PH+ are appropriate. When the magnetic barrier is first encountered (first 
dashed green vertical line), PH+ decreases and PB increases to become the dominant pressure term. This switch 
in pressure dominance is consistent with expectations at the MPB (Holmberg et al., 2019). PH+ decreases as 
MAVEN traverses through the magnetic barrier. The solar wind proton beam energy does not change signif-
icantly meaning that the solar wind proton velocity remains constant and the density decreases through the 
magnetic barrier. Some solar wind protons are thus likely deflected around the ionosphere, but significant fluxes 
are still observed beneath the barrier. At the lower boundary of the magnetic barrier (second dashed green verti-
cal line) PB decreases and Pp increases, and there is a clear switch to thermal plasma pressure dominance. The 
thermal plasma pressure increases by roughly an order of magnitude beneath the magnetic barrier, driven by the 
observed increase in thermal electron density. The plasma beta (defined as thermal plasma pressure divided by 
the magnetic pressure, panel h) is consistent with these trends.

The switch in dominance of magnetic to plasma pressure at the lower edge of the magnetic barrier is reminiscent 
of an ionopause boundary. Ionopause boundaries are features of unmagnetized bodies that separate hot magne-
tosheath plasma above from cold thermal ionospheric plasma beneath via pressure balance. The magnetic pres-
sure dominates above an ionopause boundary as a result of magnetic field pileup; this magnetic pressure typically 
balances the upstream solar wind dynamic pressure. Beneath the ionopause boundary, the thermal plasma pres-
sure dominates and balances the impinging magnetic pressure from above, preventing the solar wind magnetic 
field from convecting into the ionosphere. Ionopause boundaries are regularly observed at Venus (e.g., Bertucci, 
Mazelle, Slavin, et al., 2003; Luhmann & Cravens, 1991) and somewhat less so at Mars (e.g., Sánchez-Cano 
et  al.,  2020; Vogt et  al.,  2015). While Mars does possess significant crustal magnetic fields that can lead to 
magnetic pressure dominating within the ionosphere, MAVEN's periapsis for this case study is far from any 
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strong crustal field sources and the formation of an ionopause is feasible. 
Total pressure is conserved across the magnetic barrier in this case study, a 
characteristic consistent with ionopause boundaries. A minor discrepancy is 
that there is typically little to no thermal ionospheric plasma observed above 
an ionopause and this is not the case here: Figure 5d shows the large thermal 
electron densities (values close to 1,000 cm −3) present above the magnetic 
barrier, marking this as an atypical potential ionopause boundary.

A second possibility to explain the observations is that the depletion in 
magnetic field strength below the magnetic barrier is caused by the forma-
tion of a cometary diamagnetic cavity. Cometary diamagnetic cavities (also 
features of unmagnetized bodies) have been observed at comets Halley and 
Giacobini-Zinner (e.g., Cravens et  al.,  1995; Goetz, Koenders, Hansen, 
et al., 2016) and also separate hot magnetosheath plasma from cold ionospheric 
plasma, but not via pressure balance. Instead magnetic pressure above the 
cavity (again resulting from magnetic field pileup) is balanced by ion-neutral 
drag within the cavity. The outgassing of cometary material produces a radi-
ally outward flow of neutrals that collide with its ionized constituents (the 
cometary ionosphere), producing the outward drag force that balances the 
impinging magnetic pressure force via Equation 5 (Cravens, 1987):

− �
��

(

�2

8�

)

= �������(�� − ��)� (5)

where, the left hand term represents the radial change in magnetic pressure across the diamagnetic cavity bound-
ary; mi is the ion mass, here assumed to be that of O2 + which is the dominant ion in the Martian ionosphere 
(Figure 2e); νin is the total ion-neutral collision frequency, calculated as the sum of the O2 + − O and O2 + − CO2 
collision frequencies using Table 4.4 in Schunk and Nagy (2009); and ui and un are the ion and neutral radial wind 
speeds, respectively.

We can rearrange Equation 5 to solve the radial neutral wind un that would be required for a diamagnetic cavity 
to form. MAVEN measures all required parameters and these are shown in Table 1 for two locations: (a) at the 
lower boundary of the magnetic barrier (the second dashed green vertical line) and (b) at the point of minimum 
magnetic field strength below the magnetic barrier (21:58:32 UTC), just prior to periapsis (the orange dotted 
vertical line).

We have assumed that the radial ion wind (ui) is zero here. The MAVEN-STATIC instrument (which is capable of 
measuring vertical or horizontal ion winds depending upon its orientation) was flown such that it could measure 
horizontal ion winds for this particular periapsis pass; however, vertical ion winds measured by STATIC are typi-
cally negligible. The resulting estimates of un are small, <1 ms −1. While horizontal neutral winds are expected 
to dominate at Mars (with values up to ∼100 ms −1, Bougher et al., 2015; Roeten et al., 2019), the requirement of 
such small radial/vertical neutral winds makes the formation of a diamagnetic cavity feasible.

To summarize our findings here, the formation of an ionopause-like boundary or a cometary diamagnetic cavity 
are both consistent with the MAVEN observations to explain why the magnetic barrier forms at the observed 
altitude. The clear switch from magnetic to plasma pressure dominance at the lower edge of the magnetic barrier 
perhaps favors the formation of an ionopause-like boundary, but as noted above, the presence of significant ther-
mal plasma above this boundary is atypical.

4.5.  Enhanced Ion Temperatures at Periapsis

The ion distribution function in Figure 2DF3 shows that the dominant ion species, O2 +, possesses a suprathermal 
tail in the energy dimension. As will be shown in Section 4.6, the corresponding O2 + temperature is enhanced 
by a factor of ∼2 compared to more typical values, indicating that even at periapsis the thermal plasma has been 
significantly energized. The cause of this heating beneath the magnetic barrier is not yet known; one hypoth-
esis is that the direct penetration of solar wind protons into the cold, stationary, dense ionosphere may drive a 
two-stream instability that leads to this heating. An ongoing and separate study is investigating the plausibility of 

Parameter
Location 1: lower edge of 

magnetic barrier
Location 2: minimum in 
magnetic field strength

Ne (cm −3) 825 4,750

Te (K) 1,180 1,330

B1 (nT) 25 25

B2 (nT) 3 3

∂r (km) 3 3

νin (Hz) 0.0005 0.0007

ui (ms −1) (assumed) 0 0

un (ms −1) 0.4 0.05

Note. Parameters are listed for two locations: (1) at the lower edge of the 
magnetic barrier (second dashed green vertical line in Figure 5); (2) at the 
minimum in magnetic field strength just prior to periapsis (just prior to the 
dotted orange vertical line in Figure 5). B1 and B2 are the change in magnetic 
field strength, which occur over a radial distance ∂r.

Table 1 
Measured Plasma Parameters Used to Calculate the Required Radial 
Neutral Wind Speed for a Diamagnetic Cavity to Form
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this hypothesis. Periapsis altitude is 230 km for this case study, somewhat higher than the typical exobase altitude 
range of ∼180–200 km, and so it is unclear whether this ion heating extends through the exobase region or not.

4.6.  Severely Eroded Dayside Ionosphere

We have compared the observed ionospheric densities and temperatures for this case study pass to the typical 
statistical profiles observed by MAVEN during the 2-week period centered on this event. The results are shown 
in Figure 6; the gray outlines enclose the lower and upper 25% quartiles of each quantity, and the middle black 
lines represent the median values of each. The gray outlines and median values are generated from 96 separate 
periapsis passes covered by the time range noted in the figure title. The red and blue lines are profiles measured 
for this case study. The dayside ionospheric density profile is severely eroded (panel a): the upper boundary of the 
ionosphere extends to about 450 km altitude, far below the typical values that extend above 600 km. Ionospheric 
density is reduced by an order of magnitude at some altitudes and by factors of 2–3 at periapsis. The dayside 
electron temperature profile (panel b) is significantly elevated throughout the periapsis pass, enhanced by factors 
of 2–5 compared to the median value. The O2 + temperature is enhanced by even greater amounts, factors of >2 
at periapsis and approaching an order of magnitude at 450 km altitude. At higher altitudes, the ion temperature 
represents that of the mass loaded ions and is even further enhanced. The plasma density and temperature profiles 
exhibit significant variability, and all of these characteristics support the interpretation that significant energiza-
tion of the dayside ionosphere is occurring.

In contrast, density and temperature profiles measured on the outbound segment of the orbit (bottom row) that 
are made over the terminator region and in the magnetotail demonstrate far less deviation from the statistical 
expectations. All three profiles still contain noticeable variability, but this variability lies for the most part within 

Figure 6.  Statistical medians of thermal electron density and temperature, and O2 + temperature, over the 2-week time period centered on the case study orbit (96 
periapsis passes). Gray regions enclose the 25th and 75th quartiles and the middle black lines mark the median values. Red and blue lines are the values observed 
during the case study orbit.
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the quartile ranges. An ionopause-like feature appears to be present at ∼450 km altitude (panel d) although we 
have not investigated this further.

5.  Interpretation and Conclusions
We have analyzed MAVEN time series plasma observations from a case study where unique and highly variable 
plasma conditions exist over the dayside Mars-solar wind interaction region. While MAVEN did not sample 
the pristine solar wind during this event, observed plasma environment characteristics and prominent features 
provide strong support that radial IMF conditions were present. The presence of radial IMF substantially changes 
the Mars-solar wind interaction and appears to drive significant erosion of the dayside ionosphere. Our inter-
pretations are summarized below and in Figure 7. The Mars-solar wind interaction during Parker Spiral IMF 
conditions is depicted in Figure 7a, based upon earlier studies such as McComas et al. (1986): a bow shock forms 
upstream of Mars that decelerates and deflects the solar wind flow around the obstacle, and the magnetic barrier 

Figure 7.  Schematics of the Mars-solar wind interaction during Parker Spiral and radial IMF conditions. The Parker Spiral 
configuration is based on previous works, for example, McComas et al. (1986).
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separates the shocked solar wind plasma from the cold planetary ions. The Mars-solar wind interaction during 
radial IMF conditions, as inferred from this study, is depicted in Figure 7b. The key conclusions are summarized 
as follows:

1.	 �A highly variable plasma environment is observed upstream over the sub-solar point, which is reminiscent of 
quasi-parallel IMF conditions that would constitute radial IMF. Our interpretation is that MAVEN is sampling 
downstream of an extended foreshock region ahead of Mars.

2.	 �Mars-ward traveling solar wind protons and alphas are observed to penetrate down to MAVEN periapsis 
altitudes (230 km), suggesting that the typical electromagnetic and pressure gradient forces associated with 
the magnetosphere under Parker Spiral IMF conditions do not fully deflect the solar wind flow around the 
planetary obstacle.

3.	 �Physical collisions between flowing solar wind protons and the neutral atmosphere are expected to stop the 
solar wind flow at around 150 km altitude, well below MAVENs periapsis altitude.

4.	 �The magnetic barrier (or MPB) forms deep within the dayside ionosphere (232–267 km altitude), and the 
presence of an ionopause-like boundary or cometary diamagnetic cavity beneath it can explain its formation.

5.	 �Significant densities of thermal ionospheric plasma (ne ∼ 1,000 cm −3) are present above the magnetic barrier 
and are directly exposed to the solar wind flow. Exposed planetary ions are therefore mass loaded into the 
solar wind flow. The momentum coupling between solar wind flow and heavy planetary ions is usually facil-
itated by the 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 force (convective electric field or “ion pickup”); however, this force is weak and highly 
variable during the observed radial IMF conditions. As a result, wave particle interactions play a much larger 
role in coupling the ion species and incorporating the heavy planetary ions into the solar wind flow. Observed 
ion distribution functions are consistent with weak acceleration via 𝐴𝐴 𝑉𝑉 × 𝐵⃗𝐵 and strong heating via wave particle 
interactions.

6.	 �The plasma conditions and wave environment are consistent with the generation of ultralow frequency waves 
upstream in the foreshock via ring beam instabilities, driven by newly born pickup ions and ions reflected 
from the quasi-parallel shock. These waves evolve into nonlinear states as they are transmitted through 
the quasi-parallel shock and observed by MAVEN. The generation of waves locally downstream of the 
quasi-parallel shock due to micro-instabilities likely also contributes to the electromagnetic wave environ-
ment. The small scale size of Mars' magnetosphere and the subsequent inability of the solar wind plasma to 
fully thermalize provides free energy for this.

7.	 �Thermal ion distribution functions observed just above the exobase region possess suprathermal energy 
tails and their corresponding temperatures are enhanced by a factor of two compared to average conditions, 
suggesting that significant energy is deposited from the solar wind into the deep dayside ionosphere.

8.	 �The dayside ionosphere is severely eroded compared to average conditions: the upper ionosphere extends to 
only 450 km altitude (compared to >600 km on average) and ionospheric densities are reduced by up to an 
order of magnitude below this. Corresponding ionospheric plasma temperatures are enhanced by factors of 
2–10. Significant and atypical variability in plasma density and temperature is observed down to periapsis 
(∼230 km altitude), close to the exobase region.

Further study is required to answer outstanding questions that have arisen from this study, and the utilization of 
global simulations of the solar wind interaction would be highly advantageous here. For example, outstanding 
questions include the following: (a) Does the observed case study represent all configurations of the Mars-solar 
wind interaction during radial IMF conditions or can other configurations occur? (b) What is the nature and 
extent of the inferred upstream foreshock region that forms under radial IMF conditions? (c) What are the changes 
(if any) to global ion escape rates under radial IMF conditions?

Radial IMF conditions appear to drive substantial changes in the Mars-solar wind dayside interaction region, 
including in ionospheric plasma structure, dynamics, erosion, and escape to space. These results provide insight 
into how Mars and the ionospheres of unmagnetized bodies in general (e.g., Mars, Venus, and comets) inter-
act with the solar wind when the IMF is aligned with the solar wind flow. In addition, this study highlights 
the importance of dedicated solar wind monitors at planets: in this case, such observations would enable us to 
unambiguously characterize the upstream solar wind conditions that drive the observed conditions in the dayside 
ionosphere.
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Data Availability Statement
MAVEN data are publicly available at the NASA Planetary Data System (PDS, https://pds.nasa.gov/) and 
the MAVEN Science Data Center (https://lasp.colorado.edu/maven/sdc/public/). Ion densities and tempera-
tures provided by MAVEN-STATIC are available via the Space Physics Environment Data Analysis Software 
(SPEDAS, https://spedas.org/blog/).
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