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Abstract An unusually low density solar wind event was observed in December 2022 moving past both
Earth and Mars. The source was traced back to a coronal hole and active region on the Sun's surface. The
resulting solar wind lead to the development of a co-rotating interaction region (CIR) and trailing rarefaction
region that lasted for multiple solar rotations. Within this structure, the solar wind conditions, including density,
velocity, and magnetic field magnitude and orientation drastically changed. In this study we analyze the
response of the Martian ionosphere using MAVEN data to these changing solar wind conditions. The low
density solar wind region associated with the December event resulted in the expansion of the Martian
ionospheric boundaries. We show that the ion composition boundary (ICB) is located at extreme altitudes that
are beyond previously observed locations from the MAVEN mission between 2015 and 2018. Furthermore, the
boundary between shocked solar wind and the Martian ionosphere identified using electron and ion data moved
together on the dayside of the planet with the changing solar wind conditions. However, at the flank region these
boundaries do not move together, and we show here that the decoupling of the two boundaries may be the result
of a change in the interplanetary magnetic field azimuthal angle.

Plain Language Summary The Sun constantly emits fast moving charged particles into
interplanetary space in what is known as the solar wind. In December 2022, a region of fast moving solar wind
overtook a region of slower moving solar wind. The fast solar wind acted as a broom sweeping up and
compressing the slower wind preceding it. This interaction of two solar wind speeds is observed to rotate with
the Sun. Trailing this interaction region is a region of low density solar wind. In December 2022, this type of
interplanetary solar wind structure interacted with Mars' electrically charged atmosphere, or ionosphere.
Throughout this period, the ionosphere boundary characterized by a transition from solar wind ions to planetary
ions moved up and down relative to the planet near dusk. As the rarefaction region passed through the system,
the ionosphere expanded to unusually high heights as it was not compressed by the solar wind. However, the
flapping of the ionospheric boundary seems to depend on the orientation that the solar wind interacts with Mars.

1. Introduction
1.1. The Disappearing Solar Wind Event in December 2022

The Mars Atmosphere and Volatile EvolutioN (MAVEN) orbiter (Jakosky et al., 2015) has been collecting
valuable information on solar wind interactions with the Martian ionosphere since September 2014. MAVEN has
obtained most of its measurements near solar minimum, as the maximum of solar cycle 24 had already passed at
the time of MAVEN's orbit insertion. As the maximum of solar cycle 25 approaches, we are able to study the
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effect of solar maximum conditions and activity on the Martian plasma system using MAVEN data. In December
2022, an unusual large-scale plasma structure passed through the Mars system that caused the “disappearing solar
wind” (DSW) event at Mars (Halekas et al., 2023).

During the DSW event, observations from the MAVEN mission showed that solar wind proton densities dropped
below 1 particles/cm® in the vicinity of Mars for roughly 24 hr. For two MAVEN orbits, the proton densities
dropped below 0.1 particles/cm’. Usually, the solar wind density at Mars ranges between 1 and 10 particles/cm’
(Halekas et al., 2017; Luhmann & Brace, 1991). Roughly one day prior to the DSW event at Mars, the Wind
spacecraft at ~1 AU observed solar wind density, velocity, and a magnetic field configuration similar to that seen
at Mars (Halekas et al., 2023). Solar wind proton densities were observed by Wind to range between 0.05 and
0.2 cm™ while the solar wind velocity stayed near ~400 km/s. For this event, MAVEN and Wind were nearly
aligned radially, where Mars was 9° East of the Sun-Earth line.

Because MAVEN and Wind observed similar solar wind conditions, we infer that the DSW event was likely
caused by the same large-scale plasma structure moving through the heliosphere. Stream interaction regions
(SIRs) or co-rotating interaction regions (CIRs) can create conditions of compressed solar wind plasma and
interplanetary magnetic field (IMF) flux tubes preceding a rarefaction region of low density solar wind (Gosling
et al., 1972; Jian et al., 2006). These structures span large scales across the heliosphere and could lead to the
measurements seen by both the Wind and MAVEN satellites (see Richardson (2018) and the references therein).
In the days leading up to the DSW event, solar wind dynamic pressure increased and solar energetic particles
(SEPs) were observed at Mars. Near Earth, Wind observed increased magnetic field strength, solar wind velocity,
and densities before the period of low density solar wind. These observations can be indicative of the compression
region of a CIR.

CIRs have been shown to generate events at Earth that loads and unloads plasma energy flux into the magne-
tosphere (Boroyev & Vasiliev, 2018; Eastwood et al., 2015; Gonzalez & Tsurutani, 1987; Tsurutani et al., 2006).
The effect of these events can change the size and configuration of the magnetosphere as well as drive ionospheric
currents (Baker et al., 1984). A CIR and trailing rarefaction region can lead to similar loading and unloading of
energy into the Martian system (Dubinin et al., 2009; Edberg et al., 2010; Ma et al., 2014). The DSW event in
December 2022 and the surrounding period of time presents a unique opportunity to study the response of the
Martian ionosphere to different solar wind conditions. Analysis of this period of time can determine the important
driving parameters of the Martian ionosphere.

1.2. The Martian Ionospheric Structure

Variations in solar wind conditions can quickly affect the Martian ionosphere because Mars' atmosphere directly
interfaces with the solar wind and interplanetary magnetic field (IMF). Induced currents in the planet's ionosphere
and mass loading of solar wind flux tubes causes solar wind particles to be diverted around the planet. For
example, incoming IMF piles-up, stagnates, and drapes around the planet on the day-side due to their interaction
with these induced ionospheric currents and through mass loading (see, e.g., Kivelson and Russell (1995);
Cravens (1997); Szego et al. (2000); Ramstad et al. (2020)). These interactions between solar wind and the
planetary plasma creates an induced magnetosphere (Luhmann, 1992).

Mars is unique in that the planet also contains crustal magnetic fields that are remnant intrinsic magnetic fields
from a time when the planet had a global internal dynamo (Brain, 2003; Connerney et al., 2001; Morschhauser
et al., 2018). These “mini-magnetospheres” can also influence plasma dynamics inside the Martian induced
magnetosphere (e.g., Brain, Halekas, et al. (2006)).

The location where Mars' ionosphere interfaces with the solar wind depends on both external drivers (e.g., solar
wind conditions) as well as internal drivers (e.g., planetary ionosphere conditions, crustal magnetic fields).
Instead of being a sharp transition, this interface between the planetary ionosphere and solar wind is a relatively
extended region (Halekas et al., 2018; Matsunaga et al., 2017). Shocked solar wind plasma and IMF can therefore
penetrate into the topside ionosphere and influence mixing dynamics in the transition region between the shocked
solar wind and planetary ionosphere (Hamil et al., 2022; Mitchell et al., 2001; Xu et al., 2023).

Within this transition region exists a multitude of named boundary regions, historically based on the measure-
ments available from specific satellites' payloads. Each of these named boundary regions indicate different
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dynamical processes occurring between the Martian magnetosheath and ionosphere (Boscoboinik et al., 2020;
Holmberg et al., 2019).

One of these boundary regions is the ion composition boundary (ICB), which marks the transition in the ratio
between light (H, He?") versus heavy (0%, 0,%) ion species, of ions originating in the solar wind or planetary
ionosphere, respectively (Breus et al., 1991; Matsunaga et al., 2017; Xu et al., 2016). The ICB has been observed
near an altitude of ~650 km at low solar zenith angles (SZA) and flares outward with increasing SZA (Holmberg
etal., 2019). This boundary region also has a thickness associated with it that has been observed to range from tens
to hundreds of kilometers on the dayside, and up to a few thousand kilometers in the downstream flank regions
(Halekas et al., 2018). The ICB location near the flank region of the Martian ionosphere has been shown to exhibit
dynamical processes and variability that can lead to discrete ionospheric plasma clouds detaching and/or being
accelerated within the Martian system (Brain et al., 2010; Halekas et al., 2016, 2018, 2019).

Another named boundary region between shocked solar wind and ionospheric plasma populations is the induced
magnetosphere boundary (IMB), which is also referred to as the magnetic pileup boundary (Acuia et al., 1998;
Dubinin, Frinz, et al., 2006; Matsunaga et al., 2017; Vignes et al., 2000). The location where fluxes of shocked
sheath electron populations (near ~50—-100 eV) substantially reduce in flux defines the IMB (Lundin et al., 2004;
Matsunaga et al., 2017). A rotation in the magnetic field can often be observed at this boundary as well (Bertucci
et al., 2003). The IMB altitude varies between ~650-800 km at low SZA, but is often found to be almost
coincident with the ICB on the day-side of the planet (Breus et al., 1991; Holmberg et al., 2019; Matsunaga
et al., 2017).

The IMB and ICB represent the boundary regions of two different plasma species (electrons and ions, respec-
tively) across the transition from shocked solar wind to planetary ionospheric plasma dominated regions.
Therefore, any differences in the locations of the IMB and ICB can be used to understand dynamics across this
transition region as well as the response of the Martian ionosphere to external stimuli, such as CIRs (Dubinin
et al., 2009; Krishnaprasad et al., 2021).

The DSW event studied here provides an excellent opportunity to understand the effect of changing solar wind
conditions on the ionospheric boundary regions. Interactions with different solar wind populations or plasma
structures can create plasma instabilities and generate electromagnetic fields within the induced magnetosphere
causing plasma particles to become locally accelerated (Brain et al., 2006; Dubinin, Lundin, et al., 2006; Gunell
et al., 2008; Gurnett et al., 2010; Halekas et al., 2019; Lundin et al., 2011). During the event, the flank IMB and
ICB are observed to move separately, which is unexpected. We analyze which solar wind conditions lead to this
phenomenon.

In this study, we first identify the interplanetary structure that interacts with the Martian induced magnetosphere
and ionosphere during the DSW event at Mars. We then study the effects of this structure on the Martian
ionosphere. This study is structured as follows: Section 2 and 3 describe the datasets and methods used to describe
the phenomena observed surrounding the DSW event. Section 4 presents a CIR and trailing rarefaction region as
the solar structure that caused the DSW event in December 2022. Section 5 discusses the response of ionospheric
boundary regions to the different solar wind conditions within the CIR and rarefaction region. Section 6 gives the
concluding remarks on the event and the response of the Martian ionosphere to the different regions of the CIR
structure.

2. Datasets

MAVEN at Mars is in a precessing, elliptical orbit that allows the spacecraft to sample both the solar wind and
lower planetary ionosphere, depending on the orbit orientation. Mars-Solar-Orbital (MSO) coordinates are used
over the period studied here to indicate the location of ionospheric boundary regions and the orientation of the
IMF. MSO coordinates describe the position of the spacecraft relative to Mars and the Sun, wherein X points
along the planet-sun line, with positive values indicating positions on the day-side of the terminator, Z points
northward out of Mars' ecliptic plane, and Y completes the right-hand coordinate system.

Measurements from the MAVEN Solar Wind Electron Analyzer (SWEA) (Mitchell et al., 2016) were used to
identify the location of the IMB along each inbound and outbound orbit segment. SWEA is a symmetric,
hemispheric top-hat electrostatic analyzer designed to measure electron energy and angular distributions from 3 to
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3,600 eV. SWEA covers a field of view (FOV) spanning 360° X 120° through the use of deflectors. The way in
which these data were used to determine the IMB is described in the following section.

Observations from the Suprathermal and Thermal Ion Composition (STATIC) instrument (McFadden
et al., 2015) are used to distinguish between regions of light solar wind ion species and heavier planetary
ionospheric ions within the Martian induced magnetosphere and ionosphere. These measurements help identify
the ICB. STATIC is a top-hat electrostatic analyzer combined with a time-of-flight velocity analyzer used to
measure cold ion energies and angular distributions from 0.1 eV/q at periapsis to 30 keV/q at apoapsis and
distinguish different ion species and densities at a cadence of 4 s.

MAVEN Solar Wind Ion Analyzer (SWIA) (Halekas et al., 2015) data was used in this study to indicate when the
spacecraft was located in the solar wind or within the Martian magnetosheath. SWIA data was also used to show
when the solar wind proton densities became unusually low during the DSW event. SWIA measures solar wind
and magnetosheath ions spanning energies of 5 eV/q to 25 eV/q and fluxes of 5 X 10*to 7 x 10" eV/(cm?® s sreV).
Coarse data, used in this study, covers a 360° X 90° field of view with a 22.5° resolution (Halekas et al., 2015).

Measurements from the MAVEN Solar Energetic Particle (MAVEN/SEP) instrument (Larson et al., 2015) are
used to indicate the CIR compression region in the vicinity of Mars. MAVEN/SEP onboard MAVEN consists of
two solid-state detector telescopes that measure electrons from 20 keV/q to 200 keV/q and ions from 20 keV/q to
6 MeV/q within a 42° x 31° field of view. MAVEN/SEP observations can be used to indicate solar activity and to
discern solar influence and energy input into the Martian magnetosphere and atmosphere (Lee et al., 2017, 2018).
MAVEN/SEP electron and ion fluxes are measured at a cadence between 1 and 8 s depending on data rates. In
analysis of the SEPs surrounding the DSW event, level 1 energy fluxes from the forward and reverse look di-
rections of the telescope were integrated over all MAVEN/SEP energies. These integrated fluxes of both detectors
1 and 2 were then averaged to gather the total energy flux of charged particles accelerated by the CIR at a
particular time. We only included MAVEN/SEP measurements with the attenuator in the open state to remove
instrument artifacts in the measurements. The energy flux results were then smoothed over 1 min to better show
the increase of SEPs surrounding the DSW event.

Data from the Magnetometer (MAG) instrument (Connerney et al., 2015) onboard MAVEN was used to compute
magnetic pressure, identify crossings of ionospheric boundaries, as well as determine the IMF configuration over
the period of time studied. The MAVEN MAG instrument is a dual set of tri-axial fluxgate magnetometers. MAG
determines the ambient vector magnetic field over a range of £65,536 nT with a resolution of up to 0.008 nT.
MAG samples the ambient magnetic field in three dimensions at a cadence of 32 samples/second. The 1 s res-
olution data was used for analysis in this study.

The Wind satellite has been positioned at the Earth-Sun L1 Lagrangian point since May 2004, and observed this
event near 1 AU roughly 1 day before the event passed by Mars (Halekas et al., 2023). Wind's ion electrostatic
analyzers (PESA) (Lin et al., 1995) provide 3D measurements of interplanetary proton populations for energy
ranges from 3 to 30 keV/q. These measurements are used in this study to show instances of the unusually low solar
wind density events from December 2022 through June 2023. Ion data from Wind's Solar Wind Experiment (SWE)
(Ogilvie et al., 1995) was used to estimate the velocity and density of the solar wind during this period of time.

Magnetic field data from the Wind Magnetic Field Investigation (MFI) instrument was used to detect the start and
end of the CIR (Lepping et al., 1995). An RTN coordinate frame used to describe the magnetic field vector
components. In this frame, the R direction points radially outward from the Sun, T lies along the orbital direction
of the Wind spacecraft at roughly 1 AU, and N points northward such that the RN plane lies along the solar
rotation axis.

The Air Force Data Assimilative Photospheric flux Transport and Wangley-Sheeley-Arge (ADAPT-WSA)
ensemble set of solutions was utilized to trace footpoints of the emanating location of the incident solar wind at
Mars back to the solar surface (da Silva et al., 2023).

3. Methods
3.1. ICB Location Determination and Statistical Analysis

The changes in the ICB location are used to analyze ion dynamics during the times surrounding the DSW event at
Mars. The ICB is determined using STATIC (McFadden et al., 2015) c6 level 2 differential energy and mass flux
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data product. The ratio of O™ and O, to H* and He>" fluxes was used to determine the location of the ICB.
Where this ratio equals one marks the transition across the ICB. Because STATIC counts for a particular AMU are
determined using a Gaussian function, a range of mass bins are employed to define fluxes for H', He**, O, and
0,". The ranges used for this study are given in Table S1 in Supporting Information S1.

Due to the potential motion of the plasma across the boundary, temperature differences across the different ion
species, the speed and angle of the spacecraft as it traverses across this boundary, the thickness of the ICB, the
cadence to get ion measurements, limitations in the instrument field of view, and so forth, this transition from light
to heavy ion species is not always sharp. Therefore, a region containing the ICB was identified manually on each
inbound and outbound orbit segment. Within this region, the mass energy flux ratio between light and heavy ions
must transition across a value of one. At higher altitudes relative to the manually identified ICB region, there must
be increased ion fluxes with energies greater than 100 eV to indicate the sheath region. At lower altitudes relative
to the transition period, there must be increased ion fluxes with energies near or below 10 eV. This ensures that the
spacecraft has moved from a higher energy sheath population of ions into the cold ionospheric ions. At the same
time, the mass energy fluxes indicate a transition from low masses in the sheath region to higher mass ions in the
planetary ionosphere.

An automated routine was then applied within this manually identified ICB region, which determines the heavy-
to-light ratio from STATIC ion counts rather than energy flux. Counts are used to decrease any bias in the
composition ratio that may be due to high energy ions. Within the manually identified transition period, we
determined each time the mass count ratio crossed a value of one. If more than one crossing was identified, the
median time of these unity crossings within the transition period was used to mark the ICB. We determined the
statistical error in the ratio by adding the statistical error of the fluxes of the component ion species in quadrature.
This ratio error did not exceed 100% and was often below 50%. In order to account for manual identification
errors, we set the location error bounds to be where the heavy-to-light ratio is 0.2 (lower altitude bound) and 5.0
(upper altitude bound). This error, indicating a 500% change in the mass ratio, was large compared to other errors
looked at. Examples of the detected ICBs and associated errors are included in Supporting Information S1.

In this study, we used this identification technique for the ICB for two means of analysis. First, we conducted a
statistical study spanning over 7500 ICB locations identified on inbound and outbound orbit segments between
January 2015 and December 2018. The second analysis identified the ICB location in December 2022 to evaluate
the effects of the DSW solar structure on this transition region.

3.2. IMB Location Determination

The IMB was determined in order to compare the aforementioned ICB (i.e., the boundary between ion pop-
ulations) with the boundary between shocked solar wind and ionospheric electron populations. The IMB has
historically been defined in different ways across different studies. In this work, we attempt to combine these
techniques to identify the IMB to obtain a complete time history of both the IMB and ICB locations surrounding
the DSW event. The IMB was therefore identified manually from 22 December 2022, through 31 December 2022,
using primarily the SWEA electron energy flux spectrograms alongside the MAG, and SWIA energy flux
measurements along each inbound and outbound orbit segment. The IMB was manually identified as follows: a
local minimum in the SWEA electron fluxes in the 30.9-78.4 eV energy ranges was first determined. Simulta-
neously, SWIA proton fluxes needed to decrease in mean energy and total flux (following Ramstad et al. (2017)).
Magnetic field fluctuations had to increase on average moving toward higher altitudes, and magnetic field
strength had to increase moving toward lower altitudes (following Bertucci et al. (2003)). The magnetic field
fluctuations were characterized along each orbit by taking the standard deviation of the magnetic field strength
over 8 s. At or just below the inbound IMB, a spike in the standard deviation of |1BI| corresponding to a rotation in
the magnetic field was sometimes observed. This may be associated with the current sheet often found at the IMB
(Bertucci et al., 2005). Occurrences of such a spike were ignored to determine if fluctuations increased moving
toward higher altitudes. Finally, across this determined boundary the characteristic peak sheath energy in the
SWEA electron distribution function had to move below 20 eV.

We also used a semi-automated routine to strengthen the positioning of the IMB. We first smoothed the SWEA
energy fluxes in each of the 30.9-78.4 eV energy ranges over 20 s increments. From an arbitrary location in the
sheath region, we then found where the smoothed energy fluxes in each of the studied bins decreased by a factor of
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1.8 relative to those in the sheath. The lowest altitude where this condition was met was used as the IMB location.
This follows the routine used by Lentz et al. (2021).

During the DSW event, this factor of attenuation was decreased to 1.5 and the energy bins from 43.6 to 98.9 eV
were used to determine the attenuation. Orbits 17,882 (1.5), 17,883 (1.5), 17,883 (1.5), 17,892 (1.5), 17,897 (1.6),
17,900 (1.3), and 17,902 (1.1) also had to use a decreased attenuation factor indicated in the parenthesis. We
ensured that the SWEA electron distribution function characteristic peak sheath energy was no longer observed
across these identified boundaries.

Both identification methods (manual and semi-automatic) were employed three times to determine the IMB. The
average of these six locations was used as the IMB location, and the standard deviation of the determined
boundary locations was used as the error on the IMB. Examples of the IMB determination are shown in Sup-
porting Information S1.

4. The DSW Corotating Interaction Region
4.1. Evidence of a CIR at Wind/Earth and Its Solar Source

During the DSW event at Mars, pristine solar wind conditions were not directly sampled by MAVEN (Halekas
et al., 2023). Therefore, observations from the Wind satellite are used to determine the structure that caused the
event because Earth and Mars were nearly aligned radially during this time. Figure 1 depicts solar wind plasma
measurements made by Wind at 1 AU from December 18-29, 2023. The period of low solar wind proton density
(Panel b) occurs on December 25 at 1 AU, which is indicated by the shaded pink region in Figure 1.

Leading up to this period of low solar wind proton densities, solar wind measurements indicate the presence of a
stream interaction region (SIR). Indicators of a SIR structure in the 1 AU Wind data shown in Figure 1 include: an
increase in solar wind velocity V (panel a), an increase and then decrease of proton number density Np (panel b),
an increase in proton temperatures (panel c), the increase of specific proton entropy calculated as ln(T;/ 2/ Np)
(panel d) (Neugebauer et al., 2004), a compression of the magnetic field B (panels e, f), and the pile-up of total
pressure, P,, which is the sum of magnetic and thermal plasma pressure (panel g) (Jian et al., 2006, 2011, 2019).
The magnetic pressure is calculated as B*/2y, and the thermal pressure as nkg(T, + Te), assuming quasineutral
conditions. The approximate start and stop times of the SIR (T1, T2) are marked on Figure 1 by vertical dashed
pink lines. No near-Earth interplanetary coronal mass ejections were listed during this period in the Cane and
Richardson (2003) catalog, supporting the notion that a SIR likely caused this event (Richardson & Cane, 2010).

SIR structures arise as a compression region in solar wind plasma as fast solar wind overtakes the preceding
slower solar wind (Owens, 2020; Parker, 1965; Sarabhai, 1963). This creates a pile-up of solar wind plasma and
IMF within the SIR, which is then usually followed by a rarefaction region of low-density solar wind plasma. The
rarefaction region following a SIR could be the cause of the low proton densities observed during the DSW event
at Mars. The compression region of the SIR depicted in Figure 1 is shown to last for nearly 8 days from December
18-24, which is an unusually long period (Huang et al., 2019; Jian et al., 2006). This period is designated as the
SIR due to the observed properties mentioned in the previous paragraph; however, it is noted that other transient
features may be responsible for parts of the observations within T1 and T2. Such features may have implications
for the unusually low-density solar wind within the trailing rarefaction region, but analysis is outside the scope of
this study.

Panel (a) of Figure 2 shows a schematic of a general SIR structure based on a diagram from Hundhausen (1972).
Here, the Sun rotates counterclockwise, and the blue and pink lines represent the IMF lines carrying slow and fast-
moving solar wind, respectively. The stream interface indicated by the solid black line separates the solar wind of
differing speeds. The SIR compression region is indicated by the light blue-filled region surrounding the stream
interface. The pink dotted lines trailing the fast wind depict the rarefaction region of low-density solar wind that
usually follows the SIR.

If interactions (e.g., collisions, instabilities) between particles within the solar wind do not occur fast enough to
dissipate the compression region between slow and fast-moving solar wind before a solar rotation is completed,
then the structure can become a CIR (Richardson, 2018; Smith & Wolfe, 1976). CIRs are SIRs that are observed at
the cadence of around one solar rotation (Snyder et al., 1963).
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Figure 1. Solar wind plasma measurements from the Wind satellite in orbit near 1 AU. Panel (a) depicts solar wind proton velocity. Panel (b) depicts solar wind proton
densities calculated using the nonlinear fitting of the SWE instrument measurements. Panel (c) represents the solar wind proton temperatures. Panel (d) shows the
specific entropy. Panel (e) depicts the magnitude of the magnetic field in [nT]. Panel (f) shows the direction of the magnetic field in RTN coordinate frame. Panel
(g) depicts the total pressure (magnetic and thermal) calculated using these measurements. The period between T1 and T2 marked with vertical pink dashed lines
indicates the CIR compression region. The shaded pink region depicts the trailing rarefaction region with low solar wind densities.

The cadence of the low-density solar wind events in Figure 2b provides evidence that the SIR structure that caused
the DSW event at Mars is, in fact, a CIR. This figure depicts the time history of solar wind proton densities from
the Wind satellite at 1 AU spanning December 2022 through June 2023. The black horizontal line on this plot
indicates a density of 1 particle/cm’. Each pink arrow indicates a time when the solar wind proton densities
dropped below 1 particle/cm®
another, only the minimum of those density drops were pointed out for this figure.

. If the densities dropped below 1 particle/cm® multiple times within 7 days of one

Starting with the December 26th DSW event, subsequent events occurred at a cadence of 25, 23, 15, 26, 28, and
33 days after one another. The deepest events observed in December 2022 March 2023, April 2023, and May
2023, show similarities in the density and velocity structures. Therefore, the solar structure with unusually low
proton densities at 1 AU in December 2022 is likely due to the rarefaction region of a CIR.

The unusually low proton density of the rarefaction region during the DSW event may be a consequence of the
solar footpoints that the CIR emanates from. Solar wind can emanate from coronal holes and from active regions
(Kojima et al., 1999; Luhmann et al., 2002; Stansby et al., 2021). Panel (c) of Figure 2 depicts a snapshot of the
distribution of source locations at the Sun (1 solar radii) that connect to Mars during the DSW event on December
26 using an ensemble set of solutions obtained from ADAPT-WSA (da Silva et al., 2023). The varied dimensions
of the ensemble set include ADAPT photospheric maps, perturbations in forward-mapping departure location,
and a time window of + 12 hr for included arrivals of propagated parcels to Mars.

This distribution indicates that the source of the solar wind for this event emanated from the Sun on 22 December
2022, and has two possible surface locations from which it originated. About half of the solar wind source could

SHAVER ET AL.

7 of 18

858017 SUOWILLOD AR 3ceo| dde aup Aq paueob 88 S9o11e YO ‘8SN J0 SaInJ 10} ARIq1T8UIIUO AB]IM UO (SUOPUOO-PUR-SLLBILI0D" A3 1M A leIq 1 [Bu[UO//ScY) SUORIPUOD PUe SWLB L 38U} 885 *[202/80/50] Uo Aridiauliuo A8)im biiH 89eds preppo eseN Aq T8TZE0VLEZ02/620T 0T/I0p/w00" A8 1M Al jeuluo'sgndnBey/sdny woiy pepeojumod ‘e 7202 ‘Z0r669T2



I Y ed N | . .
M\I Journal of Geophysical Research: Space Physics 10.1029/2023JA032181
A B Wind Satellite Measurements at 1 AU

100.00F "~
: ;
Y |

10.00}

Slow wind Fast wmd

1.00

Q-

\/ Rare action O. 1 O E_ A _E
0.01 sl 4. N
Month Jan

2023

Proton Density [n/cc]

9zt l'ZZgZ
LZ-10-£20C
L0-€0-£20C
8C-£0-€£C0C
SC-¥0-€T0C
8C-50-€20C

¥1-¢0-£20C

>
o
=

Solar Wind Sources for MARS (N = 3789)
Forecast at 2022-12-26T10:00 - Departing around 2022-12-22710:00

Stonyhurst Longitude
150.0°W 100.0°W 50.0°W 0.0° 50.0° 100.0°E 150.0°E

60.0°N/ 4Coronal Hole*

- SPoCA 37534

60.0 120.0
Carrington Longitude

Sub-sat Longitude at Solar Wind Forecast

Relative Probability Density

Figure 2. Figure depicting evidence for the corotating interaction region (CIR) structure that caused the DSW event at Mars and at Earth. Panel (a) shows a schematic of a
SIR, or CIR, as a compression region between slow and fast-moving solar wind (Hundhausen, 1972; Owens, 2020). Panel (b) depicts solar wind proton densities from
December 2022 through June 2023 using the Wind satellite. Dates where the solar wind proton density drops below 1 particle/cm™ are indicated with a pink arrow.
Panel (c) shows the ADAPT-WSA ensemble set of solutions (da Silva et al., 2023) depicted the solar footpoints where the solar wind is predicted to have emanated from
on 26 December 2022, at Mars.
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have originated from a coronal hole (SPoCA 37534), indicated by the yellow box. The other half could have
originated from an active region (NOAA 13169), indicated by the red box. Previous solar wind disappearance
events have traced the solar wind footpoints back to locations where a coronal hole is found next to an active
region on the solar surface, just as we observe in this DSW event (Janardhan, Fujiki, et al., 2008; Janardhan,
Tripathi, & Mason, 2008).

The coronal hole and active region source locations can influence the composition and structure of the resulting
solar wind (Bale et al., 2023; Hudson et al., 2022). This in turn can affect the dynamics of the Martian induced
magnetosphere. Coronal holes are regions of open magnetic field lines on the Sun (Cranmer, 2009; Zirker, 1977),
and active regions are where the Sun's magnetic field is perturbed (Van Driel-Gesztelyi & Green, 2015). Active
regions can produce large solar events, such as flares and coronal mass ejections, and are often associated with
dynamic magnetic field activity.

Solar wind charge-state ratios can help determine the solar wind source location (Biirgi & Geiss, 1986). The low
O’*/05" charge-state ratio determined from the Solar Wind Ion Composition Spectrometer (SWICS) 2.0 level 2
data (SWICS 2.0 Level 2 Data Documentation, 2007) on the Advanced Composition Explorer (ACE) (Stone
et al., 1998) indicates a coronal hole source of the solar wind near 1 AU on December 22-25 (Zurbuchen
et al., 2002). However, the charge state ratios of O’*/0%*, C®*/C>*, and the average Iron charge state (Qj,)
increase as the DSW event passes by Earth on December 25 and 26. While these ratios are higher than nominal
coronal hole values during the DSW, they are not high enough to definitively indicate an interplanetary coronal
mass ejection as the source (Heidrich-Meisner et al., 2016; Lepri et al., 2001; Richardson & Cane, 2004). A
detailed follow-up study is being conducted on this issue, so we end our discussion here.

The heightened ratios may indicate that the solar wind during the unusual DSW emanated from an active region.
This event occurred as solar cycle 25 approaches maximum when roughly 40%-60% of the solar wind has been
shown to come from active regions (Schrijver & DeRosa, 2003; Stansby et al., 2021). This may have implications
for the IMF configuration that interacts with the Martian system over this period.

4.2. Evidence of the CIR and Rarefaction Region at Mars

The juxtaposition of the CIR compression region preceding the extremely low density solar wind rarefaction
region can be used to study the effects of opposing solar wind driving conditions on the Martian induced
magnetosphere over a few days. MAVEN data compared with data from Wind in the surrounding dates can be
used to determine when and how the CIR and rarefaction region influenced the Martian system.

Figure 3 depicts Wind measurements that have been shifted ballistically from 1 AU to Mars (panels a—) (see
Halekas et al. (2023) and references therein for more details on the method) along with MAVEN plasma mea-
surements (panels d—j). Panel letters within a blue box refer to the Wind measurements, and those within a red box
refer to MAVEN measurements. Panels a, b, and ¢ show the solar wind proton density, velocity, and magnetic
field magnitude measured by the Wind satellite at 1 AU that have been shifted forward in time by one day and out
to Mars' orbit. Panel d depicts solar wind ion energy fluxes from the MAVEN SWIA instrument, where brighter
colors indicate higher fluxes. Panels e, f, and g depict the solar wind density, velocity, and magnetic field
magnitude computed using the upstream solar wind database described in Halekas et al. (2017). Panel h shows
MAVEN/SEP ion energy fluxes averaged from detectors 1 and 2, respectively. Panel I depicts MAVEN/SEP
electron energy fluxes averaged over detectors 1 and 2. The spikes in MAVEN/SEP ion energy fluxes (panel h),
especially prevalent before T1, are due to "Mars shine,” or reflected sunlight from the disc of Mars, which induces
electronic noise in the instrument when the FOV includes the illuminated surface of Mars. The proposed CIR start
(T1) and stop (T2) times are indicated by the vertical pink dashed lines in Figure 3. The rarefaction region with
lower-than-usual solar wind proton densities at Mars lasted for nearly 2 days from December 26-28, and is
indicated in Figure 3 by a pink-tinted period of time.

Evidence of the CIR compression region interacting with the Martian system before the DSW event can be seen in
the increase and then decrease of the solar wind ion number density (panel e) between T1 and T2, as well as the
increase in solar wind velocity (panel f) and IMF magnitude (panel g). These MAVEN measurements show
similar solar wind features as those observed with the Wind spacecraft (panels a, b, and c).

Furthermore, heightened fluxes of SEPs have been shown to exist in the compression region of a CIR
(Richardson, 2004; Thampi et al., 2019). Before the DSW event, MAVEN/SEP electron fluxes (Panels i, j)
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Figure 3. This figure depicts plasma measurements made by Wind (blue indicator) and MAVEN (red indicator) from 19
December 2022 through 31 December 2022. These measurements provide evidence of the CIR and rarefaction region
interacting with the Martian system. The CIR interacts with Mars between times T1 and T2, as indicated by the vertical
dashed pink lines. The rarefaction region following the CIR is indicated by the shaded pink region. The repeating temporal
signatures in the MAVEN data at periods of ~3—4 hr are due to the MAVEN orbit moving inside and outside the Martian
induced magnetosphere.

increased over December 21-24. An increase in MAVEN/SEP electrons was observed between the proposed CIR

start and stop times (T1 and T2). MAVEN/SEP ion fluxes (panel h) also increased over this period near the

leading edge of the CIR (at T1) through the rarefaction region.
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The DSW event at Mars occurs within the rarefaction region that trails the CIR. The end of the CIR and start of the
rarefaction region occurs at T2, which is indicated by the maximum in solar wind velocity measured with the
Wind satellite (panel b). Solar wind ion fluxes measured using the MAVEN SWIA instrument (panel d) decrease
in the rarefaction region.

The low solar wind densities can affect the dynamics of the Martian induced magnetosphere and ionosphere. For
example, within the rarefaction region at Mars, a dropout in solar wind density and velocity computed using
MAVEN upstream solar wind moments from Halekas et al. (2017) is observed (Panels e and f of Figure 3),
leading to a decrease in solar wind dynamic pressure. The lack of compressing solar wind dynamic pressure can
permit the expansion of the Martian induced magnetosphere.

The different solar wind conditions within the compression region of the CIR and following unusually low density
rarefaction region offers an excellent opportunity to study the effect of contrasting solar wind conditions on the
dynamics within the Martian induced magnetosphere. As shown in Figure 3, this period of time allows analysis of
the Martian system's response to a change from high to low dynamic pressure driven by changes in solar wind
density and velocity.

5. The Response of the Martian Ionosphere

The orbit configuration of MAVEN from December 22-31, 2022, allowed for a detailed study of the ionospheric
boundary regions near both the subsolar and flank region of the Martian induced magnetosphere. Figure 4 panel a
depicts MAVENS orbit in MSO over this period and indicates that the MAVEN orbit did not process much when
the CIR and rarefaction region passed by Mars. MAVEN's periapsis was observed near a SZA of ~132.8° and an
areographic latitude of roughly —42° (near the strong crustal magnetic fields). From December 22-31, the
outbound portion of the MAVEN orbit covered mostly day-side (X MSO > 0) locations, whereas the inbound
portion of the orbit occurred mainly on the night-side (X MSO < 0) of the planet (see Figure 4 panel a).

Therefore, to study the response of the Martian ionosphere on the dayside (SZA < 80°) and flank regions (SZA
>80°) to the CIR compression and rarefaction regions, analysis of the IMB and ICB has been broken up into
outbound and inbound orbit segments. Panels b and c of Figure 4 depict the time history of IMB (blue) and ICB
(green) altitudes from December 22—-31. Panel b shows the IMB and ICB altitudes along the outbound portion of
each MAVEN orbit, and panel ¢ depicts the boundary regions' altitudes along the inbound portion of the orbit.
Each observation point is connected by a straight line to show the direction of change in boundary altitude from
one orbit to the next.

Atlow SZAs (Figure 4, panel b), the ICB and IMB boundary regions clearly vary in altitude similarly from orbit
to orbit, expanding and contracting together. The IMB is located at slightly higher altitudes than the observed ICB
from December 22-31; however, the two boundary regions observed along the outbound orbit rise and fall at
roughly the same rate. During the DSW event on December 26, the two boundary regions at low SZA expand to
high altitudes. The IMB is located at a maximum altitude of ~2,900 km at ~12° SZA, and the ICB at a maximum
altitude of ~2,900 km at 10° SZA. The altitudes of the IMB and ICB during the two DSW event orbits are marked
using blue and green stars, respectively, in Figure 4. These altitudes extend past the nominal bow shock location
derived from Vignes et al. (2000) at low SZAs.

The IMB and ICB observed at the flanks, however, seemingly exhibit a decoupling in their locations relative to
one another (see Figure 4, Panel c). From 12/22 to 12/24 the two boundary regions expand and compress roughly
500 km in altitude on timescales of 1-2 MAVEN orbits (~3.5-7 hr). Although the IMB is found at higher altitudes
than the ICB over these 2 days, the two boundary regions exhibit similar oscillatory altitude changes. Then on
December 24, the IMB and ICB are initially both compressed before appearing to decouple significantly for most
of the day, separating by almost 1,000 km. The flank ICB altitude continues to fluctuate over 500-1,500 km
between orbits, while the flank IMB does not experience these large fluctuations in altitude (Figure 4, Panel c).

Within the rarefaction region trailing the CIR from December 2628, the flank IMB and ICB continue to exhibit
different altitude signatures in time. Only during the two minimum DSW proton orbits on December 26 do the
flank IMB and ICB expand together and remain relatively fixed at a high altitude. The IMB expands to a
maximum altitude of ~3,800 km at ~87° SZA, and the ICB to ~3,600 km at roughly 92° SZA. This is shown by
the starred points in Figure 4.
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Figure 4. Observed altitudes of the ICB shown in green and IMB shown in blue in the period surrounding the DSW event. Panel a depicts the precession of the MAVEN
orbit from December 22 to 31, 2023. Lighter colors indicate orbits occurring earlier in time, whereas darker colors indicate orbits occurring later in time. Periapsis is
indicated by a red square, and apoapsis by an orange square. The outer and inner black dashed lines are used to indicate the modeled locations of the bow shock and
magnetic pileup boundaries, respectively, from Vignes et al. (2000). As shown in this figure, MAVEN's orbit did not precess much over this period of time and therefore
analysis of the ionospheric boundary regions along the inbound and outbound orbit segments are carried out separately. The region where the flank boundary locations
are observed is indicated by the light green line, and where the dayside boundary locations are found is indicated by the darker green line. Panel b shows the boundary
region altitudes observed on the dayside (SZA < 80°), and panel ¢ shows the boundary region altitudes observed at the flank (SZA > 80°) of the induced magnetosphere
boundary. The light green and blue filled regions represent the error on the determined locations of the ICB and IMB, respectively. The location of the ICB (green) and
IMB (blue) during the two DSW orbits where solar wind density was unusually low are indicated by stars.

Usually, the ICB is located near an altitude of 600 km on the day side of the planet. However, as the rarefaction
region passed through the Martian induced magnetosphere, the subsolar and flank ICB extended to unusually high
altitudes during the two DSW event orbits. This is shown in Figure 5 which depicts a 2D histogram of ICB
locations spanning January 2015 through December 2018 in cylindrical MSO coordinates. The yellow dashed line
indicates an altitude of 600 km, where more common occurrences of the ICB are seen at X > 0 MSO locations.
The location of the ICB flares outwards with increasing SZA from the subsolar point to 90° SZA. Near the flank
region of the planet, the ICB is usually between 600 and 2,000 km, where an altitude of 2,000 km has been marked
in Figure 5 by an orange dashed line.
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Figure 5. 2D histogram of ICB locations from January 2015 through December 2018. Each bin spans 0.1 X 0.1 Ry, in MSO
coordinates and has been normalized by the total number of observed ICB points. Lighter colors depict regions where the
ICB is observed more often than bins of darker colors. The modeled bow shock and induced magnetosphere boundary
determined in Vignes et al. (2000) are shown by the outer and inner black dashed lines, respectively. The yellow dashed line
indicates an altitude of 600 km, and the orange dashed line indicates an altitude of 2,000 km. Mars is depicted as the black and
white semi-circle, where the filled black side is used to show SZAs past the terminator. The cyan stars indicate the observed
location of the ICB during the DSW event.

During the DSW event though, the ICB at 10° SZA is found outside the nominal bow shock derived from Vignes
et al. (2000) at an altitude of ~2,900 km. At the flank region, the ICB was observed at a maximum altitude of
~3,600 km at 92° SZA during the DSW event. The maximum altitude instances of the ICB during the DSW event
are indicated in Figure 5 by cyan stars, which show the unusually extended location of the ICB during this event.
The expansion of the ICB during the DSW event is likely due to the very reduced solar wind dynamic pressure
compressing the Martian induced magnetosphere, thereby permitting the expansion of the entire system (Halekas
et al., 2023). However, after the rarefaction region has passed, the flank IMB and ICB continue to vary indi-
vidually. This may indicate that the fluctuations in the ICB altitude during the period studied here are not solely
due to changes in solar wind dynamic pressure.

Previous studies using Mars Express (MEX) data compared the effects of different solar wind conditions on the
modeled conic shape of the ionosphere boundary (IB) (Ramstad et al., 2017). The IB is defined as the location
where magnetosheath protons and alpha particles are not observed, and where a distinct and sustained appearance
of cold, heavy (M/q > 16) ion distributions exists. Because the ICB and IB are determined using similar criteria,
the dynamics driving the IB location can be compared to the DSW event dynamics of the ICB that are observed
with MAVEN data. Ramstad et al. (2017) found that the location of the IB was highly dependent on solar wind
conditions. Interestingly, the nightside IB did not vary with dynamic pressure, but rather was found to expand
with high solar wind velocity, ugy, and compress with high solar wind density, ng,. However, the fit algorithm

—3 and

from Ramstad et al. (2017) using the expected solar wind parameters from the DSW event (ngy, = 0.1 cm
ugy ~400 km/s) did not match the observed locations of the flank ICB during the minimum solar wind proton
orbits. Even after varying the solar wind parameters to account for systematic differences in the upstream solar
wind estimates between MEX and MAVEN, the resulting fits did not match the DSW observations. This may
indicate that other factors besides the solar wind velocity and density can drive the location of the flank ICB

during events such as passing CIRs and rarefaction regions.

Within the CIR compression region and rarefaction region, solar wind density, velocity, and magnetic field
magnitude all changed. However, when the large flank ICB altitude fluctuations began, the only large change in
upstream driving conditions was in the azimuthal angle of the IMF. This is depicted in Figure 6. Panels a and b
show the solar wind density and velocity derived using Wind data. Panel ¢ depicts the azimuthal angle of the IMF
from Wind MFI data, where azimuthal angle, ¢, is defined as the angle of the IMF in the X-Y ecliptic plane. An
azimuthal angle of 0° indicates that the IMF is pointing radially toward the Sun, whereas a azimuthal angle of
180° indicates the IMF is pointing radially anti-sunward, neglecting the out-of-plane component of the IMF.
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Figure 6. Time history showing the effect of solar wind and IMF conditions on the altitude of the Martian ICB and IMB. Panel a is the solar wind proton density from the
Wind spacecraft. Panel b is the solar wind velocity magnitude from the Wind spacecraft. Panel c is the IMF azimuthal angle derived from Wind magnetic field data. All
of the Wind data has been ballistically shifted to Mars' orbit. The horizontal red line represents an azimuthal angle of 180°. Panel d is the IMF azimuthal angle derived
using MAVEN MAG data that has been bandpass filtered for periods between 4 hr and 6 days. The horizontal red line indicates an azimuthal angle of 180°. Panel e is the
observed altitudes of the IMB (blue) and ICB (green) along the outbound segment (dayside location) of each MAVEN orbit. Panel f is the observed altitudes of the IMB
and ICB along the inbound segment (flank location) of each MAVEN orbit. The pink tinted period represents the rarefaction region.

Panel d depicts the IMF azimuthal angle using MAVEN data. However, because MAVEN does not consistently
sample the pristine solar wind, a bandpass filter allowing periods between 4 hr (longer than a MAVEN orbit) and
6 days was applied to full time history of the MAG azimuthal angle dataset. This separated the overarching IMF
azimuthal angle from disturbances that occur within the induced magnetosphere or at periods less than a MAVEN
orbit. Panels e and f depict the IMB and ICB altitude along the outbound (dayside) and inbound (flank) orbit
segments, respectively, for this period of time for comparison to solar wind conditions.

Observations shown in Figure 6 indicate that the IMF azimuthal angle may drive the ICB dynamics observed over
this period of time. From December 22-24th, when the flank IMB and ICB are observed to expand and contract
together, the IMF azimuthal angle stays above 180°. This indicates that the IMF is in a toward sector orientation
during this period, that is, sunward pointing with a -Y MSO (dawnward) magnetic field component. Then, when
the IMF switches from having an azimuthal angle greater than 180° to an azimuthal angle less than 180° on 24
December 2022, the flank IMB and ICB (panel f) begin to decouple in altitude. Throughout the period where large
fluctuations are observed in the ICB altitude, the IMF azimuthal angle remains in an away sector orientation, that
is, anti-Sunward and duskward. The changes in solar wind proton density (panel a) and velocity (panel b) do not
appear to influence whether the fluctuations in the flank ICB arise over this period of time, but may have im-
plications for the magnitude of the fluctuations (Halekas et al., 2018).

SHAVER ET AL.

14 of 18

858017 SUOWILLOD AR 3ceo| dde aup Aq paueob 88 S9o11e YO ‘8SN J0 SaInJ 10} ARIq1T8UIIUO AB]IM UO (SUOPUOO-PUR-SLLBILI0D" A3 1M A leIq 1 [Bu[UO//ScY) SUORIPUOD PUe SWLB L 38U} 885 *[202/80/50] Uo Aridiauliuo A8)im biiH 89eds preppo eseN Aq T8TZE0VLEZ02/620T 0T/I0p/w00" A8 1M Al jeuluo'sgndnBey/sdny woiy pepeojumod ‘e 7202 ‘Z0r669T2



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2023JA032181

Acknowledgments

The authors would like to thank the
reviewers of this paper, Dr. Smitha Thampi
and an anonymous reviewer, and the editor
of the journal for their interest and helpful
suggestions to improve this work. We
thank the anonymous reviewer for
directing us toward a charge state analysis
using ACE data. We acknowledge NASA
and the MAVEN mission for support
partially through grant NNH10CCO04C to
the University of Colorado and by
subcontract to Space Sciences Laboratory,
University of California, Berkeley. Parts of
this work for the observations obtained
with the SWEA instrument are supported
by the French space agency CNES
(National Centre for Space Studies).

6. Conclusion

In late December 2022, a CIR passed through the Martian induced magnetosphere. The compression region of the
CIR at Mars caused an increase in solar wind dynamic pressure, heightened SEP populations, and higher values of
thermal plasma pressure calculated using SWIA ion moments within the Martian ionosphere. The end of the CIR,
which is marked by the point of highest solar wind velocity, passed through the Martian magnetosphere on
December 26th.

Following the CIR was a rarefaction region of unusually low solar wind proton density. The low density values
may be due to the solar wind originating from a coronal hole and active region on the Sun, which has led to other
low solar wind density events in the past. This rarefaction region is responsible for the December 26th DSW event
studied by Halekas et al. (2023).

Within the rarefaction region, the ICB and IMB expanded to high altitudes during the DSW event at Mars. In this
period of unusually low solar wind proton densities, the IMB and ICB rise to a maximum altitude of 2,900 km
near the subsolar point. The flank IMB expanded to a maximum altitude of 3,800 km, and the flank ICB expanded
to a maximum altitude of 3,600 km during the minimum solar wind proton density orbits of the DSW event.
Compared to a statistical study during solar minimum conditions, the ICB was observed to extend further than
anything observed by the MAVEN spacecraft from January 2015 through December 2018.

The juxtaposition of the CIR compression region with the following rarefaction region allowed us to study the
response of the Martian ionosphere to different solar wind conditions over a relatively short period of time.
Because of the MAVEN orbit configuration, the boundary regions between shocked solar wind and ionospheric
plasma were able to be sampled on the dayside and at the flank region of the induced magnetosphere between
December 22 and 31.

The dayside (SZA < 80°) IMB and ICB changed altitudes in a similar way over the period of time between the
CIR compression region and the trailing rarefaction region. The flank ICB and IMB, however, showed different
variations in altitude from orbit to orbit (~3.5 hr). The flank ICB exhibited large fluctuations in altitude during this
period of time compared to the flank IMB. A look at the upstream IMF and solar wind conditions revealed that a
change in the azimuthal angle (in the XY MSO plane) of the IMF from ¢ > 180° to ¢ < 180° seemed to induce the
large fluctuations seen in the ICB altitude.

This study highlights the dynamic nature of the Martian plasma environment in response to drastically changing
solar wind and IMF conditions. Future studies on systematic correlations between the ICB and IMF conditions
should be conducted, which would confirm if the difference in ICB altitudes is related to the changing IMF angle.
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