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Coupling between the lower and upper atmosphere, combined with loss of gas from the
upper atmosphere to space, likely contributed to the thin, cold, dry atmosphere of modern
Mars. To help understand ongoing ion loss to space, the Mars Atmosphere and Volatile
Evolution (MAVEN) spacecraft made comprehensive measurements of the Mars upper
atmosphere, ionosphere, and interactions with the Sun and solar wind during an
interplanetary coronal mass ejection impact in March 2015. Responses include changes in
the bow shock and magnetosheath, formation of widespread diffuse aurora, and
enhancement of pick-up ions. Observations and models both show an enhancement in
escape rate of ions to space during the event. Ion loss during solar events early in
Mars history may have been a major contributor to the long-term evolution of the
Mars atmosphere.

Q
uantifying the role that escape of gas to
space played throughout martian history
will help to determine whether it was an
important mechanism for driving the cli-
mate change observed in the geological

record (1, 2). Determining the effects that dis-
crete solar storms have had on the structure of
the upper atmosphere, ionosphere, and magne-

tosphere, and on the loss rate to space, is an im-
portant component of this, owing to the increased
occurrence of storms in early martian history and
their potential contributions to the total loss.
The Mars Atmosphere and Volatile Evolution

(MAVEN)mission toMars was designed to study
the upper atmosphere, ionosphere, andmagneto-
sphereofMars, the response to solar and solar-wind
input, and the ability of atmospheric molecules
and atoms to escape to space (3). MAVEN was
launched on 18 November 2013, and went into
orbit aroundMars on 21 September 2014. After a
2-month commissioning phase, it began its one-
Earth-year primary sciencemission on 16Novem-
ber 2014. MAVEN is in an elliptical orbit with
periapsis altitude of ~150 km and apoapsis alti-
tude of ~6200 km. This orbit allows a combination
of in situ measurements throughout the entire
region of interest and remote-sensing measure-
ments that provide quasi-global coverage. Thenine
science instruments provide a combination of
measurements of the solar and solar-wind ener-
getic input into the upper atmosphere, the com-
position and structure of the upper atmosphere
and ionosphere, the topology of the interactions
of the solar wind with the planet, and the com-
position and energetics of atomic and molecular

ions interacting with and escaping from the
system (3, 4).
We report here on observations from MAVEN

that show the integrated effects of an interpla-
netary coronal mass ejection (ICME) with the
planet, the consequences for the upper atmo-
sphere, and the impact on escape to space. We
both present the observations made by MAVEN
of the ICME and Mars atmospheric response,
anduse the observations to validate a globalmodel
of the martian atmosphere interaction with the
solar wind during the ICME. The model is then
used to estimate the global response of the sys-
tem, which MAVEN samples only locally during
the event. These observations complement studies
of the structure of the upper atmosphere and
ionosphere and the overall behavior of the mar-
tian system, alongwith the initial look at the chain
of events from energetic drivers to response of
the upper atmosphere and then leading to es-
cape to space (4–7).

Energetic inputs into the system

MAVEN has been making observations nearly
continuously since November 2014. The stron-
gest solar event observed to date occurred on 8
March 2015. MAVEN measurements during the
entire time period from 25 February to 13 March
2015 exhibiteddisturbed interplanetary conditions,
as shown in Fig. 1. The solar irradiance time
series from the perspective of Mars (Fig. 1, top
panel) shows the flare activity detected by the
MAVEN extreme ultraviolet (EUV) detector. The
flare event (F4) occurring on 6March ~05:00 UT
was likely associated with the major interpla-
netary disturbance of this period. Major flares
are often related to eruptions of coronal material
known as coronal mass ejections (CMEs, best
known for causing geomagnetic storms at Earth)
(8). White light coronagraph images from the So-
lar Heliospheric Observatory (SOHO) showed that
multiple CMEs erupted in the general direction of
Mars during this time.
We used orbital ephemerides andMagnetomer

(MAG) (9) and Solar Wind Ion Analyzer (SWIA)
(10) measurements to select periods during which
we had unambiguous measurements of the up-
streamsolarwindoutsideof themartianbowshock
and foreshock. The solar-wind density, velocity, and
interplanetarymagnetic field (IMF)were averaged
over the upstream interval, for eachMAVENorbit
for which they could be determined. The most dis-
turbed period analyzed here spanned about three
~4.5-hour MAVEN orbits.
The upstream solar-wind data set shows four

major density enhancements (labeled S1 to S4)
associatedwith a series of ICMEs. During the last
of these events (S4) on 8 March, the solar wind
reached a peak flow speed of 825 km/s, with a
corresponding peak ram pressure of 15 nPa, and
magnetic-field strength of ~20 nT, all the highest
values observed by MAVEN to date. For compar-
ison, the peak pressure observed at Mars during
the Halloween 2003 ICME event was ~33 nT, and
the average pressure during this periodwas ~7 nPa
(11); the event reported here is one of the strongest
ever observed atMars. The average upstream solar
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wind values measured by MAVEN from late No-
vember 2014 to late March 2015 were ~1 nPa for
the ram pressure and 4 nT for the magnetic-field
strength. The detailedMAGdata fromwithin the
induced magnetosphere (discussed below) indi-
cates that at ~15:20 UT 8 March, a strong mag-
netic rotation and compression associated with
the arrival of the major ICME of the interval
(event S4) were seen. The IMF returned to a
more typical level within 48 hours after this sig-
nature. Major ICME events often have durations
of up to a few days.
The SolarWind ElectronAnalyzer (SWEA) (12)

instrumentmeasured suprathermal electronpitch-
angle distributions (Fig. 1, fourth panel) upstream
of theMars bow shock. These reveal themagnetic
topology associated with this series of events. The
topology leading up to the final series of events (S3,
S4) is complex,with electronbeaming reversals and
counterstreaming, suggesting that magnetically
“closed” topologies are present almost every orbit.

Such interplanetary field topologies, which are
characteristic of ICMEdrivers and complex space-
weather events, also affect the solar-wind inter-
actionwithMars by altering the details of external
field reconnection with the Mars crustal fields.
Solar energetic particle (SEP) events (13) (E1 to

E3) were seen in conjunction with the multiple
ICMEpassages, as shown in Fig. 1 (last twopanels).
The highest SEP ion fluxes at lower energies
(<1 MeV) peaked around the ICME shock arrival
times (S2 and S4), consistent with energetic storm
particle (ESP) enhancements that occur when an
ICME makes a direct strike. The most energetic
ions (>1 MeV) in the strong event (E3) reached
Mars at ~08:00 UT 7 March, ahead of the ICME
disturbance (S4). This is the classical velocity dis-
persion, where themost energetic ions arrive first,
at least a day before the plasma and field distur-
bance. The SEP ions gradually diminished in in-
tensity throughout the rest of the ICMEdisturbance.
SEP ion energy deposition in theMars atmosphere

peaked for ICMEevents S2 and S4, the latter being
stronger. The largest energy fluxes occurred be-
low ~300 keV, where most energy is deposited
between 100- and 140-km altitude (14) and should
affect strongly the thermospheric reservoir from
which atmospheric escape occurs (15). The ob-
served SEP electrons (bottom panel), which ar-
rived early with the most-energetic ions, show a
spread in energy at the ICME shock arrival on 8
March and a diminished flux soon after the shock
passage.
We used the Wang-Sheeley-Arge (WSA)–

ENLIL+Cone model to numerically simulate the
interplanetary solar-wind conditions and provide
a global heliospheric context for these events at
Mars (16). Based on the simulation, the 8 March
ICME impact of Mars was composed of two indi-
vidual transients that merged en route to the
planet. The first ICME was injected into the in-
ner boundary of the ENLIL solar wind model at
04:49 UT 6 March with an initial radial speed of
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Fig. 1. Energy inputs to the martian system.The
seven panels show flare irradiance from EUVM,
solar-wind density (black) and ram pressure (red),
velocity, and interplanetary magnetic field com-
puted from SWIA and MAG data averaged over
the portion of the orbit when the spacecraft was
upstream from the bow shock, electron pitch-
angle distributions at 110 to 140 eV from SWEA,
and energetic ion and electron differential energy
flux spectra from SEP. The intensities of CO2

+ UV
doublet auroral emission at 289 nm from the Mars
nightside are plotted over the energetic electrons,
using the inset scale; values below 50 to 100
Rayleighs are attributed to instrumental noise.
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900 km/s, whereas the second ICMEwas injected
at07:12UT6Marchwitha faster speedof 1500km/s.
The southern part of the second ICME interacted
with and overtook the first ICME to produce a
merged ICME. The model predicted the eastern
flank of the merged structure to strike Mars at
~11:40UT8March. Interestingly, the active region
that triggered the Mars-directed ICMEs subse-
quently rotated toward Earth and launched an
ICME, to produce one of the strongest geomag-
netic storms of the current solar cycle (17).

Response of the system

MAVEN observations show that the ICME im-
pact on 8 March 2015 dramatically altered the
overall morphology and dynamics of the magne-
tosphere, affected the ionosphere, and induced
auroral emissions from the neutral atmosphere.
Prior to the ICME, SWIA (10) measured a

solar-wind proton density of 1.8 cm−3, an alpha-

particle density of 0.1 cm−3, and flow speed of
505 km/s, corresponding to a ram pressure of
0.9 nPa. MAG (9) measured a typical IMF mag-
nitude of ~5 nT. After the passage of the ICME
shock, the upstream proton density rose to as
high as 11 cm−3, the alpha density to 0.6 cm−3, and
the flow speed to 820km/s,with a rampressure of
15 nPa, the highest encountered to date during
theMAVENmission. The IMF increased to 14 nT
and in succeeding days rose to as high as 20 nT,
also the highest value seen so far.
Using these measurements as inputs, we calcu-

lated three steady-state cases with a multispecies
magnetohydrodynamic (MHD)model (18) to pro-
vide global context for the observations. The solar-
wind conditions are set corresponding to before
the ICME arrival (case 1), shortly after the arrival
(case 2), and during the later time of the ICME,
when the solar-wind dynamic pressure was in-
tensified (case 3). Data-model comparisons are

shown in Fig. 2. The orbit prior to arrival of the
ICME, with apoapsis near 11:10 UT and periapsis
at 13:23 UT, provides a baseline. Given the nom-
inal IMF magnitude and plasma density, but
moderately high Mach number of the flow, the
observed and modeled magnetospheric bounda-
ries are both asymmetric. The quasi-parallel bow-
shock crossing on the outbound portion of the
apoapsis segment occurred slightly earlier than
expected from its average location (19), but the
inbound boundaries were close to their nominal
positions. MAVEN observed only minor crustal
magnetic fields (20) of ~10 nT near periapsis, a
total magnetic field of ~50 nT in the ionosphere,
and few fluctuations.
During the succeeding apoapsis segment,

MAVEN encountered extremely unusual plasma,
with 10% alpha-particle abundance, a flow speed
of 825 km/s with a 150 km/s off-axis component,
andahighproton temperatureof 130eV, suggesting
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Fig. 2.The response of
the martian magneto-
sphere to the passage of
an ICME.The top panel
shows predicted magne-
tospheric structure for
three orbits, based on
MHD runs utilizing
upstream solar-wind
conditions. The color con-
tours show plasma flow
speed in the equatorial
plane (from the south).
Black lines indicate the
MAVEN orbit, black arrows
show measured magnetic
fields, and white arrows
show model fields. The
three-dimensional sphere
represents the inner mod-
el boundary at 100-km
altitude, with colors indi-
cating the crustal
magnetic field strength at
the time of periapsis. The
black dashed lines show
nominal ionosphere-
magnetosphere boundary
and bow shock positions.
The bottom three panels
show MAG, SWIA, STATIC,
and NGIMS (Neutral Gas
and Ion Mass Spectrome-
ter) observations (solid
lines), with MHD results
for comparison (dotted
lines). Green and black
arrows mark the observed
and nominal bow shock
locations, respectively.



thatMAVENencountered the sheath region trailing
the ICME shock. The combination of high ram
pressure and lowMach number conspired to pro-
duce boundaries near their normal position, but
we observed multiple shock crossings and large
magnetic fluctuations during this time period, im-
plying a highly dynamic interaction. Commensu-
ratewith thehigh rampressure, the averagedraped
field inside the magnetosphere increased to ~90
nT, with a maximum of 130 nT during periapsis.
The MHD model matches the overall magneto-
spheric structure during this period, but the time-
stationary model cannot capture the observed varia-
bility and fluctuations in magnetic-field direction.
The magnetospheric effects continued and in-

tensified in the succeeding orbit. The magnetic
field exhibited large fluctuations, and the draped
field remained at ~90 nT. The solar wind flow
remained >800 km/s for ~7 hours, and the density
increased, producing a solar-wind ram pressure
more than an order of magnitude larger than
typically observed and resulting in substantial
deformation of the bow shock and compression
of the entire magnetosphere. The MHD model,
which matches the data well during this period,
shows these effects globally.
On smaller scales, MAVEN observed sharp

isolated magnetic-field enhancements in the
martian magnetosheath just after the ICME
shock arrival on 8 March. The enhancements
are associated with magnetic-field rotations
characteristic of magnetic flux ropes (21), which
are observed to occur in the martian ionosphere
and downstream from crustal magnetic fields
(22, 23). Suprathermal and Thermal Ion Com-
position (STATIC) measurements indicate that
heavy (i.e., planetary) ions are present in the flux-
rope structures, with energies of a few kilo–electron
volts. The presence of heavy planetary ions col-
located with flux ropes at the 5000-km altitude
of the observed structures allows us to infer that
the flux ropes formed in the vicinity of the ion-
osphere. The magnetic-field amplitudes in the
flux ropes exceeded 80 nT, which is a few times
larger than the typical detached flux ropes seen
during nominal solar-wind conditions. Strong-
field detached flux ropes observed at high alti-
tudes are unique in the MAVEN observations to
date. Moreover, the velocity of the detached flux
ropes is estimated to be much faster than usual by
a factor of approximately 10, under the assumption
that these structures are in magneto-hydrostatic
equilibrium (24).
The March ICME events also affected the up-

per atmosphere. MAVEN’s Imaging Ultraviolet
Spectrograph (IUVS) detected diffuse auroral
emissions during the ICME events similar to
those observed in December 2014 (6). IUVS is a
remote-sensing instrument designed to map
UV atmospheric emissions with altitude and ac-
ross the planetary disk (25). The most sensitive
mode for detection of auroral emission uses limb
scans taken near periapsis on Mars’ nightside.
The vast majority of nightside limb scans show
no atmospheric emissions apart from the ubiqui-
tous hydrogen Lyman alpha (26) and occasional
NO band emissions.

Observations spanning 22 min near periapsis
were obtained on alternating orbits at ~9-hour
intervalsduring theperiodencompassing the ICME.
Figure 1 (bottompanel) shows theobserved timeline
for auroral emission from Mars’ nightside during
this period. The figure plots emission from the CO2

+

UV doublet at 289 nm. Fainter emission was also
detected from the CO Cameron bands. Both emis-
sions are generated by particle impact on CO2,
which causes ionization, dissociation, and excita-
tion. These emissions have been well studied on
Mars’ dayside, where they are excited by solar EUV
radiation and resulting photoelectrons, and have
been observed since the Mariner missions (27). The
sameemissionswereobservedon theMarsnightside
in discrete aurora detected by the SPICAM (Spec-
troscopy for Investigation of Characteristics of the
Atmosphere of Mars) instrument on Mars Express
near crustal magnetic fields (28), and were seen
previously byMAVEN in widespread diffuse aurora
far from crustal fields and associated with a solar
event (6).
IUVS detected three separate episodes of sub-

stantial auroral emission. The first occurred on 27
to 28February and the second in a single orbit on4
March. On 7March, emissionwas observed to rise,
peak, and fall over ~50 hours; no data were taken
on the orbits immediately preceding the rise or
following the decline. Although the seven de-
tections in the third event are limited to ~20-min
periods separated by ~9 hours, the repeated de-
tections and relatively smooth variation suggest
that it was a widespread, sustained event. The
event spanned more than one Mars rotation, in-
dicating that geographic control of this type of
auroral emission is weak or nonexistent.
Substantial ion energization and enhancement

resulting from the disturbed conditions were ob-
served by SWIA, STATIC, and SEP during the 8
March event, as seen in measurements from a
single MAVEN orbit shown in Fig. 3, after the ar-
rival of the ICME shock. Although pickup ions
are evident during the entire disturbed period sub-
sequent to the maxima in IMF strength and ram
pressure around 14:00 UT, we focus on the orbit
spanning ~18:00 to 22:00 on 8 March.
The SWIA instrument (7) recorded strong pick-

up ion enhancements during this orbit (Fig. 3C).
The solar wind is evident at high altitudes as a
continuous flux of protonswith energy per charge
of 2 to 5 keV/q and alpha particles with energy
per charge of 6 to 9 keV/q. Intermittent periods
of higher-energy ion flux (~10 keV and above)
appear at high altitudes. The black trace in Fig.
3C illustrates the predicted energy of pickup ions
originating from any point directly sunward from
the martian subsolar point (29) and accelerated
entirely by the measured localV×B electric field.
The predicted pickup ion energies have good
agreement with the observations and correspond
to periods where high-energy ion fluxes are ob-
served. This agreement suggests that planetary
ions were accelerated to high energies by the
local convection electric field.
The STATIC (30) instrument also measures

ions and can discriminate mass. Figure 3, D and
E, show the observed energies [for mass >9 atom-

ic mass units (amu)] and masses of ions during
this orbit. Near periapsis, both O2

+ and CO2
+ are

evident, and as the spacecraft altitude increases,
the flux of massive CO2

+ molecules decreases rap-
idly, and O+ fluxes increase. Also present is a
probable signature of He+, most likely produced
from charge exchange between solar-wind he-
liumand planetary neutrals, as recently observed
by Rosetta (31). This population also can be ob-
served during quiet times, but is intensified
during this period owing to the high solar-wind
flux. Heavy-ion observations at high altitudes are
complicated by the substantial solar-wind proton
fluxes during the ICME. Internally scattered pro-
tons can contaminate higher-mass channels and
have been removed via a background subtraction
algorithm. Even though the background subtrac-
tion errs on the sideof subtracting toomany counts
at highmasses, fluxes of high-mass species are dis-
tinguishable periodically all the way up to apo-
apsis, often at energies higher than the predicted
pickup ion energy shown in Fig. 3C. A closer look
at the period near apoapsis (Fig. 3F) reveals that
O+, O2

+, and CO2
+ are all present at energies sub-

stantially greater than the solar-wind energy and
have been stripped away from the planet.
At even higher energies, the SEP instrument

(13) detected pick-up oxygen ions that had been
produced upstream in the neutral oxygen corona
and then accelerated towardMars; these pick-up
ions had energies above ~70 keV. The maximum
oxygen pickup ion energy is given by Emax = 2mo

Usw
2 sin2qUB, where mo is the mass of atomic

oxygen, Usw is the solar-wind speed, and qUB is
the angle between the solar wind and the IMF;
after the 8 March ICME arrival, solar-wind ve-
locities in excess of 800 km/s enable acceleration
of pickup oxygen to energies as high as 210 keV.
Following the method of (32), pickup oxygen
fluxes are simulated for the first MAVEN apo-
apsis after the ICME arrival (the orbit prior to the
one shown in Fig. 3, A to E, because of more fa-
vorable observing geometry during that orbit),
and the agreement between the SEP measured
and modeled fluxes confirms detection of O+ by
SEP. Figure 3G illustratesMAVENdata for a45-min
time period after 16:20 UT, whenMAVENwas in
the undisturbed upstream solar wind. For most
of this time period, qUB was ~50°, giving an Emax of
~120 keV. The elevated background noise in the
SEP data is due to energetic particles associated
with the ICME. Oxygen pickup ions detected by
SEP during the ICME event have the highest
energies observed sinceMAVEN’s arrival at Mars.

Loss to space

We can compare planetary ion fluxes during the
ICME event to those observed overmanymonths
as a means for assessing the likely impact of the
ICME on atmospheric escape rates. In addition,
we can calculate the escape rate usingMHDmod-
els of the interaction of the solar wind with the
planet and using measured solar-wind conditions
asmodel inputs. Both show a substantial enhance-
ment in the escape rate during the ICME event.
To determine the measured escape rate, we

use STATIC (30) observations of heavy-ion fluxes
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during time periodswhen the spacecraft occupied
altitudes between 0.25 and 0.45 planetary radii.
At these altitudes, observations cover a large
fraction of the sphere enclosing Mars, and the
measurements provide a good estimate of the
total escape. MAG and SWIA measurements of
the IMF and solar-wind velocity, respectively,
were used to rotate the spacecraft position into a
Mars-Solar-Electric field (MSE) coordinate sys-
tem, with MSE-x antiparallel to the incident
solar-wind flow, MSE-y parallel to the IMF
direction projected into the plane perpendicular
to the flow, and MSE-z in the direction of the
convection electric field given by -V × B. Such a
coordinate system is frequently used to organize
escaping planetary ion fluxes [e.g., (33)], which
should be strongly influenced by the electric field
in the solar wind. Individual observations recorded
when the instrument was in “pickup mode” (32
energy bins, 8 mass bins, and 64 look directions)
were separated so that ion flux toward and away
from the planet were tracked separately. We
limit ourselves to energies greater than 25 eV,
as the MAVEN data have not been corrected
yet for the effects of spacecraft electric potential
that can significantly influence the low-energy
measurements. Inclusion of low-energy particles
will increase both the reported fluxes and escape
rates, with the consequence that we present low-
er limits here. Previous studies (34) have shown

that reported escape rates depend at least partly
on the energy range of ions being considered.
A comparison of fluxes during the ICME event

(2015-03-08/16:00 to 2015-03-09/12:00) to median
fluxes over a period of approximately 4months is
shown in Fig. 4. Because of uncertainties in the
direction of the electric field during the turbulent
ICME event, we show the results as a function of
solar zenith angle. This comparison is valid in-
dependent of the electric-field direction. Most
notable is the strong flux of planetary ions away
from the planet on the dayside during the ICME,
in a region usually dominated by the flow of ions
toward the planet. These fluxes are among the
strongest observed in this region during the en-
tire mission. Nightside regions sampled during
the ICME have fluxes more characteristic for
their location, or even lower than is typical.
We cannot reliably provide a global escape rate

during the ICME event based on these sparse
observations alone, owing to the limited cover-
age over a short time period. However, it appears
that escape rates on the nightside of the planet
remained at values during the ICME that were
similar to values at other times, and that dayside
escape rates of planetary ions were enhanced
considerably. Previous measurements of ion es-
cape rates during ICMEs have been reported (35)
and suggest that total escape rates can be 10 to
100 times greater during solar storm events.

The good agreement described earlier between
the MHD model and MAVEN observations dur-
ing the ICME event gives us confidence to use
the model to infer the variations of the ion loss
rate during the ICME passage. The integrated
ion loss rates are listed in Table 1 using model
results of the same three cases described earlier.
Before the ICME arrival, themodel predicted that
the integrated escape rate was of the order of
1.5 × 1024/s, dominated by O2

+ ions. As the flow
speed of the solar wind increased to more than
800 km/s shortly after the ICME arrival, the solar-
wind dynamic pressure was about four times
enhanced, and the model predicted that the
total ion escape rate would increase to ~1025/s,
which is seven times larger than the ion loss rate
during nominal conditions. When the solar-wind
density and velocity were both enhanced, the
corresponding solar-wind dynamic pressure in-
creased to ~15 times, and the escape rate for case
3 reached 3 × 1025/s, more than an order of mag-
nitude enhancement. Themajor ions lost to space
changed from O2

+ (in both case 1 and 2) to O+

ions in case 3. This model prediction is con-
sistent with measurements made by STATIC,
which detected a large increase in O+ ion fluxes
during the orbits after the ICME arrival. This
increase is likely caused by enhancement of O+

ion production through augmented electron-
impact ionization and charge-exchange reactions
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Fig. 3. MAVEN charged-particle observations reveal the presence of pick-
up ions during the 8 March 2015 ICME.Observations from a single orbit are
shown in (A) to (D). (A) Spacecraft altitude. (B) Spacecraft location given as
latitude and solar zenith angle. (C) SWIA observations of ion energy fluxes as a
function of energy, with the predicted energy of subsolar pickup ions given by
the black trace. (D) STATIC observations of high-mass (>9 amu/q) ion energy

fluxes as a function of energy. (E) STATIC observations of ion energy fluxes as a
function of ion mass. (F) STATIC observations near periapsis of ion energy
fluxes as a function of energy and mass simultaneously, showing both the low-
mass solar wind and high-energy, high-mass pickup ions. (G) Observed and
modeled SEP spectra for ~40 min during the beginning of the ICME passage,
on the orbit prior to the one shown in (A) to (D).



between solar-wind protons and neutral oxygen
atoms, resulting from the intense electron and
proton fluxes in the ICME.
Similarly, a multifluid MHD model (36, 37)

predicted more than an order-of-magnitude en-
hancement of the ion loss rates during extreme
solar-wind conditions associated with the ICME.
The multifluid model results were also used to
examine the relative importance of the two ma-
jor ion loss channels from the planet—energetic-ion
loss through the dayside polar plume and cold-
ion loss through the nightside plasma-wake re-
gion. Escape of ions from the dayside polar plume
could be as much as ~30% prior to the ICME ar-
rival. When solar-wind dynamic pressure was
drastically intensified, the ratio of escape rates
from the polar plume reduced to ~10%, and the
cold ions escaping from the plasma wake made
up most of the ion loss from the planet.
Both the observations and the model results

suggest there are substantial enhancements in
the ion loss rates during ICME events. The agree-
ment of the models with the observations rein-
forces the interpretation and allows a global
estimate of the increase of about an order of mag-
nitude to be made. The ion loss reported here is
only one means by which gas can be removed
from the atmosphere. Particles can also be re-
moved to space as neutrals. Neutral escape may
prove to be the dominant loss channel, but ob-
servations are more difficult to interpret. These
ion loss enhancements can thus be considered a
lower limit on the escape enhancement.

The results obtained byMAVEN for this strong
ICME event can be compared with previousmea-
surements of ion escape atMars during disturbed
periods. These include case studies (35, 38), and
statistical studies during CIR events, solar max-
imum, and solar minimum periods (39–42). The
compression of the magnetosphere in response
to high dynamic pressure is consistent with ob-
servations of disturbed conditions presented in
the studies cited above. Nearly all of these studies
also suggest an increase in ion escape rates dur-
ing disturbed periods, but differ in the degree to
which they change. Our results are consistent
with the case study presented by Futaana et al.
(35), which estimated an order-of-magnitude in-
crease in planetary ion fluxes (and thus escape)
in response to an ICME event observed by Mars
Express. By contrast, our results appear to be in-
consistent with a recent statistical reanalysis of
Mars Express observations that shows a decrease
in escape rates in response to increased solar-
wind density (41). Though the reason for the dis-
crepancies between previous studies can include
differences in data selection and analysis method,
it seems likely that different events and different
kinds of events induce responses of differentmag-
nitude at Mars. Constraining how ICME events
influence ion escape is an important component
for understanding escape rates from early Mars.

Conclusions and future observations

MAVEN observations show a major impact of
the ICME observed in March 2015. The effects

through the entire upper-atmosphere–ionosphere–
magnetosphere system produced substantially
disturbed conditions and appeared to have a ma-
jor impact on the instantaneous rates of loss of
ions to space. Given the likely prevalence of ICME-
like conditions earlier in solar-systemhistory (43),
it is possible that ion escape rates at that time
were dominated by storm events. As these early
periods may have been the dominant times at
which the martian atmosphere experienced loss,
the inferred climate change on Mars may have
been driven to a large extent by these solar storms.
TheMAVEN spacecraft is continuing to collect

observations. These ongoing observations will fill
in the three-dimensional space surroundingMars
and allow us to better understand the processes
occurring in the upper atmosphere and iono-
sphere and to observe the response to changing
external forcing in the form of the changing solar
EUV, solar wind, and solar storms. Ongoing ob-
servations also will show the response to the
changing martian seasons, eventually allowing
coverage of a full Mars year and beyond.
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