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"Department of Physics and Astronomy, University of lowa, lowa City, lowa, USA, Space Sciences Laboratory, University
of California, Berkeley, California, USA, 3NASA Goddard Space Flight Center, Greenbelt, Maryland, USA, AL'Institut de
Recherche en Astrophysique et Planétologie, Toulouse, France, *Laboratory for Atmospheric and Space Physics, University
of Colorado Boulder, Boulder, Colorado, USA

Abstract we report on the in-flight performance of the Solar Wind lon Analyzer (SWIA) and observations
of the Mars-solar wind interaction made during the Mars Atmosphere and Volatile EvolutioN (MAVEN) prime
mission and a portion of its extended mission, covering 0.85 Martian years. We describe the data products
returned by SWIA and discuss the proper handling of measurements made with different mechanical
attenuator states and telemetry modes, and the effects of penetrating and scattered backgrounds, limited
phase space coverage, and multi-ion populations on SWIA observations. SWIA directly measures solar

wind protons and alpha particles upstream from Mars. SWIA also provides proxy measurements of solar wind
and neutral densities based on products of charge exchange between the solar wind and the hydrogen
corona. Together, upstream and proxy observations provide a complete record of the solar wind experienced
by Mars, enabling organization of the structure, dynamics, and ion escape from the magnetosphere. We
observe an interaction that varies with season and solar wind conditions. Solar wind dynamic pressure,
Mach number, and extreme ultraviolet flux all affect the bow shock location. We confirm the occurrence of
order-of-magnitude seasonal variations of the hydrogen corona. We find that solar wind Alfvén waves, which
provide an additional energy input to Mars, vary over the mission. At most times, only weak mass loading
occurs upstream from the bow shock. However, during periods with near-radial interplanetary magnetic
fields, structures consistent with Short Large Amplitude Magnetic Structures and their wakes form upstream,
dramatically reconfiguring the Martian bow shock and magnetosphere.

1. Introduction

The goals of the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission [Jakosky et al., 2015a] are to
characterize the present-day structure and dynamics of the Martian atmosphere, ionosphere, and magneto-
sphere and to measure the loss rate of atmospheric gases from this coupled system, enabling an extrapola-
tion over time to determine the integrated loss of atmosphere from Mars over solar system history. To
achieve these goals, we must understand not only the current Martian system but also the physics of the
processes therein and how those processes depend on season, local time, geographic location, external
drivers, etc. Without a full understanding of how the Martian system depends on solar drivers, we have little
hope of performing a robust extrapolation back in time. Underscoring the importance of this goal, five of the
nine sensors on the MAVEN spacecraft measure portions of the energy input from the Sun, including extreme
ultraviolet (EUV) photons, thermal ions and electrons, suprathermal ions and electrons, solar energetic parti-
cles, and the interplanetary magnetic field (IMF). The Solar Wind lon Analyzer (SWIA) [Halekas et al., 2015a],
designed to measure the 3-D velocity distribution of solar wind ions both upstream and downstream from
the Martian bow shock, falls into this category.

The solar wind provides a highly variable source of energy to the Martian system. Under nominal conditions,
the solar wind flow speed can vary by a factor of 2, and the density can vary over an order of magnitude.
Stream interactions such as corotating interaction regions (CIRs) and space weather events such as coronal
mass ejections (CMEs) can introduce even larger perturbations. While the properties of the solar wind do
not differ dramatically between 1 AU and Mars, only when Mars and the point of solar wind observation lie
within ~65° in heliocentric longitude can one propagate measurements to Mars with any degree of reliability
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[Opitz et al., 2010]. Even during times with such fortuitous alignment, stream interaction regions can merge
and/or steepen dramatically between 1 and 1.5 AU [Burlaga et al., 1985; Gosling and Pizzo, 1999]. To fully
understand the response of Mars to the solar wind during the MAVEN mission, we therefore require a
dedicated solar wind monitor.

A number of previous investigations have suggested that the solar wind in part controls the loss of ions from
the atmosphere of Mars. Studies utilizing data from different times in the solar cycle imply different ion
escape rates. Phobos-2 measurements during an intense solar maximum [Lundin et al, 1990; Ramstad
et al, 2013] indicate higher escape fluxes than more recent measurements from Mars Express (MEX)
[Barabash et al., 2007] and MAVEN [Brain et al., 2015] for similar ion energy ranges during more moderate
solar wind conditions. However, the exact nature of the dependence of ion loss rate on solar wind parameters
remains unclear. Event studies suggest that CMEs and CIRs can both lead to enhanced ion escape [Dubinin
et al., 2009; Edberg et al., 2010b; Futaana et al., 2008; Jakosky et al., 2015b], implying that increased solar wind
flux drives enhanced ion loss. However, statistical studies do not all support this conclusion, with some
finding increased ion escape during high solar wind flux periods [Nilsson et al., 2011] but others finding a non-
monotonic dependence of escape rates on solar wind density [Ramstad et al., 2015].

Given the number of possible pathways for ion escape from Mars [see, e.g., Dubinin et al., 2011], some nonli-
nearity in the dependence of total ion loss rates with solar wind parameters should naturally result. Each indi-
vidual escape process will, in general, scale in a different way, and therefore, under different solar wind
conditions the dominant loss process could change. The solar wind can transfer momentum to the planetary
ions to give them escape velocity in many different ways, including but not limited to direct acceleration by the
motional electric field (“pickup”) [Dubinin et al., 2006b; Dong et al., 2015], which transitions to “heavy mass-
loading” or “mass-loaded pickup” in regions of higher planetary ion density [Lundin et al., 1991], J x B accelera-
tion in the tail [Dubinin et al., 1993a], cold plasma outflow [Lundin et al., 2008; Fraenz et al., 2015], shear-driven
boundary layer instabilities [Penz et al., 2004; Gunell et al., 2008; Winningham et al., 2006], wave-driven accelera-
tion [Ergun et al., 2006], and bulk escape of “plasma clouds” [Halekas et al., 2016]. Plasma energization can also
couple back into heating of the neutral atmosphere, leading to secondary loss terms [Luhmann and Kozyra,
1991; Leblanc and Johnson, 2001]. Work remains to determine how ions escape from Mars by this diverse array
of loss processes, how the total ion loss depends on the driving solar wind input to the system, and how that
dependence varies with other factors such as season, geographic location, and local time.

To reach closure on the scientific goals of the MAVEN mission, we therefore must comprehensively measure
the properties of the incoming solar wind at Mars. SWIA fulfills this role, providing high-fidelity measurements
of the solar wind input to the Martian system. In this paper, we describe the in-flight performance of the
as-flown SWIA instrument in the near-Mars environment and discuss some new insights obtained from
SWIA measurements of the properties of the solar wind at Mars and the Mars-solar wind interaction.

2. MAVEN Solar Wind lon Analyzer (SWIA) Measurements and In-Flight
Performance

2.1. Instrument Characteristics

The MAVEN/SWIA instrument [Halekas et al., 2015a], based on the classic Carlson et al. [1983] top-hat design,
consists of a toroidal electrostatic analyzer with electrostatic deflectors that measures ions over an energy
range of ~5-25,000eV, over a maximum angular range of 360°x 90° (smaller at energies above 4.5 keV).
SWIA does not discriminate between ion species but does provide intrinsic energy resolution of 15% AE/E,
angular resolution of 22.5°x22.5° over the full 360°x90° field of view (FOV), with 4.5°x3.75° over a
45°x 45° portion of the FOV nominally covering the solar wind, and 4 s intrinsic time resolution. SWIA is
mounted on a corner of the main spacecraft deck, providing a largely open field of view and aligning its fine
resolution elements toward the Sun whenever the spacecraft Z axis points toward the Sun (true for the major-
ity of observational modes). Early in the MAVEN mission (November 2014), issues with spacecraft charging at
periapsis forced a change in the SWIA energy coverage to 25-25,000 eV, to protect the detectors from intense
low-energy ram fluxes postaccelerated by the negative spacecraft potential. This issue notwithstanding,
SWIA has operated nominally throughout the MAVEN mission to date, as well as for 4 months during cruise
to Mars (March—-July 2014), providing a comprehensive data set of the solar wind beyond 1 AU and its inter-
action with Mars.
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2.2. Data Products, Modes, and Operations

The SWIA sensor operates continuously in a single mode, accumulating counts over 96 energy steps (“E”) cov-
ering the full energy range and 24 deflection steps (“D") covering instrument theta angles of +45°, for each of
24 anodes (“A”) that together cover instrument phi angles of 0-360° (14 large anodes with 22.5° angular
extent and 10 small anodes with 4.5° angular extent covering a portion of the FOV centered around the
spacecraft Z axis, nominally oriented toward the Sun). The resulting product (P0) is too big to send routinely,
so the SWIA firmware processes this basic array into two more compact forms, as described in Halekas et al.
[2015a]. The “Coarse 3-D” (P1) product sums pairs of adjacent energy steps, sums groups of six deflector
steps, and sums over two groups of five small anodes, to produce a 48E x 16A x 4D distribution covering
the full energy and angular range with a uniform 15% energy resolution and 22.5° x 22.5° angular resolution.
The “Fine 3-D” (P2) product selects the deflector steps and energy steps around the peak in the distribution
for the 10 small anodes to produce a 48E x 10A x 12D distribution covering a limited portion of phase space
with 7.5% energy resolution (oversampled compared to the intrinsic resolution) and 4.5° x 3.75° angular reso-
lution. The flight software (FSW) in the data processing unit then transfers these products directly to the
spacecraft as “Survey” data and/or to the “Archive” flash memory for later selection and transmission or
further bins or subselects to produce smaller products before transferring them to one of these two destina-
tions. The FSW also sums over all angles to collapse the Coarse 3-D product to an “Onboard” 1-D energy
spectrum, computes the moments (n =density, v =vector velocity, p = pressure tensor, Q= vector heat flux)
of the distribution, and controls a mechanical attenuator based on peak count rate. Though the instrument
operates in a single mode, FSW utilizes the ratio of counts contained in the Coarse and Fine distributions
(a measure of narrowness of the distribution) to determine a telemetry mode (“Sheath” or “Solar Wind").
This mode bit also determines whether the FSW utilizes Coarse or Fine distributions to compute moments.
The resulting combination of data products provides a powerful data set for studying the Mars-solar wind
interaction, but care is required to appropriately utilize all the data products and correctly interpret data
taken with different telemetry modes and attenuator states.

2.3. Interpreting SWIA Measurements

Figure 1 shows a representative example of SWIA measurements from a single MAVEN orbit in February 2015.
During this orbit, outside of the bow shock (before ~18:20 and after ~20:50), SWIA measured the nearly
pristine solar wind proton (H") and alpha particle (He**) populations. These two populations appear as clearly
distinct peaks in the Fine energy spectra of Figure 1e (also visible at lower energy resolution in the Onboard
and Coarse energy spectra of Figures 1a and 1b), separated by a factor of roughly 2 in energy per charge due
to their nearly equal flow speeds but different mass to charge ratios (1:1 for protons as compared to 4:2
for alphas).

In addition to the incoming solar wind, MAVEN encountered a number of other ion populations labeled in
Figure 1a, including (1) H" pickup ions produced from the exosphere (see Figure 1e for clearest view)
[Dubinin et al., 2006b], (2) penetrating hydrogen near periapsis [Kallio and Barabash, 2001; Halekas et al.,
2015c¢; Bougher et al., 2015], (3) accelerated heavy ions near the magnetotail current sheet [Dubinin et al.,
1993a; DiBraccio et al,, 2015], (4) energetic O* pickup ions produced from the distant corona [Rahmati
et al., 2015], and (5) reflected protons from the bow shock [Dubinin et al., 2006b]. To identify these popula-
tions, we utilized contextual information from Suprathermal and Thermal lon Composition (STATIC) and
Magnetometer (MAG) (not shown).

To understand the details of the SWIA measurements in Figure 1, we need to take into account a number
of factors. First, we consider the telemetry mode and the mechanical attenuator status, both autono-
mously set on board by the FSW. The telemetry mode determines the mix of data products, with Fine dis-
tributions only returned in the Survey stream in Solar Wind mode (later in the mission, the Archive data
stream included some Fine distributions even in Sheath mode). During the orbit shown in Figure 1, the
automatic mode selection worked mostly as intended, with the telemetry mode set to Solar Wind for time
periods outside the bow shock, ensuring the return of more Fine distributions appropriate for resolving
narrow solar wind proton and alpha particle distributions, while inside the bow shock the Sheath teleme-
try mode ensured the return of more Coarse distributions appropriate for characterizing the heated distri-
butions in the sheath. However, from 20:04 to 20:22, the telemetry mode also briefly switched to Solar
Wind, despite the spacecraft location in the sheath. Since changes in the telemetry mode also change

HALEKAS ET AL.

MAVEN/SWIA SCIENCE RESULTS 549



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023167

LI

i i

Tl

100

Mom
Coarse

Cogrse
= Ueg‘

Mom

hhmm 1700 1800 1900 2000 2100
2015 Feb 26

Figure 1. Solar Wind lon Analyzer (SWIA) observations from a representative MAVEN orbit. (a) The onboard-computed
energy spectra. (b—d) The spectra show energy per charge, instrument phi angle, and instrument theta angle projec-
tions, computed on the ground from the Coarse 3-D data product. (e-g) The spectra show energy per charge, phi, and theta
projections computed from the Fine 3-D data product. For both products, we display energy spectra in units of differential
energy flux [eV/(eV cm?s sr)], while phi and theta spectra show raw counts. (h-j) Comparisons of onboard moments
(“Mom”) to ground moments computed from the Coarse and Fine distributions, as well as the results of a two-component
analysis that determines separate moments for protons (“p*”) and alpha particles (“He™*"). The velocity comparison shows
[Vx, Vy, V2] from onboard moments and [Vy¢, Vyc, Vzc] computed from Coarse distributions. All vector quantities utilize
Mars Solar Orbital (MSO) coordinates [Vignes et al., 2000]. The three color panels at the bottom of the plot show the quality
flag for the onboard moments (red = best, blue = worst), the telemetry mode (black = solar wind, red = sheath), and the
mechanical attenuator state (green = open, red = closed). The inset shows the cylindrical projection of the spacecraft
position for this orbit in MSO coordinates, with the start point and spacecraft velocity direction shown by the diamond and
arrow. The solid and dashed black curves on the inset show the nominal bow shock and magnetic pileup boundary location
from Trotignon et al. [2006]. The numbers 1-5 in Figure 1a indicate ion populations of interest described in the text.

the source of the onboard moment computation, we must take some care in interpreting the onboard
moments near mode switches, since they can introduce nonphysical discontinuities. Generally, mode
switches only have minor effects on density and velocity moments (Figures 1h and 1i), but the tempera-
ture moment (Figure 1j) shows much more significant effects, since the resolution of the measurement
significantly limits the temperature computation, particularly for a narrow distribution like the solar wind.
Resolving the off-axis velocity components of a narrow distribution such as the solar wind also requires
the use of moments computed in Solar Wind mode.
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The mechanical attenuator state also affects the data. When engaged, the attenuator reduces the sensitiv-
ity over the sunward facing portion of the FOV, with a maximum attenuation factor of 15 for an instru-
ment phi range of +45° from the spacecraft Z axis, and incrementally reduced attenuation at greater
angles [see Halekas et al., 2015al. When looking at Coarse data in units of counts (e.g., Figures 1c and
1d), this attenuation applied to an ion distribution that decreases with phi angle from the antisunward
direction produces a characteristic “W” shape in the sunward portion of the phi angle count spectrum.
Generally, this has few adverse effects, since the FSW accounts for this change in sensitivity when comput-
ing onboard moments, and publicly available ground analysis software accounts for this sensitivity change
when computing any quantities from the 3-D distributions in physical units (e.g., Figures 1a, 1b, and 1e).
Therefore, the attenuator actuation typically does not create any noticeable discontinuities in the data.
However, the variable sensitivity can complicate the interpretation of narrow features that lie in regions
of phase space with a nonconstant attenuation factor (i.e, near the edges of the attenuated phi angle
range). In addition, the attenuator can have visible effects on the onboard energy spectra (Figure 1a), since
these sum counts over all angles, thereby combining measurements made with different sensitivities for
times with the attenuator engaged. The ground software by default assumes that all counts in the spectra
from times with the attenuator engaged lie in the fully attenuated portion of the FOV (a reasonable
assumption since the attenuator usually only engages in the solar wind). This assumption works well
but has the effect of artificially increasing the weight of any background counts or counts that lie outside
of the attenuated portion of the FOV. Thus, we often find an artificial step in the apparent background in
the energy spectra at the attenuator transition.

2.4. Sources of Error and Uncertainty in SWIA Measurements

While the factors discussed above affect the interpretation of the SWIA data, they do not necessarily lead to
errors (though they can in some cases). However, we must now discuss several additional effects that do, in
general, lead to measurement errors. First, several nonphysical sources of counts exist. Energetic cosmic rays
(or solar energetic particles) can penetrate the instrument housing and stimulate the detectors, creating a
uniform background present over all accumulation intervals (not varying with energy or deflection step).
Except during major energetic particle events, these penetrating particles produce spurious counts with a
rate of only a few hertz over the entire sensor. For nominal solar wind and sheath conditions this background
proves completely negligible, but in regions of the magnetosphere with few ions present in the SWIA energy
range (e.g., near time “2” in Figure 1), this background can affect moment calculations. The uniform back-
ground artificially reduces the magnitude of the velocity moment while increasing the density and the
temperature moments.

A second background source results from scattering of solar wind ions from the spacecraft bus and instru-
ment surfaces. For typical solar wind energies, < ~1% of the incident ions scatter in charged form from a
typical surface, so we can often neglect this background. However, the intense fluxes of the solar wind
create a measurable scattered background for energies at and below the solar wind energy, as seen in
Figures 1a-1d. The angular distribution of this background indicates that it comes from the instrument inter-
nal and external surfaces (with a large contribution at 180° instrument phi angle resulting from scattering
from a portion of the aperture blocked by instrument harnessing and the harness cover) and from the
spacecraft bus (the FOV near 90° instrument phi angle contains the largest contribution from the spacecraft).
This scattered population only slightly affects computed moments for the solar wind but can complicate the
investigation of minority ion populations (such as pickup ions) when they have energies below that of the
solar wind. The orbit shown in Figure 1, with a very high solar wind density, demonstrates a “worst-case”
scattered ion population.

Another form of error arises from incomplete coverage of phase space. Though SWIA has very broad FOV and
energy coverage, in its current operational mode it does not measure energies below 25 eV, and it has two
“blind spots” at high instrument theta angles that together cover ~30% of the sky (more at high energies).
Given the nominal sunward alignment of the instrument, SWIA rarely misses any of the primary solar wind
population (only during communications orbits and only then for very unfavorable Sun-Earth angles).
However, in the sheath and magnetosphere, SWIA can and does miss portions of the distribution. In fact,
in the ionosphere, most of the ion density lies out of the SWIA energy range, and researchers should
instead use STATIC data to investigate the bulk distribution. While one cannot determine a priori what lies
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in the portion of phase space not covered, we can utilize computed moments to estimate whether the
component that we do observe mainly lies in the measured portion. By comparing the portion of phase
space within one thermal width of the location of peak flux to the measured portion of phase space,
we construct a quality flag that indicates when the onboard moments cover the distribution adequately.
This quality flag, shown at the bottom of Figure 1, provides a first-order measure of when one can likely
trust the onboard moment computation.

However, the quality flag does not (and cannot) account for another major source of error in SWIA measure-
ments—namely, the presence of more than one ion species. SWIA measures flux, which remains valid regard-
less of ion mass. However, any derived quantities (i.e,, moments) require an assumption as to the ion mass. In
the case of the onboard-computed and most ground-computed moments, the calculations assume that all
ions are protons. This provides a good approximation in the solar wind and magnetosheath, which typically
consist of >90% protons. However, in the magnetosphere, this provides a very poor approximation to reality.
Given heavy ions of mass M (typically ~16-32 in the magnetosphere), moment computations that assume
protons will overestimate velocity moments by a factor of /M, underestimate density moments by a factor
of YM, and overestimate temperature moments by a factor of M.

In the solar wind, though the trace presence of alpha particles barely affects the density and velocity
moments, they do artificially increase the temperature moment (by a factor of ~2 in T,), due to their higher
energy per charge. Therefore, one should never use SWIA onboard-computed solar wind temperature
moments for quantitative purposes. Instead, one should utilize the publicly available ground software to
compute separate proton and alpha particle moments. This software, which utilizes the Fine 3-D distribu-
tions, bisects the measured distribution at the minimum in count rate between the proton and alpha peaks
and computes separate moments for the two portions of the distribution (assuming that the two peaks con-
sist of protons and alphas). As shown in Figures 1h-1j, this provides much better resolution of the proton
temperature, as well as separate characterization of the alpha particle population. The computation assumes
the presence of only two particle populations, so when other populations (e.g., the H" pickup ions at time 1 in
Figure 1) also contribute, even this method can result in errors. Furthermore, for very cold solar wind ion
distributions, even a two-moment analysis returns artificially large temperature estimates, because the finite
energy-angle resolution of the instrument becomes important.

Despite the potential interpretational issues and measurement errors described above (many of which apply
to all solar wind instruments), SWIA returns excellent measurements of the solar wind and its interaction with
the Martian system, provided that one utilizes each data product only where appropriate.

2.5. SWIA Measurements in Context

Several experiments have previously measured solar wind ion fluxes at Mars, notably including the lon and
Electron Spectrometer (HARP) [Szucs et al., 1990], Proton and Alpha Particle Spectrometer (TAUS) [Rosenbauer
et al, 1989], and Analyzer of Space Plasmas and Energetic Atoms (ASPERA) [Lundin et al., 1989] instruments
on Phobos-2 and the MEX ASPERA-3 experiment [Barabash et al., 2006]. Of these, the TAUS instrument came
closest to the dedicated solar wind sensor that SWIA represents, with the others more focused on measure-
ments of heavy ions in the Martian magnetosphere. These experiments provide important context for the
MAVEN measurements.

On MAVEN, a number of other instruments provide complementary measurements to those from SWIA. The
Suprathermal and Thermal lon Composition (STATIC) sensor [McFadden et al., 2015], designed to measure
heavy ions in the magnetosphere, covers energies below 25 eV (in addition to the SWIA energy range) and
provides mass composition information at all energies. STATIC makes high-quality measurements in the
magnetosphere, but it can saturate in the intense solar wind, and the articulated payload platform on which
it resides does not typically place it in an optimal orientation for measuring the solar wind, so SWIA measure-
ments play a unique and important role in MAVEN science. At times when both STATIC and SWIA make good
measurements (primarily in the magnetosheath), the two independently calibrated sensors agree very well.
Also on MAVEN, the Extreme Ultraviolet Monitor (EUVM) [Eparvier et al., 2015], the Solar Wind Electron
Analyzer (SWEA) [Mitchell et al.,, 2016], the solar energetic particle (SEP) investigation [Larson et al., 2015],
and the Magnetometer (MAG) [Connerney et al., 2015a, 2015b] provide EUV photon fluxes, solar wind electron
fluxes, energetic particle fluxes, and magnetic field values.
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Figure 2. MAVEN measurements from a passage through Mars' magnetosphere, showing SWIA Coarse ion energy spectra
in eV/(eV cm?s sr), heavy ion fraction (1 =100%) from STATIC, SWEA electron energy spectra in eV/(eV cm?s sr), density
and velocity moments computed from SWIA Coarse 3-D distributions, and the magnetic field vector components and
the cone angle cos™! (By/|B]) from MAG. All vector quantities utilize MSO coordinates. Blue lines show the approximate bow
shock position, green lines show the approximate induced magnetosphere boundary (IMB) position, the dashed orange
line shows the current sheet, the red line marks periapsis, and the dashed black lines show the shadow boundary at
spacecraft altitude. Text labels indicate solar zenith angle (“SZA") and altitude (“Alt") in km.

Figures 2 and 3 show a selection of SWIA observations and complementary measurements from STATIC,
SWEA, and MAG from corresponding portions of two consecutive orbits on 14 January 2016 that demonstrate
the overall structure and variability of the Mars-solar wind interaction as seen by MAVEN. The Martian system
[Nagy et al., 2004; Dubinin et al., 2008; Mazelle et al., 2004] consists of an upstream region (including the fore-
shock), a bow shock, a magnetosheath region filled with shocked and heated plasma and draped magnetic
fields primarily of solar wind origin, and an inner magnetosphere and ionosphere dominated by planetary
ions and a mix of induced and crustal magnetic fields [Acuria et al., 1999]. The boundary (or boundaries)
between the sheath and the magnetosphere separate a region of turbulent magnetic fields from a region
with typically stronger and more steady fields (the “magnetic pileup boundary” (MPB)) and also separate
plasma of solar wind origin from plasma of planetary origin (the “ion composition boundary” or ICB, also
known as the “induced magnetospheric boundary” (IMB) or even just the “magnetospheric boundary”
(MB)) [Bertucci et al., 2005; Brain et al., 2005; Nagy et al., 2004; Dubinin et al., 2006a; Trotignon et al., 2006;
Verigin et al., 1993, 1999; Vignes et al., 2000].

The orbit shown in Figure 2 took place during relatively steady IMF conditions, with a nominal +B,/—B, Parker
spiral geometry. However, the interaction still displays complex structure. Outside of the bow shock, large-
amplitude Alfvén waves exist, as apparent from correlated velocity and magnetic field fluctuations. We will
discuss these structures further in section 5. Near but still upstream of the bow shock, the level of fluctuations
increases and they become compressional, commensurate with the appearance of additional ion popula-
tions formed by reflected protons (above the solar wind energy on the inbound segment outside the bow
shock, below on the outbound segment, and right at the bow shock on the inbound segment). On the
inbound segment, these reflected protons correlate with an extended “foot” region. We also find a clear
“overshoot,” most apparent on the outbound segment, with large-amplitude oscillations in density near
the shock. Given the observed IMF (+B,/—B,) and the apoapsis on the +Y side of Mars, one would expect a
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Figure 3. MAVEN measurements from a passage through the Martian magnetosphere, in the same format as Figure 2, for
the succeeding orbit. Dashed lines show the boundary positions from the preceding orbit (same time from periapsis),
and solid lines show the approximate boundary positions for this orbit.

quasi-perpendicular geometry for both inbound and outbound bow shock crossings, and MAVEN observa-
tions appear consistent with this expectation.

Inside the bow shock, the sheath contains heated protons and electrons primarily of solar wind origin, with
significant compressive (the magnitude of B and n change) turbulent fluctuations apparent in the density,
velocity, and field components. The electrons appear well thermalized, but the protons retain some multi-
component structure even at the inner edge of the sheath, consistent with previous observations indicating
incomplete thermalization [Dubinin et al., 1993b]. In the sheath protons dominate the composition, but
STATIC also measures trace populations of heavy ions, primarily at energies above the main sheath popula-
tion, indicative of accelerated pickup ions. Low count rates at the solar wind energy represent straggling from
internally scattered protons in the STATIC instrument. Very low count rates of low-energy heavy ions in the
solar wind and sheath most likely represent sputtered material from the spacecraft, given the energy distri-
bution very different from that expected from atmospheric/exospheric ions.

At the inner boundary of the sheath the density, velocity, and magnetic field fluctuations all diminish, and the
majority ion composition transitions from protons to heavy ions. Inside this boundary, one should not utilize
the SWIA moments for quantitative purposes. In locations in sunlight, this compositional change correlates
with a shift in observed electron distributions toward an ionospheric spectrum. In shadow suprathermal elec-
trons disappear almost entirely in some locations (“electron voids” or “suprathermal electron depletions”),
while other regions have a more sheath-like spectrum (“flux spikes”), reflecting the effects of the complex
magnetic topology around crustal magnetic field sources [Brain et al., 2007; Steckiewicz et al., 2015]. lon fluxes
appeared lower, but not entirely absent, in void regions.

On the inbound segment MAVEN crossed the induced current sheet, a region surrounded by heated elec-
trons and accelerated planetary ions. On the outbound segment, farther downstream along the flank, the
transition from magnetosphere to sheath proves much less distinct, with intermixed solar wind and planetary
ions, and highly accelerated heavy ion populations, a few with apparent energy-time dispersion that may
result from nonlocal acceleration of heavy ions [Halekas et al, 2015b]. These accelerated ions appear in
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regions with a wide range of suprathermal electron fluxes, suggesting that they cross magnetic field lines, as
expected given their large gyroradii.

Figure 3 shows a corresponding portion of the succeeding orbit, 4h and 31 min after the time segment
shown in Figure 2. In the intervening time, the IMF changed from a Parker spiral orientation to a radial con-
figuration dominated by B,, indicating that the inbound shock crossing should have a quasi-parallel geome-
try. This rotation in the IMF has a dramatic change in both the upstream region and the magnetosphere,
similar to the effects seen at Venus for radial IMF [Zhang et al., 2009]. Upstream of the bow shock, sporadic
large amplitude fluctuations in the density, velocity, and magnetic field appear. These compressive features,
some interspersed with heated but more tenuous ion and electron populations, have amplitudes comparable
to the bow shock but lie well outside of the nominal bow shock location. Some of the heated plasma contains
small admixtures of heavy ions, suggesting at least sporadic access to the Martian magnetosphere. Even
taking into account the heavy ion content, these regions have lower charge and mass density than the
surrounding solar wind, as well as lower magnetic field, suggesting that thermal pressure must make up
the difference. We will discuss some possibilities for their origin in section 5.

Inside the bow shock, the sheath also contains higher amplitude fluctuations than on the previous orbit, as
well as interspersed heated but more tenuous populations containing an appreciable fraction of heavy ions,
much like those seen outside the bow shock, but with higher heavy ion content. These regions have total
mass density comparable to or less than the solar wind, total charge density less than the solar wind, and
lower values of both charge and mass density than the surrounding sheath regions. The heavy ion content
of these structures indicates that they cannot simply represent structures convected from upstream through
the sheath. Instead, the interspersed populations with solar wind and magnetospheric origins must indicate
either complex spatial structure or large amplitude fluctuations in the position of the boundary. These could
represent shear-driven instabilities such as Kelvin-Helmholtz [Penz et al., 2004] and/or bulk loss of clouds
of magnetosphere plasma [Halekas et al., 2016]. Inside the magnetosphere, energy-time dispersed ions
[Halekas et al., 2015b] appear throughout the magnetosphere, suggesting acceleration by significant electric
fields, possibly associated with the upstream and/or sheath dynamics. On the outbound segment, the IMF
rotates away from a radial configuration, and the sheath and upstream region return to a more typical
configuration.

Despite the complex structure and dynamics revealed during these two orbits, including large amplitude
fluctuations in the upstream region, sheath, and magnetosphere, the main boundaries of the magnetosphere
appear relatively constant in location. Therefore, though locally huge perturbations may occur, we can still
usefully consider the basic structure of the magnetosphere in a single framework, at least in an average sense.
In the next two sections, we will discuss SWIA measurements of the solar wind input to the system, the struc-
ture of the magnetosphere, and its variability with solar wind conditions.

3. Solar Energy Inputs to the Martian System

3.1. Upstream Measurements of the Solar Wind

To characterize the upstream solar wind that in part drives the Martian system, we utilize SWIA onboard
moments and MAG measurements. In order to avoid contamination from measurements taken inside the
bow shock, one could in principle utilize at least two different approaches. One could determine a maximum
bow shock size and then utilize only data points from outside of that surface. However, we found this
approach undesirable, since the MAVEN orbit often does not extend far beyond the bow shock (sometimes,
not at all), and a conservative maximum bow shock surface would eliminate a large fraction of the available
upstream observations. Furthermore, even defining points safely outside the bow shock does not necessarily
remove contamination from the foreshock, which can greatly perturb the upstream flow, particularly during
periods with radial IMF (see, e.g., Figure 3).

Therefore, we instead chose to utilize an algorithm based on the measured bulk flow speed |v|, proton
scalar temperature T, altitude R, and normalized magnetic field fluctuation levels o5/|B| (here o represents
a root-sum-squared value of the 32 Hz fluctuation levels in all three components over a 4 s interval) to select
undisturbed solar wind intervals. We tuned this algorithm based on observations and determined that points
with |v| > 200 km/s, 55/|B| < 0.15, R > 500 km, and VT/|v| < 0.012 reliably lie in the pristine solar wind. The last
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Figure 4. MAVEN solar wind proton and alpha density, proton velocity components, proton scalar temperature, interpla-
netary magnetic field (IMF) components and magnitudes, solar wind dynamic (ram) pressure, magnetosonic Mach
number, and proton beta, constructed from SWIA and MAG measurements and averaged over the undisturbed upstream
portion of each orbit. The light blue lines show median values for 40 day intervals. All vector quantities utilize MSO
coordinates. Labels indicate the heliocentric distance of Mars in AU and Martian solar longitude Ls. Green arrows indicate
events tentatively identified as coronal mass ejections (CMEs).

criterion deserves some explanation, since it utilizes mixed units, and relies on uncorrected onboard tempera-
ture moments. When accounting for the overestimate of temperature in the onboard moments due to alpha
particle contamination, and converting to velocity units, this approximates the criterion vy,/|v| < ~0.1.
Assuming equal electron and ion temperatures, this amounts to requiring a sonic Mach number > ~6. This
represents a conservative threshold, which will sometimes exclude high-temperature solar wind (such as that
seen in the sheaths of coronal mass ejections, for instance). However, we found it necessary to keep this con-
servative threshold to reliably exclude magnetosheath data. We recognize that, as a result of our conserva-
tism, we will undersample very hot solar wind conditions. We may also undersample periods with radial
IMF as a result of the magnetic fluctuation criterion, which we require to eliminate foreshock contamination.

Utilizing this algorithm, we processed data from the entire mission to identify all periods during which
MAVEN's orbit definitely passed through the upstream solar wind. We then computed averages of important
solar wind quantities over the upstream portion of each MAVEN orbit and also over intervals with durations of
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1/360 of the orbit (~45 s). We will use the latter data set in section 5. We show the orbit-averaged results in
Figure 4, after postprocessing to remove a small percentage of orbits with magnetosonic Mach number < 2
(due to false positive identifications of solar wind intervals), excessively high variations in density or velocity
over a single orbit, and/or spacecraft attitudes that place the solar wind core out of the instrument FOV
(during some communications orbits). The resulting data set covers ~60% of the MAVEN orbits, with most
of the remainder consisting of orbits that did not extend outside of the bow shock (which naturally occurs
during some time periods due to the orbit precession). All of the quantities shown in Figure 4 (with the excep-
tion of the IMF) represent the results of two-component moment computations that separate the contribu-
tion of protons and alphas. All ion quantities (other than the alpha density) utilize only the proton component

from this computation. To compute the magnetosonic Mach number Mys = vsw/1/vZ + v4, we assumed

an electron temperature equal to the proton temperature and utilized the formula v, = \/kmﬁ + y% with a
polytropic index y=5/3.

During the time period shown in Figure 4, MAVEN observed median solar wind densities of 2-3 cm™3, with
typical alpha abundances of 3-5%, median solar wind flow speeds of 350-450 km/s, median proton tempera-
tures of 4-8 eV, median dynamic pressures of 0.6-0.8 nPa, median magnetosonic Mach numbers of 6-7, and
median proton beta values of 0.7-1. We find an overall median antisunward velocity of —395 km/s, with
median off-axis components of 22.1km/s and —0.4km/s in the Y and Z directions in Mars Solar Orbital
(MSO) coordinates. The corresponding mean values are —408 km/s, 23.7 km/s, and —0.9 km/s. Given the
average orbital speed of Mars around the Sun of 24.1 km/s, this suggests that SWIA resolves the off-axis flow
velocity with an excellent accuracy and precision of ~1km/s. We find a moderate decrease in density and
dynamic pressure and increase in Mach number and proton beta over the time period of Figure 4. These
variations may include a solar cycle component but likely primarily reflect the changing heliocentric distance
of Mars. The MAVEN upstream observations agree well with expectations from previous measurements at
1 AU and elsewhere in the heliosphere, taking into account the expected decrease in density and increase
in Mach number and beta with heliocentric distance between Earth and Mars [Richardson et al., 1996;
Russell and Walker, 1995]. Direct comparisons with Mars Express and Earth-based solar wind measurements
are ongoing and preliminary at this time.

In addition to a slow variation with heliocentric distance, most measured parameters vary by an order of
magnitude or more around their median values, with structure primarily appearing at periods related to solar
rotation, as expected given the normal rotation of solar wind sector boundaries and stream-stream interac-
tions. Several moderate CMEs and one reasonably large CME [Jakosky et al., 2015b] have impacted Mars
during the MAVEN mission to date. These introduce significant excursions in IMF strength and dynamic
pressure, beyond the normal level of variability in the nominal solar wind. The much more numerous CIRs
introduce additional excursions that can prove comparable in some cases to those caused by CMEs. This
variability provides a broad range of inputs, useful for parameterizing the structure of the Martian system
and the atmospheric escape processes and loss rates.

3.2. Penetrating Proton Proxy Measurements of the Solar Wind

While the upstream data set of Figure 4 covers a substantial fraction of the mission, one would ideally like to
have complete coverage of the solar wind. Fortuitously, a portion of the solar wind charge exchanges with
Martian exospheric constituents outside of the bow shock, converting it to energetic neutral atoms (ENAs)
that do not feel electromagnetic fields and allowing them to penetrate to low altitudes in the atmosphere
[Kallio et al., 1997; Kallio and Barabash, 2001]. Below ~250 km, some of these ENAs undergo electron stripping
or electron attachment, converting them back to a charged form that we can measure [Halekas et al., 2015¢;
Bougher et al., 2015]. As described in Halekas et al. [2015c], we identify the H* population resulting from this
process and average the result over the altitude range 150-250 km to derive a proxy measurement of the
solar wind. Energetic O" pickup ions that precipitate into the atmosphere can contaminate this proxy. We
filtered out their effects by removing inferred flow speeds above 700 km/s and retaining only orbits for
which the inferred flow speed remains relatively constant, and the signal increases with decreasing altitude
(characteristic of the collisional electron stripping of ENAs but opposite the expected trend for collisional neu-
tralization of precipitating pickup ions). We also removed data from solar zenith angles (SZAs) greater than
100°, beyond which the penetrating protons typically do not have access to the spacecraft or experience
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Figure 5. Comparison of upstream and penetrating proton data, with (first panel) the upstream solar wind (black) and
penetrating proton (blue) speed, (second panel) the upstream solar wind density, (third panel) the penetrating proton
density from the periapsis interval, and (fourth panel) the Lyman alpha photon flux from EUVM. The dark blue lines in
Figure 5 (third panel) show median values for 20 day intervals. Labels indicate the heliocentric distance of Mars in AU and
Martian solar longitude Ls.

too much absorption and scattering in the atmosphere to provide a reliable proxy. Finally, we employed a
despiking algorithm to remove single-point outliers.

In Figure 5, we show the resulting flow speed and density measurements, along with the upstream solar wind
flow speed and density and the directly measured EUV flux in the Lyman band from EUVM level 2 data
[Eparvier et al., 2015]. The proxy measurements fill in the gaps in the upstream data set, with some time per-
iods of overlap during which the orbital geometry allows the measurement of both the upstream region and
the penetrating population. In overlap periods, the inferred flow speed matches the upstream measure-
ments, giving us confidence in the method. As discussed by Halekas et al.[2015c], by using the known energy
dependence of the collisional cross sections, one can estimate the upstream density from the penetrating
density and flow speed. However, this requires an assumption as to the total amount of solar wind charge
exchange that occurs upstream of the bow shock.

As shown in Figure 5 (third panel), the charge exchange rate upstream of the shock must vary with time,
since we observe a large decrease in the median penetrating proton density over the MAVEN mission, in
addition to the expected solar wind variability. This decline most likely primarily reflects changes in the
Martian exosphere, which we know to have a high degree of seasonal variability, thanks to spectroscopic
observations [Chaffin et al., 2014; Bhattacharyya et al, 2015] and pickup ion measurements [Yamauchi
et al,, 2015]. Given the results of Kallio et al. [1997], we expect that the SWIA observations should primarily
reflect changes in the atomic hydrogen component of the corona, but if seasonal changes in the H, and
O exospheres occur, they could also play some role. In any case, SWIA observations indicate a remarkable
level of seasonal variability in the exosphere, implying an order of magnitude variation in the column
density that interacts with the solar wind outside of the bow shock during the time period surveyed.
Other MAVEN observations of UV emission from the hydrogen corona, low-frequency waves seen
upstream near the proton cyclotron frequency [Romanelli et al., 2016], and pickup ions [Rahmati et al.,
20171 confirm a seasonal variation in the corona during the MAVEN mission. This variation closely tracks
the EUV flux, which primarily varies with heliocentric distance over this time period (solar cycle effects
may play a secondary role). However, our observations indicate an order of magnitude variation in
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Figure 6. Average normalized density n/nj,, (in color) and projections of the velocity v/|vs| (vectors, normalized by the
solar wind velocity on an orbit-by-orbit basis) from SWIA onboard moments from orbits during which MAVEN sampled
the undisturbed upstream solar wind, organized in aberrated Mars Solar Electric (MSE) coordinates using SWIA and MAG
data from the upstream interval. MSE coordinates orient the IMF in the X-Y plane with a positive Y component. (top)

A spatial average of all data in a cylindrical projection. (bottom row) Three different projections of spatial averages of
subsets, as shown in the panel legends. The dashed black curves show the nominal bow shock and magnetic pileup
boundary (MPB) locations from Trotignon et al. [2006].

precipitating hydrogen during a time period over which the EUV varies by a factor of 2, implying a
nonlinear dependence.

4. Martian Magnetospheric Structure and Variability
4.1. Average Martian Magnetospheric Structure

We constructed the upstream data sets described in section 3 to allow the MAVEN team and the greater
scientific community to organize and parameterize the observed structure of the magnetosphere and the
escape of atmospheric gases from the Martian system by the solar wind forcing terms. Connerney et al.
[2015b], Harada et al. [2015], and Dong et al. [2015] showed examples of the use of early versions of the
upstream data set to organize magnetic field and ion measurements in and around the Martian magneto-
sphere, demonstrating that the upstream drivers organize the MAVEN measurements well.

In this paper, we utilize the upstream drivers to organize the density and velocity measurements from SWIA
and investigate the structure of the magnetosphere and its variability. We present all maps in the Mars
Solar Electric (MSE) coordinate system, defined by the upstream IMF and the solar wind velocity such that
its X axis lies antiparallel to the solar wind flow (including the aberration due to Mars' orbital motion), and
the IMF lies in the X-Y plane with a positive Y component. In this coordinate system, the solar wind
motional electric field always points along the +Z axis. Figure 6 shows spatially averaged maps of all
SWIA onboard density and velocity moments returned from orbits with good upstream measurements,
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Figure 7. Four subsets of the observations from Figure 6 (top), from two different seasons, for two different solar wind
magnetosonic Mach number ranges. The dashed black curves show the nominal bow shock and MPB locations from
Trotignon et al. [2006]. The solid blue curves show the average bow shock locations for the four subsets from fits to conic
sections with fixed focus and eccentricity but variable semilatus rectum.

in several different projections. Since the maps in Figure 6 average over all seasons and solar wind condi-
tions, the boundary transitions appear more gradual than they would on any typical individual orbit.
Nonetheless, the bow shock remains clearly apparent and corresponds to results from previous studies
of Martian bow shock structure [Slavin et al., 1991; Verigin et al., 1993, 1999; Trotignon et al., 2006; Vignes
et al., 2000, 2002].

These observations represent a new data set appropriate for the study of the upstream solar wind, bow
shock, and magnetosheath. Note that one should not utilize the density and velocity moments shown
here in a quantitative fashion inside the inner boundary of the sheath, where heavy ions dominate the
composition, and significant fluxes below SWIA's 25 eV lower energy limit exist. Despite these limitations,
the SWIA measurements do show a clear transition near the IMB/MPB location found by previous studies,
particularly in the subsolar region of the magnetosphere. Our results compare favorably to similar statisti-
cal maps from Fraenz et al. [2006], though that previous work utilized mass-resolved measurements (and
therefore had no contribution from heavy ions) but had a bias toward high velocities due to unmeasured
protons below 500eV.

Figure 6 (bottom row) demonstrates that the Martian bow shock and magnetosphere maintain a high degree
of symmetry, at least in an average sense. Note that in MSE coordinates, one should not observe any Parker
spiral asymmetry, since these coordinates mix different solar wind sectors. One might expect to observe
asymmetries related to mass loading, but instead, the Martian bow shock and sheath appear remarkably sym-
metric in both the X-Y and X-Z planes. These results suggest that the location of the bow shock depends
mostly on basic considerations of pressure balance and flow Mach number and that asymmetries due to
mass loading have at most a secondary effect on its structure. We do find a few hints of asymmetries in
the form of an apparent elongation of the tail cross section along the Z axis and a reduction of magnitude
of the bow shock density jump in the +Z flank regions; however, given the limitations of SWIA observations
in the heavy ion-dominated tail, further observations should confirm whether these represent robust charac-
teristics of the magnetosphere.

4.2, Seasonal and Solar Wind Effects on the Martian Magnetosphere

The structure of the bow shock and magnetosphere changes in response to seasonal and solar wind varia-
tions. To investigate this variability, in Figures 7 and 8 we show subsets of the data from two time periods,
consisting of the first time interval with upstream coverage (from November 2014 to March 2015) and the
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Figure 8. Four subsets of the observations from Figure 6 (top), from two different seasons, for two different solar wind
dynamic pressure ranges. The dashed black curves show the nominal bow shock and MPB locations from Trotignon

et al. [2006]. The solid blue curves show the average bow shock locations for the four subsets from fits to conic sections with
fixed focus and eccentricity but variable semilatus rectum.

second two time intervals (June-October 2015 and December 2015 to May 2016) combined. As shown in
Figure 5, during the first time period, with Mars solar longitude Ls of 240-304 (southern summer, including
perihelion and the typical “dust storm season” of Mars), the MAVEN EUVM observed Lyman alpha fluxes of
0.0035-0.005 W/m?. During the second time period, with Ls of 8-131 (southern fall and winter, including
aphelion), EUVM measured Lyman alpha values of 0.002-0.0035 W/m?. In Figure 7, we further subselect data
with low and high solar wind magnetosonic Mach number Mys. In Figure 8, we further subselect data with
low and high solar wind dynamic pressure Ppy.

The results of Figures 7 and 8 clearly show that both the Mars season and the solar wind affect the extent of
the Martian bow shock and the structure of the magnetosphere. In agreement with previous results from
MEX, increased EUV results in the bow shock moving outward, while increased dynamic pressure and
Mach number decrease the extent of the bow shock [Edberg et al., 2009, 2010a]. We quantified the effects
of these parameters by numerically fitting the 2-D cylindrical gridded array of density observations to an
average conic section model, using the approximation of a constant density jump (a step function) across
the portion of the shock covered by the MAVEN observations, and fitting to measurements with density
greater than or equal to the undisturbed solar wind (thereby excluding data from within the MPB/IMB). We
followed the Edberg et al. [2009] technique and held the focus x, and eccentricity ¢ constant (with values
of 0.6 Ry, and 1.0) while varying the shock density jump and the semilatus rectum L. While one could fit for
all four parameters with a 2-D array of data, the conic section parameters proved highly colinear, especially
given the limited extent of the MAVEN coverage at large distances on the flanks. Using this constrained fitting
procedure, we found L values of 2.46 for high EUV and low Myys, 2.26 for high EUV and high Mys, 2.17 for low
EUV and low Mys, and 2.01 for low EUV and high Mys. Meanwhile, we found L values of 2.54 for high EUV and
low Ppyn, 2.13 for high EUV and high Ppyy, 2.17 for low EUV and low Ppyy, and 2.01 for low EUV and high Ppyy.
Thus, even when averaging over large numbers of orbits taking place under a range of conditions, the
combined variability in L amounts to over half a Martian radius, translating to a variation in subsolar position
of the shock of ~900km above the surface, a significant fraction of the nominal standoff distance of
~2100 km. We will see that on individual orbits even larger variations occur.

We find a weaker than expected dependence of the shock density jump on Mach number. For low EUV con-
ditions, we do find a stronger shock jump at high Mach numbers, especially on the flanks. However, for high
EUV conditions, we find little obvious difference between the strength of the low and high Mach number
shock. The high Mach number range has less coverage for this time period, so we may simply lack statistics.
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Figure 9. Semilatus rectum (L) values for conic section fits (with fixed focus and eccentricity) to SWIA density profiles from
orbits during which MAVEN sampled the undisturbed upstream solar wind. (top left) L as a function of Lyman alpha flux
(Ly,) from EUVM, with one point per orbit, with colors indicating the solar wind magnetosonic Mach number My, along
with median values for two Mach number ranges (blue and red curves). (top right) L as a function of Mys, with colors
indicating Ly,, along with median values for two Ly, ranges. (bottom left) L as a function of subsolar geographic longitude,
with colors indicating Ly,, along with median values for two Ly, ranges. (bottom right) L as a function of Mys, with
colors indicating solar wind dynamic pressure, along with median values for two dynamic pressure ranges.

SWIA observations can miss some of the density in the sheath, but we have no reason to suspect a systematic
FOV coverage effect related to Mach number. Alternatively, some other confounding factor may play a role.

High Mach number shocks at Mars may differ to some degree from the ideal case. Observations of the Earth's
bow shock suggest that for quasi-perpendicular shocks the ramp and overshoot scale with the trapped ion
gyroradius, many ion inertial lengths for high Mach number solar wind [Bale et al., 2003]. Similar scaling at
Mars, consistent with Phobos-2 observations [Tatrallyay et al., 19971, would imply ramp and overshoot scales
as large as ~500 km for the high Mach number range, only a factor of 2 smaller than the expected thickness of
the subsolar sheath. The observations in Figures 2 and 3 appear consistent with this expectation. The indivi-
dual observations also show significant oscillations in the density that may lead to a general smearing out of
the largest shock jump in the spatial averages shown in Figures 6-9. Finally, cold ions produced from the
hydrogen exosphere may play a significant role near the bow shock at Mars [Dubinin et al., 1993b], further
complicating the picture.

We find it interesting to note the competing effects of heliospheric distance on the Martian system.
Increasing heliospheric distance reduces the EUV input to the upper atmosphere, reducing the shock scale
and “deflating” the Martian magnetosphere, all other factors being equal. Increasing heliospheric distance
also tends to increase the Mach number of the flow [Russell and Walker, 1995], which has a similar effect.
However, the increase in heliocentric distance also reduces the average solar wind density and ram pressure,
which has the effect of increasing the size of the magnetosphere. Thus, the weaker solar wind flow at aphe-
lion in part masks the effects of the weaker solar EUV. While we lack a long enough baseline of observations
to make definitive statements about solar cycle variations, one might expect a similar interplay between com-
peting solar energy inputs to occur over the solar cycle. This masking effect may have led previous authors to
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suggest that the mean shock surface does not depend on solar cycle [Vignes et al., 2000], a conclusion which
we should revisit once we have sufficient data. Similar considerations may also result in competing effects on
the escape of ions from the Martian system.

4.3. Variability in the Bow Shock Location at Mars

To further investigate the role of seasonal and solar wind drivers on the Martian bow shock, we considered
orbit-to-orbit variability. We utilized exactly the same fitting procedure as above, but with individual orbits
of data (instead of ensembles) gridded in the same cylindrical projection. Note that in the case of multiple
shock crossings, this procedure will typically return an average shock location. For this study, we used
density moments computed on the ground from the Coarse 3-D distribution rather than the onboard
moments, in order to eliminate any potential issues with mode changes near the bow shock. We show
the resulting shock scale parameter L as a function of Mach number, EUV, dynamic pressure, and subsolar
longitude in Figure 9. For individual orbits, as one would expect, we find a much higher degree of varia-
bility than we did for binned groups of data in the previous section. For individual orbits we find L values
ranging from 1.6 to 3.2 Ry, corresponding to subsolar standoff distances of 0.4-1.2 Ry, from the surface of
Mars, a variation of ~2700 km in the standoff distance, a remarkable range of variability in the Martian bow
shock location.

In agreement with the MEX results from Edberg et al. [2009, 2010a], Mach number and EUV represent the two
most significant controlling factors (as expected from basic principles). To compare directly to previous
results, one can compute the terminator position of the bow shock Ry = L4/1 + 2x, /L, which varies over a
range of 2.01-3.75 R,, for the MAVEN observations. These results appear somewhat higher than those found
by Edberg et al.[2009, 2010a] studies, but that previous study utilized data from 2004 to 2009, a period of very
weak solar activity spanning solar minimum. The conditions they considered more closely correspond to
those encountered by MAVEN in June 2015 to April 2016, during which EUVM observed Lyman alpha fluxes
of 0.002-0.0035 W/m?. For that time period (left-hand side of top left panel and blue median curves in top
right and bottom left panels of Figure 9), our observations closely match those from the previous study, with
most L values between 1.6 and 2.6 Ry, corresponding to Ry values of 2.1-3.1 Ry, very much in agreement with
the previous results.

In addition to the Mach number and EUV dependence, we find that even when holding Mach number con-
stant, dynamic pressure plays a role in determining the shock position, indicating that the solar wind can
compress the ionospheric obstacle to some degree (in agreement with Edberg et al. [2009]). Finally, as shown
in Figure 9 (bottom left), a weak dependence on subsolar longitude exists over all EUV ranges, most likely due
to the effects of crustal fields in increasing the obstacle scale, confirming the weak dependence found by
Edberg et al. [2008, 2009].

5. The Foreshock and Upstream Region of Mars
5.1. Mass Loading Upstream From the Martian Bow Shock

Induced magnetospheres result from the interaction of the solar wind with heavy ions produced from atmo-
spheres and/or exospheres, which involves at least two different mechanisms. First, induced currents in the
ionosphere oppose the penetration of the solar wind magnetic field, resulting in draping and pileup of the
IMF around the ionosphere (balancing the solar wind dynamic pressure with compressed field and plasma
and then balancing that with ionospheric thermal pressure). Second, mass loading by heavy ions [Szego
et al., 2000] slows the solar wind flow, also leading to draping and pileup of the IMF around the ionosphere.
Both of these mechanisms can result in the formation of a bow shock and magnetosphere. At comets, which
have weak gravity and extended exospheres (comae), mass loading dominates [Ip and Axford, 1982]. Active
releases of gas also point to the importance of mass-loading effects for smaller-scale obstacles [Haerendel
et al., 1986]. Recently, McComas et al. [2016] suggested that Pluto also has a solar wind interaction governed
primarily by mass loading.

On the other hand, Venus and Mars are expected to have an interaction governed by ionospheric thermal
pressure and conductivity, with mass loading only playing a role very close to the planet and in the magneto-
tail [Luhmann, 1995]. Though Phobos-2 observations initially suggested large solar wind decelerations
upstream from Mars [Verigin et al., 1991; Kotova et al., 1997], Dubinin et al. [2000] demonstrated that those
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Figure 10. Frequency distributions of the component of the residual off-axis
velocity Avj, parallel to the nonradial component of the motional electric
field (i.e., the dot product of Av,, with a unit vector along —vy x B). We define

features only occurred in the fore-
shock and suggested that rather than
mass loading, large-amplitude Alfvén
waves played the primary role in gen-
erating the observed signatures.

Mass loading slows the solar wind
flow, in order to conserve momen-
tum in the flow direction. However,
on smaller scales, it also deflects the
solar wind laterally. Newly born
pickup ions experience a force along
the motional electric field and initially
accelerate directly along the electric
field (later they bend around the
magnetic field and follow cycloidal
trajectories—however, the scale of
the cycloid can exceed the size of
the Martian system for heavy ions).
This lateral acceleration of heavy ions
extracts momentum from the solar

Av, a.s the dlfferenc'e between the SW!A onboard velocity moment and the wind, and as a result the solar wind
velocity corresponding to a purely radial flow outward from the Sun plus deflect in th ite di .
the aberration due to the lateral motion of the MAVEN spacecraft around the must detlect in the opposite direction
Sun. The black and blue curves show frequency distributions from cruise from the original motional electric
(March-April 2014) for all measurements and for a subset with low solarwind  field to conserve momentum (as an
density. The orange and red curves show frequency distributions from the alternative way to see this, consider
prime mission (October 2014 to May 2016) for all measurements in the
upstream solar wind and for a subset with low solar wind density. All calcu-
lations for cruise and mission data utilize measurements averaged over 45 s
intervals. Vertical dashed lines show the four corresponding median values, as the electron fluid and the
embedded magnetic field slow down
to balance the addition of charge by
heavy ions). At comets, this lateral deflection can prove quite important, leading to angular deflections of

the solar wind of 50° or more close to the nucleus [Goldstein et al., 2015; Nilsson et al., 2015; Behar et al., 2016].

the motional electric field seen by
the solar wind ions in their rest frame

From a single spacecraft with a small orbit like that of MAVEN, detecting weak signatures of upstream mass
loading from the slowdown of the flow proves difficult if not impossible, at least without some a priori knowl-
edge of the unmodified flow speed. However, MAVEN can utilize the highly sensitive SWIA measurements of
off-axis velocity components to search for a weak mass-loading signature upstream from Mars. To accom-
plish this, we investigated the deviations from the expected average flow direction given by the vector addi-
tion of radial outflow with the orbital motion of Mars around the Sun. In Figure 10 we show statistical
distributions of the component along the —v, x B nonradial motional electric field of the lateral deviation
Av, from the expected mean flow velocity, using the 45s averaged upstream data set described in
section 3.1. To calculate this quantity, we utilized data taken in Fine mode, much less subject to contamina-
tion from nonsolar wind sources such as reflected ions from the shock, given the constrained region of phase
space covered. In the absence of mass loading, the distribution of this quantity should have its center at or
near zero, while the presence of mass loading should deflect the solar wind opposite to the direction of
the unperturbed motional electric field, shifting the distribution toward more negative values. Indeed, distri-
butions of lateral velocities obtained during cruise, though they have a slightly skewed form, have a median
within ~1km/s of zero for all cruise data and for low-density solar wind data. On the other hand, in orbit
around Mars, the distribution for all upstream observations has a median of —2.9 km/s, while the distribution
for low-density solar wind (more susceptible to mass loading) has a median of —4.9 km/s. The Student's t test
and the Mann-Whitney U test [Corder and Foreman, 2014] indicate that the distributions obtained during the
prime mission differ from those from cruise to a high degree of significance (the chance of the distributions
having the same mean or median is zero to the accuracy of floating point arithmetic). These results therefore
suggest that weak mass loading does occur upstream from Mars.
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Figure 11. Spatial averages of the off-axis residual velocity measurements made upstream from the bow shock during the
prime mission (same data as the orange and red frequency distributions from Figure 10), in a cylindrical projection,
separated into two different seasons. The dashed black curves show the nominal bow shock and MPB locations from
Trotignon et al. [2006].

Figure 11 shows averaged spatial distributions of the quantity described in the preceding paragraph. For the
data set consisting of all the upstream measurements, we find no clear organization with distance upstream
from the bow shock. We also found no organization by location within or outside of the foreshock (not
shown), somewhat surprising given previous results showing apparent mass loading in the foreshock
[Dubinin et al., 2000]. For low-density solar wind observations, we do find a weak but suggestive trend toward
more negative values closer to the bow shock, consistent with the expected mass-loading signature, which
should increase with the column depth of neutral gas encountered by the solar wind in the region upstream
from the shock. The observations do not clearly show any seasonal dependence, which one might expect to
find given the apparent variability of the corona around Mars (see section 3.2). However, the high-EUV inter-
val has relatively few observations with low solar wind density, making it difficult to draw statistically robust
conclusions about the seasonal variability of mass loading.

We can roughly estimate the planetary ion content upstream from the shock by considering the conser-
vation of momentum in the direction perpendicular to the initial flow. To first order, npmp% = gn;vxB,
(written in terms of the proton velocity components and the solar wind proton and planetary ion den-
sities n, and n;), determined by balancing the change in momentum of the solar wind and planetary
ions in the MSE Z direction. Integrating this equation over the streamline upstream of the bow shock

position ry, we find that Av, = ,nq"i{p Lon,-dx, which indicates that the lateral velocity change scales with
the proton cyclotron frequency and with the ratio between the column depth of planetary ions that the
solar wind interacts with and the solar wind proton density. Taking a median lateral velocity change of
—5km/s for the low-density case, a typical perpendicular IMF component of 2nT, and a solar wind pro-
ton density of 1.5cm™3, this calculation would imply a planetary ion column depth upstream from the
bow shock of ~4x10%cm™2. For an exponential distribution with a scale height on the order of a
Martian radius, this would correspond to a planetary ion density near the bow shock of ~0.01cm™> or
about 0.7% of the solar wind density. Even this very small value exceeds the 2x 107 >cm™3 value
Dubinin et al. [2006b] measured for pickup H* density near the bow shock, so SWIA observations may
indicate that other planetary ion species such as H,* and O* also play a role in mass-loading the flow
near the bow shock. In any case, MAVEN results indicate that planetary ions do not strongly mass load
the flow outside of the bow shock and therefore play at most a minor role upstream from the bow
shock of Mars.
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5.2. Alfvén Waves Upstream From the Martian Bow Shock

Several factors contribute to the broad distribution of off-axis velocities seen in Figure 10, all of which make
positive identification of upstream mass loading more difficult. CMEs and stream interactions such as CIRs can
lead to transient periods of nonradial flow. In addition, Alfvén waves with a wide range of wavelengths per-
vade the upstream medium, creating ubiquitous correlated fluctuations in magnetic field and velocity that
can reach amplitudes of several nanotesla and several tens of km/s [Belcher and Davis, 1971]. This solar wind
Alfvénic turbulence may have implications for the Martian system. At the Earth, solar wind Alfvén waves can
affect both the ionosphere and the neutral thermosphere [Prikryl et al., 2005]. Similarly, wave energy may pro-
pagate from the solar wind into the Martian magnetosphere, potentially providing an energy source to heat
ionospheric particles to escape velocity or beyond [Ergun et al., 2006]. In addition, turbulent fluctuations in
the upstream magnetic field could lead to reconnection in the magnetosheath and/or magnetosphere, as
draped IMF field lines with different orientations interact.

To investigate the Alfvén wave input to the Martian system, we utilized the 45s average upstream data
set described in section 3.1. This averaging effectively suppresses contributions from frequencies near
the proton cyclotron frequency (stimulated locally in the Martian environment [Brain et al, 2002;
Espley et al., 2004; Mazelle et al.,, 2004; Ruhunusiri et al., 2015]) while retaining the lower frequency com-
ponents more likely of solar wind origin. To calculate the fluctuation amplitudes at each time point,
we computed the difference from a running mean value from the surrounding half-hour window. We
utilized the vector fluctuations of the magnetic field 6B and of the velocity dv, with the former converted
to velocity units by multiplying by v4/B, = 1/,/i,p. From these fluctuations we computed several quan-
tities of interest, including the normalized cross helicity Gc=20V - 5B/(0V? + 6B?), the normalized residual
energy o,=(0v> — 5B%)/(6v* — 6B?), and the Alfvén ratio r,=6v*/6B>. The cross helicity provides a measure
of the correlation between velocity and magnetic field fluctuations, with a value of 1 indicating the
propagation of a pure Alfvén wave antiparallel or parallel to the magnetic field direction. The residual
energy and the Alfvén ratio provide two complementary measures of the balance between velocity
and magnetic field fluctuations.

The prevalence of Alfvén waves in the solar wind varies with heliocentric distance and latitude [Bavassano
et al., 1998; Breech et al., 2005], with the solar cycle [Perri and Balogh, 2010] and with solar wind parameters
[Roberts et al., 1987]. Typically, in the solar wind, outward propagating Alfvén waves dominate, leading
to negative cross helicities for outward IMF sectors and positive cross helicities for inward IMF sectors
[Roberts et al., 1987]. Negative values of residual energy typically predominate (corresponding to ry < 1), indi-
cating the dominance of magnetic fluctuations over velocity fluctuations [Roberts et al., 1987; Bavassano et al.,
1998]. This imbalance may result from the presence of convected magnetic structures [Tu and Marsch, 1991]
and/or the affects of anisotropic pressure and relative streaming on the Alfvén velocity [Bavassano et al.,
1998; Goldstein et al., 1995].

Figure 12 shows the Alfvén wave properties observed in the upstream medium by MAVEN during the
prime mission to date, with the values from cruise shown for reference. We find a predominance of
outward-propagating (with respect to the Sun) Alfvén waves throughout the mission, with more negative
cross helicities for +B,/—B, IMF sectors and more positive cross helicities for —B,/+B, sectors. However, we
find a somewhat higher fraction of outward propagating waves during the early portions of the MAVEN
mission (comparable to or higher than the value observed during cruise) and generally lower values later
in the mission. The reason for this decrease remains unclear; however, the increase in heliospheric dis-
tance and the observed increase in the number of stream-stream interactions (see Figure 4) could both
reduce the cross helicity [Roberts et al, 1987]. Meanwhile, magnetic fluctuations dominate over velocity
fluctuations throughout the mission, with relatively constant median normalized residual energies of
—0.5 and median Alfvén ratios of 0.33, virtually identical to the values from cruise, and well within the
range typically seen in the solar wind [Bruno and Carbone, 2005]. The proportion of energy in velocity fluc-
tuations increases at the beginning and end of each solar wind interval, suggesting an increase in velocity
fluctuations closer to the bow shock. This may in part result from the mass-loading effects discussed in
section 5.2, which would lead to velocity perturbations, but not magnetic field perturbations.

To further investigate how the presence of Mars affects the properties of solar wind Alfvén waves, we con-
sider spatial distributions of the Alfvén wave parameters. To search for asymmetries in the cross helicity in

HALEKAS ET AL.

MAVEN/SWIA SCIENCE RESULTS 566



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023167

o

(@}
TITT[TTIT T

|

a

©

(@}
TITT[TTTT T TT

10.0

Ta
=}
L LA B

Month Jan Jul Jan
2015 2016

Figure 12. The normalized cross helicity, azimuthal angle of the IMF in the ecliptic tan”! (By/By), negative of the normalized
cross helicity multiplied by the sign of the IMF By, (Alfvén waves propagating out from the Sun should have a positive
value of this quantity), normalized residual energy, and Alfvén ratio. The black points show values computed from SWIA
onboard moments and MAG measurements from the upstream solar wind taken during the prime mission (October 2014
to May 2016), the dashed red lines show median values from cruise (March-May 2014), and the dashed blue line in the
third panel shows the zero level. All calculations for cruise and mission data utilize measurements averaged over 45 s
intervals, with fluctuation amplitudes computed by subtracting the mean values from the surrounding half-hour window.
The light blue lines in the third to fifth panels show median values for 10 day intervals. Text labels indicate the heliocentric
distance of Mars in AU.

both toward and away IMF sectors, and for different seasons, we separate the data into four subsets based on
the IMF B, component and the time range, and show the results in Figure 13 (top and middle rows). We find
that the coherence of the observed Alfvén waves decreases in the quasi-parallel foreshock (—Y side of top
row and +Y side of middle row), consistent with the effects of the large-amplitude compressive fluctuations
present in that region. Other than this foreshock effect, we find no clear spatial variation in the cross helicity,
indicating that the temporal variability identified in Figure 12 does not result from differences in orbital geo-
metry. Instead, the temporal decrease in cross helicity appears to affect all upstream regions sampled by
MAVEN equally, providing supporting evidence that the observed decline represents a real change in the
solar wind input rather than an effect driven by the presence of Mars. This change in the turbulent properties
of the driving solar wind between perihelion and aphelion may further complicate the separation of seasonal
and solar wind effects, adding to the confusion due to the competing effects of the changes in EUV and solar
wind with heliocentric distance discussed in section 4.2.

As seen in Figure 13 (bottom row), energy is preferentially transferred to velocity fluctuations near the bow
shock (as we also concluded from the time series data in Figure 12). This indicates that the presence of Mars
does perturb the upstream region to some degree, even in the relatively pristine solar wind identified by the
algorithm discussed in section 3.1. Though not shown in the figure, this transfer of energy to velocity fluctua-
tions occurs to roughly the same degree near both the quasi-parallel and quasi-perpendicular portions of
the bow shock, and for all time periods studied. This suggests that this transfer of energy does not stem
from compressional fluctuations or other foreshock effects and instead potentially implicates the effects of
mass loading. Alternatively, it could result from the transport of energy from larger to smaller scales due to
increased dissipation by wave-particle interactions near the shock. However, it remains unclear why this
would lead to an increase in the proportion of energy in velocity fluctuations as compared to magnetic
fluctuations.

HALEKAS ET AL.

MAVEN/SWIA SCIENCE RESULTS 567



@AG U Journal of Geophysical Research: Space Physics

10.1002/2016JA023167

Ls 240-304, B, > O Ls 8=-131, B, > 0
10000 T w T 1.0 10000 w T T 1.0
N
~ ~ — ~ ~ - .* \ I-
-~ - ~ AN .F £
5000 “1los 5000 F ek BF DS | 41los
PR
T T DA
= = - a2\ ]
w ot 4100 & w or =21 | H[loo
%} 0 I | 4 I
> = r E, A
| 1 LS -
> > -/
REAE g
-5000 1l -o05 -5000 e A 1l{-o05
— W s -
— — e =
- — o
L L - .-LI:/I . .i‘
2o
~10000 . o1 . -1.0 -10000 . i . -1.0
-10000  -5000 0 5000 10000 -10000  —5000 0 5000 10000
X_MSE [km] X_MSE [km]
Ls 240-304, B, < O Ls 8-131, B, < O
10000 T w T 1.0 10000 w AT 1.0
Nl Nt e
Lo o N L il
=~ TR [k =~ :
~ o T L
5000 [ ~2 Tt Jflos 5000 - “llos
U '
Nl
? '.. R \ ?
= =
w ofr 00 € w or H[lo0
(%] (%2}
3 3
> >
~5000 - -0.5 ~5000 405
—
— —
- -
- - 7 ]
Y -
~10000 . -1.0 ~10000 ! e . -1.0
-10000 50 -10000  -5000 0 5000 10000
X_MSE [km] X_MSE [km]
All Solar Wind All Solar Wind
1.4x10* T T T 1.0 1.4x10* T T T mio
~N
1.2x10%F B 1.2x10%F ~ B
~ 0.8
1.0x10*F I1°s 1.0x10*F N b
—_—
£ s.ox10°f 3 € soxio’l R 1los
£ s - £ s — r
o 00 © =~ < . i =<
& 6.0x10°F 1 S 6.ox10°F ~ - f}t}, Mo
2 @ ~
3[ ] 30 ~ = ]
4.0x10 . 4.0x10 o A N
2.0x103F 3 2.0x10°F A 1
0 -1.0 0 ‘ . (I Uo.o
-10000  —5000 0 10000 -10000  —5000 0 5000 10000
X_MSE [km] X_MSE [km]

Figure 13. (top and middle rows) Spatial averages of the normalized cross helicity computed from measurements in the
upstream solar wind during two different seasons, for time periods with positive and negative IMF By (in MSO coordinates),
projected to the X-Y plane of the aberrated MSE coordinate system. Assuming Parker spiral IMF (+B,/—By or —By/+B)
geometry, Alfvén waves propagating out from the Sun should have negative cross helicity for +B, and positive for —B,. The
quasi-parallel foreshock should lie on the —Yjysg side for +B, and on the +Yjysg side for —B,. (bottom row) The normalized
residual energy and Alfvén ratio for all solar wind measurements from the prime mission, in a cylindrical projection. The
dashed black curves on all panels show the nominal bow shock and MPB locations from Trotignon et al. [2006].

5.3. Upstream Events at Mars

On most orbits that sample the region upstream from the Martian bow shock, MAVEN observes only low-
frequency waves, the omnipresent Alfvénic turbulence of the solar wind, and the faint signatures of mass
loading discussed above. However, at some times, the presence of the Martian obstacle leads to much larger
perturbations to the upstream plasma flow. These include both isolated events and groups of repeated
quasi-periodic events, with both types of events capable of driving compressional changes in the solar wind
density and magnetic field strength of over 100%, as well as decelerations and/or deflections of the solar
wind flow by hundreds of km/s. In this penultimate portion of the paper, we investigate the characteristics
of these upstream events and the conditions under which they occur.
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Figure 14. MAVEN measurements near apoapsis from an orbit with several upstream events. The panels show SWIA Coarse
energy and instrument phi angle spectra, SWEA electron energy spectra, density, velocity, and scalar temperature
computed from SWIA Coarse distributions, magnetic field components, power spectrum of magnetic field fluctuations
(with proton cyclotron frequency in black), and the cone angle cos’1(BX/|B|) from MAG measurements. lon and electron
energy spectra utilize units of eV/(eV cm?s sr), and vector quantities utilize the MSO coordinate system. The color bar
indicates the attenuator status (green = open, red = closed), and text labels indicate the spacecraft altitude in kilometers
and solar zenith angle. The “1” on the density panel marks an isolated upstream event, the “2” marks a group of repeated
events, and the “3" marks the bow shock.

A wide variety of phenomena have been observed upstream from the bow shocks of the terrestrial planets,
including a host of ULF waves near the proton cyclotron frequency [Russell and Hoppe, 1983; Eastwood et al.,
2005]. Reflected protons from the shock can drive these waves at both the Earth and Mars, and newly born
ions from the extended exosphere can also drive waves at similar frequencies at Mars [Russell et al., 1990;
Mazelle et al., 2004]. Given sufficient nonsolar wind ion fluxes and appropriate IMF geometry (frequently
found in the quasi-parallel foreshock), ion-ion instabilities [Gary, 1991] can steepen and become nonlinear,
forming structures such as foreshock cavitons [Blanco-Cano et al., 2009], foreshock cavities [Sibeck et al.,
2002; Jieroset et al., 2001], the foreshock compressional boundary (FCB) [Omidi et al., 2009], and Short
Large Amplitude Magnetic Structures (SLAMS) [Thomsen et al.,, 1990; Schwartz and Burgess, 1991; Schwartz
et al., 1992; Burgess et al., 2005]. These structures typically have heated and partially isotropized plasma in
their interior with slower (or even backstreaming) flow and lower density than the nearby unmodified solar
wind, surrounded by a sheath of compressed plasma. In the quasi-parallel foreshock, it can prove difficult to
separate these structures from the shock itself—in fact, a patchwork of SLAMS may completely replace the
shock [Schwartz and Burgess, 1991]. Similar structures can form when IMF rotations interact with the shock.
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Hot flow anomalies (HFAs) [Schwartz et al., 1985; Thomsen et al., 1986], which form when a tangential discon-
tinuity (TD) comes into contact with the bow shock in such a way that reflected ions are channeled toward
the TD by the motional electric field [Schwartz, 1995; Thomas et al., 1991], occur upstream from Earth,
Venus [Collinson et al., 2012], Mars [Collinson et al., 2015], and Saturn [Masters et al., 2009]. Related structures
include foreshock bubbles (FBs) [Omidi et al., 2010; Turner et al., 2013] and spontaneous hot flow anomalies
(SHFAs) [Omidi et al., 2013; Zhang et al., 2013]. All of these phenomena form as a result of nonlinear ion-ion
interactions, occurring during both steady and changing IMF conditions.

Figure 14 shows SWIA, SWEA, and MAG data from a portion of an orbit on which MAVEN observed an isolated
upstream event (1) and a group of repeated upstream events (2), both well upstream (2000-3000 km) from
the bow shock (3). The observed structures have higher temperatures but lower densities and flow speeds
than the surrounding solar wind, with strong compressional features visible in both the density and magnetic
field on their upstream side (the side observed later in time, assuming that the structures convect over the
spacecraft). On this orbit segment, MAVEN traveled from a point above the subsolar region of the magneto-
sphere to one just downstream from the terminator, with apoapsis to the southeast of the Mars-Sun line at an
SZA of 72°. Much as in the time period of Figure 3, the upstream IMF had a near-radial orientation during this
time, as indicated by the cone angle near 180°. For this IMF orientation, essentially the entire shock has a
quasi-parallel geometry, making it easier for reflected ions from the shock to travel upstream over a large
region and thereby favoring the formation of upstream structures. The isolated event appears to be asso-
ciated with an IMF rotation, but the high-amplitude perturbations to the field around the repeated events
preclude the identification of any IMF rotations associated with them.

During this time period, large fluxes of protons appear outside of the main solar wind beam, most clearly seen
in Figure 14 (second panel). The fluxes, time dependence, and angular distributions of these ions indicate that
they do not consist solely of solar wind scattered from the spacecraft or instrument but instead must include
newly born ions from the Martian exosphere, reflected ions from the bow shock, and/or heated solar wind
ions. For most of the time interval in question, the non-solar wind population extends over the entire instru-
ment phi range, which given the Sun-pointing attitude (0° instrument phi=sunward) implies a contribution
from protons (either solar wind or pickup hydrogen) reflected with sunward velocities from the shock or from
ions scattered at large angles by wave-particle interactions. On the other hand, near the repeated group of
events and inside the bow shock, the predominantly antisunward angular distribution of ion flux suggests
that pickup ions, protons reflected from the shock at a glancing angle, and/or heated solar wind ions play
a primary role. At these times, significantly heated populations of electrons also appear (Figure 14, third
panel), providing observational support for the latter possibility. lon and electron heating naturally occurs
in the sheath downstream from the shock. However, upstream from the shock some other heating mechan-
ism must operate, most likely driven directly or indirectly by ion-ion instabilities.

Figure 15 shows an expanded view of the group of repeated events of Figure 14. At this time the spacecraft
has [Xmso, Ymsor Zmsol coordinates of ~[4000, 4000, —8000] km, upstream of the flank of the magnetosphere
and to the southeast of the Mars-Sun line. MAVEN observes a number of quasi-periodic structures, with popu-
lations of almost normal solar wind interspersed with heated populations with lower density than the nearby
solar wind and slowed and deflected (toward —Z_MSO, away from the Mars-Sun line) bulk flow. Most of these
regions of hot tenuous plasma have a leading compression (with higher density and magnetic field than the
undisturbed solar wind) at the upstream side. A few of the structures also appear to have trailing compres-
sional regions, but most do not. The plasma in these structures, though strongly heated, still has a net anti-
sunward bulk flow. The sunward reflected flux present in the surrounding time periods largely disappears
during the interval shown in Figure 15, suggesting either that the structure of the bow shock downstream
from the spacecraft has changed and/or that reflected protons from the downstream bow shock cannot
penetrate these structures. Some antisunward (predominantly southward) flux does appear in the 45-90°
instrument phi range, possibly consisting of protons reflected laterally from the portion of the shock to the
north of the spacecraft and/or heated solar wind protons.

During most of the interval in Figure 14 we observe ULF waves near the proton cyclotron frequency. These
could result from either newly born pickup hydrogen ions or reflected protons from the shock [Ruhunusiri
et al., 2016]. One might speculate on whether such waves could provide a seed population of fluctuations
that grow into the nonlinear upstream events we observe. If so, since these waves vary seasonally as the
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Figure 15. A subset of the measurements in Figure 14, covering a portion of the group of upstream events near time 2 in
Figure 14. The panels show SWIA onboard-computed energy spectra and Coarse instrument phi angle spectra, SWEA
electron energy spectra, density, velocity, and scalar temperature from SWIA onboard moments, and magnetic field
components and magnitude. lon and electron energy spectra utilize units of eV/(eV cm® s sr), and vector quantities utilize
the MSO coordinate system. Vertical dashed red lines mark the locations of density compressions. Text labels indicate
the spacecraft altitude in kilometers.

hydrogen exosphere expands and contracts [Bertucci et al., 2013], this could lead to a seasonal variation in
upstream event occurrence. Other parameters that could play a role include IMF cone angle and Mach num-
ber (for instance, small cone angles favor the growth of FBs [Omidi et al., 2010], and cone angle and Mach
number affect the occurrence of and strength of the FCB [Omidi et al., 2009]). Finally, since solar wind
dynamic pressure affects the shock location, we also considered this parameter.

To investigate the importance of these four parameters in determining when and where upstream events
occur at Mars, we conducted a visual orbit-by-orbit search for similar isolated and repeated upstream events
during December 2014 (near perihelion, with high EUV input and a large coronal hydrogen density) and
August 2015 (farther from the Sun, with low EUV input and a low coronal hydrogen density). We defined iso-
lated events as those that occurred more than 10 min before and after any other upstream event, while
grouping together repeated events occurred within 10 min of each other. For several orbits, including the
one shown in Figures 14 and 15, we identified 20 or more individual structures within in a single group of
quasiperiodic repeated events.

Figure 16 shows the distribution of solar wind parameters for all upstream intervals as compared to those for
the nearest undisturbed upstream times to the isolated and repeated upstream events we identified in the
2 months we investigated. We find similar occurrence rates of upstream events of both types in each of
the 2 months, implying that EUV or other seasonal effects most likely do not play a major role. This in turn
implies that the occurrence of strong upstream events does not require a seed population of waves produced
by newly born pickup ions. Instead, it suggests that reflected protons from the shock play a dominant role. In
addition, the spatial distribution of both isolated and repeated events (not shown) appears consistent with
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Figure 16. Distributions of three selected solar wind parameters from (left column) December 2014 and (right column)
August 2015 in black, as compared to distributions of the same parameters from the nearest unperturbed upstream
intervals to isolated upstream events (blue) and groups of repeated upstream events (red). (top row) Distributions of
upstream |B,|/|B| (the absolute value of the cosine of the IMF cone angle). (middle row) Distributions of solar wind mag-
netosonic Mach number. (bottom row) Distributions of solar wind dynamic pressure. All distributions utilize upstream
measurements averaged over 45 s intervals. Vertical dashed lines indicate the median values for each distribution.

the overall frequency distribution of the measurements, implying that the observed structures commonly
extend well upstream from the nominal bow shock location.

Of the solar wind parameters considered, only the IMF direction appears to play a major role. Near-radial IMF
orientations heavily favor the occurrence of both isolated and repeated upstream events, during both time
intervals considered. This controlling role for the IMF appears consistent with basic expectations, since in
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radial IMF configurations reflected ions can access regions far upstream from Mars, favoring the growth of
ion-ion instabilities. On the other hand, dynamic pressure appears to play no significant role and Mach num-
ber plays at most a minor role. Repeated events occur during conditions with median Mach numbers only
0.5-1 higher than the overall distribution of upstream measurements during the time periods in question.
A future study should investigate whether solar wind parameters affect the magnitude of the observed
upstream events, even if they do not affect their occurrence rate.

Based on the characteristics of the individual events and the statistics of their occurrence, the MAVEN obser-
vations may indicate SLAMS generated by ion reflection from the quasi-parallel shock. Under this interpreta-
tion, the upstream compression regions represent the SLAMS themselves, while the tenuous heated plasma
downstream from these compressions represents the “wake” of the SLAMS [Hellinger and Mangeney, 1999;
Behlke et al., 2003]. The MAVEN observations, with large enhancements in both magnetic field and density,
suggest a fast-mode structure, and the amplitude of the magnetic field enhancements appears consistent
with previous observations of SLAMS [Schwartz et al., 1992]. Wakes form because the SLAMS convect
upstream in the frame of the undisturbed solar wind, resulting in a downstream wake region filled with hotter
and more tenuous plasma (since only these particles can access this wake region), which may consist primar-
ily of particles reflected from the shock and/or from other nearby SLAMS. In the frame of Mars, SLAMS con-
vect downstream (albeit more slowly than the undisturbed solar wind) and steepen and pile up in the vicinity
of the nominal bow shock. Much as at the Earth, a patchwork of SLAMS may essentially replace the Martian
bow shock in the quasi-parallel geometry [Schwartz and Burgess, 1991].

We note that at Mars, a single SLAMS (assuming the same typical scales of several thousands of kilometers as
seen at the Earth) could affect a substantial portion of the Martian bow shock, thereby altering the structure
of the sheath and the magnetosphere. Therefore, the formation of a large number of quasi-periodic SLAMS
could significantly affect the structure of the magnetosphere. At Venus, near-radial IMF orientations lead to
large-scale disturbances in the magnetosphere [Zhang et al., 2009] and significantly affect the loss of ions
from the Venus system [Masunaga et al., 2011]. The occurrence of upstream events under near-radial IMF
could also dramatically change the dominant ion loss channels from the Martian system.

6. Conclusions and Implications

With no global internal magnetic field, the magnetosphere of Mars forms as a result of the direct and indirect
interaction of the solar wind with the Martian ionosphere, through a combination of induction effects and
mass loading. The resulting “induced magnetosphere” responds strongly to the influence of solar drivers,
which vary as a function of solar cycle, heliocentric distance, and with solar rotation. Given the short
MAVEN mission to date, we cannot yet comprehensively investigate solar cycle variations, but with 0.85
Martian years of nearly continuous observations, we can now investigate the influence of heliocentric dis-
tance and variability on solar rotation time scales.

The SWIA instrument returns direct measurements of the upstream solar wind drivers, as well as proxy mea-
surements of the solar wind at periapsis enabled by the interaction between the solar wind and neutral atmo-
spheric particles. Together, these two data sets provide nearly continuous monitoring of the solar wind
during the MAVEN mission. The solar wind measurements provide one portion of the solar energy input to
the Martian system, with other critical inputs measured by the SWEA, MAG, EUVM, and SEP instruments.
When used appropriately, taking into account the effects of the mechanical attenuator and the telemetry
mode, and correcting when necessary for the effects of penetrating and scattered backgrounds, limited
energy-angle coverage, and multi-ion distributions, SWIA provides high-quality measurements of the solar
wind density, velocity, temperature, and 3-D velocity distributions upstream from the bow shock and in
the magnetosheath of Mars. These observations can be used to organize the data from other MAVEN instru-
ments, including the critical measurements of ion escape from the Martian system [Brain et al., 2015; Dong
et al., 2015].

The Martian bow shock and magnetosphere respond to the influence of both the highly variable solar
wind and the less variable EUV input, while crustal magnetic fields play only a secondary role in determining
the position of the bow shock. In agreement with previous observations, we find that high solar wind
dynamic pressure and Mach number compress the bow shock, while high EUV inflates the shock [Edberg
et al., 2009, 2010a]. Both solar wind pressure and EUV vary inversely with heliocentric distance, leading to

HALEKAS ET AL.

MAVEN/SWIA SCIENCE RESULTS 573



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023167

Acknowledgments

Analysis of SWEA data was partially
supported by CNES. All MAVEN data are
publicly available through the Planetary
Data System (http://ppi.pds.nasa.gov).
We thank two reviewers for carefully
reading this long paper and providing
constructive feedback that improved
the manuscript.

competing influences on the Martian system. However, the high degree of variability in the solar wind still
allows us to investigate the structure of the magnetosphere over a wide range of input parameters.

MAVEN observations also reveal variability in the energy input from Alfvén waves in the solar wind. We find
some observable variation during the MAVEN mission of the normalized cross helicity of low-frequency fluc-
tuations in solar wind magnetic field and velocity, which may result from a combination of heliocentric and
solar cycle effects. If the analogy with the terrestrial system holds, these waves may affect the Martian mag-
netosphere and possibly even the thermosphere [Prikryl et al., 2005].

SWIA observations also confirm a strong seasonal variation of the hydrogen corona [Yamauchi et al., 2015;
Chaffin et al.,, 2014; Bhattacharyya et al., 2015], with much larger (an order of magnitude) amplitude than
the heliocentric variation in EUV input. A longer baseline of observations afforded by additional MAVEN
extended missions could reveal a solar cycle component to the hydrogen variability or interannual variations
in the seasonal variation of the hydrogen corona.

During most time periods, neither the presence of pickup ions from the hydrogen and oxygen corona nor
the reflection of solar wind and/or pickup ions from the bow shock introduce significant perturbations
to the solar wind upstream from Mars. MAVEN observes only weak mass loading signatures upstream from
the bow shock and outside of the foreshock, producing velocity deflections of only ~5km/s even for low-
density solar wind. An observed increase in the Alfvén ratio near the shock, indicating preferential transfer
of energy to velocity fluctuations, may result from these mass-loading effects.

During periods of near-radial IMF, MAVEN often observes large-amplitude perturbations to the upstream
flow, with factor of 2 or greater compressions of the density and magnetic field, interspersed with popula-
tions of hot tenuous plasma with lower flow speed. These perturbations likely result from the formation of
SLAMS, together with their trailing wakes, generated by ion reflection from the bow shock and/or other
SLAMS. As these large-scale structures convect downstream, they result in a global reconfiguration of the
Martian bow shock and magnetosphere, with potential implications for ion escape during these time periods.
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