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Abstract We present preliminary results and interpretations for Mars Atmospheric and Volatile EvolutioN
(MAVEN) observations of magnetosheath-ionospheric boundary oscillations at Mars. Using centrifugal force
arguments, we first predict that a signature of fully rolled up Kelvin-Helmholtz vortices at Mars is sheath
ions that have a bulk motion toward the Sun. The sheath ions adjacent to a vortex should also accelerate
to speeds higher than the mean sheath velocity. We also predict that while the ionospheric ions that are
in the vortex accelerate antisunward, they never attain speeds exceeding that of the sheath ions, in stark
contrast to KH vortices that arise at the Earth’s magnetopause. We observe accelerated sheath and
ionospheric ions, but we do not observe sheath ions that have a bulk motion toward the Sun. Thus, we
interpret these observations as KH vortices that have not fully rolled up.

1. Introduction

While Mars has only an induced magnetosphere, it displays magnetospheric phenomena that are as diverse
as in magnetized planets. Some of these phenomena include flux ropes [Vignes et al., 2004; Brain et al.,
2010; Morgan et al., 2011; Hara et al., 2015], low-frequency plasma waves [Espley et al., 2004; Winningham
et al., 2006; Gunell et al., 2008; Ruhunusiri et al., 2015], magnetic reconnection [Eastwood et al., 2008; Halekas
et al., 2009; Harada et al., 2015], and time-dispersed ion and electron events [Halekas et al., 2015; Harada et al.,
2016]. While suggestive observations have been made, to date there has been no definitive identification of
Kelvin-Helmholtz (KH) instability at Mars. Here we will determine whether boundary oscillations, observed by
MAVEN (Mars Atmospheric and Volatile EvolutioN), have signatures that are consistent with our predictions
for KH instability at Mars.

The Kelvin-Helmholtz instability occurs in a boundary between two fluids that flow relative to one another
[Chandrasekhar, 1961]. A signature of KH instability is the formation of vortices along the boundary. The
kinetic energy of the fluid motion is the source of the energy that forms and maintains these vortices.
Kelvin-Helmholtz instability can arise in a variety of environments, ranging from planetary atmospheres to
space plasmas.

In space plasmas, KH instability can occur due to the interaction between the solar wind and obstacles like
the planetary magnetospheres [Ogilvie and Fitzenreiter, 1989; Cahill and Winckler, 1992; Chen et al., 1997;
Kivelson and Chen, 1995; Seon et al., 1995; Fairfield et al., 2000, 2003; Fujimoto et al., 2003; Hasegawa et al., 2004,
2006; Nykyri et al., 2006; Nykyri and Otto, 2001; Chaston et al., 2007; Masters et al., 2010; Boardsen et al., 2010;
Sundberg et al., 2011; Taylor et al., 2012; Kavosi and Raeder, 2015], ionospheres [Terada et al., 2002; Penz et al.,
2004; Amerstorfer et al., 2007], and cometary tails [Ershkovich, 1980; Rubin et al., 2012]. To date, KH vortices have
been definitively identified in the magnetospheres of Mercury [Boardsen et al., 2010; Sundberg et al., 2011;
Gershman et al., 2015; Liljeblad et al., 2015], Venus [Pope et al., 2009], Earth [Hasegawa et al., 2004, 2006; Taylor
et al., 2012; Kavosi and Raeder, 2015], and Saturn [Masters et al., 2010, 2012; Delamere et al., 2013]. This
instability is important for understanding magnetospheric dynamics because it can govern the transport
of energy, mass, and momentum across boundaries [Johnson et al., 2014]. Kelvin-Helmholtz instability can
also be a source for various ultra-low-frequency waves in the inner magnetospheres that in turn can cause
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phenomenon such as energization of particles [Johnson et al., 2014]. Moreover, simulations indicate that the
vortical motion of KH instability generates a strongly twisted field and multiple current layers leading to
reconnection [Nykyri and Otto, 2001].

Kelvin-Helmholtz instability can be an important phenomenon at unmagnetized planets, such as at Mars and
Venus, because it can contribute to significant atmospheric loss [Terada et al., 2002; Penz et al., 2004; Möstl et al.,
2011]. The Automatic Space Plasma Experiment with a Rotating Analyzer instrument on board the Phobos 2
spacecraft observed strong cold ion outflows and O+ ion beams with energies up to several keV indicating a
strong loss of plasma from the top side Martian ionosphere with an estimated rate of 1025 oxygen atoms per
second [Lundin et al., 1990]. Motivated by this observation, Penz et al. [2004] estimated that the KH instability
can lead to an O+ loss rate that is comparable to other nonthermal loss mechanisms at Mars, such as atmo-
spheric sputtering, photochemical escape, and solar wind ion pickup. For Venus, on the other hand, Brace et al.
[1982] have estimated that the escape ion flux in the form of ionospheric clouds alone is on the order of 1026

ions per second.

A number of observations made at Mars are suggestive of the KH instability operating at its ionosphere [Acuña
et al., 1998; Gurnett et al., 2010; Halekas et al., 2011; Duru et al., 2014; Ruhunusiri et al., 2015; Halekas et al.,
2016]. For example, Mars Global Surveyor observed cold electrons above the Martian ionopause and this was
interpreted as detached ionospheric clouds [Acuña et al., 1998]. Similar detached ionospheric clouds were
observed by the Pioneer Venus Orbiter above the Venus ionopause [Brace et al., 1982], and Wolff et al. [1980]
suggested that the formation of these detached ionospheric clouds could represent the final stage of the
development of the KH instability. Gurnett et al. [2010], with the aid of the Mars Advanced Radar for Subsur-
face and Ionosphere Sounding instrument on board Mars Express, observed large amplitude electron and
magnetic field turbulence in the Martian ionosphere. Kelvin-Helmholtz instability was suggested as one of the
mechanisms that can be responsible for the generation of this observed turbulence. Ruhunusiri et al. [2015]
observed that the occurrence rate of fast waves enhances near the magnetosheath-ionospheric boundary,
and they suggested that the KH instability operating at this boundary can be a source of these waves.

Analytical calculations and numerical simulations suggest that the KH instability can readily develop in the
Martian sheath-ionospheric boundary for certain locations depending on the solar wind flow speed. Penz
et al. [2004], in particular, treated the solar wind flow around Mars using an MHD approximation and used
the single-fluid incompressible MHD formalism for modeling the Kelvin-Helmholtz instability at the Martian
sheath-ionospheric boundary. Based on this study, Penz et al. [2004] determined that the subsolar point is
stable to the excitation of KH instability, whereas the equatorial flanks are unstable to the excitation of KH
instability. The polar terminator was found to be unstable to the excitation of KH instability for medium solar
wind speeds, whereas it was found to be stable for low solar wind speeds [Penz et al., 2004].

Here we use the MAVEN particle and field observations to identify KH vortices at Mars. This identification was
made possible by both the particle and field instrument suite on board MAVEN as well as our predictions for
the signatures of KH vortices at Mars.

2. Observations

The boundary oscillations that we interpret as KH vortices were observed on 6 December 2015 as MAVEN
made an orbital traversal from the magnetic pileup region/ionosphere to the magnetosheath (see Figures 1j
and 1k). The MAVEN Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2013] detected periodic energy per-
turbations marked A-M with an average periodicity of 3 min, shown in Figure 1a. The perturbations are
characterized by prominent reductions of energy in the sheath compared to the mean energy and broaden-
ing of energy. These perturbations can be a consequence of two scenarios: (1) the spacecraft encountering H+

ions in the sheath that periodically reduce their energy and (2) the spacecraft periodically encountering iono-
spheric regions with heavy ions that have low velocities. To distinguish between these two scenarios, we use
data from the SupraThermal And Thermal Ion Composition (STATIC) [McFadden et al., 2015] which has mass
resolution capability. As observed in the STATIC mass spectrum, shown in Figure 1c, MAVEN indeed encoun-
tered ionospheric regions populated with heavy ions. These heavy ions are mainly O+ and O+

2 . The total ion
mass density increases at the times of these encounters with heavy ion populations, shown in Figure 1d. Ion
pressure (see Figure 1e) also shows prominent enhancements coinciding with these heavy ion encounters
in the sheath. The magnetic field, measured by the MAVEN magnetometer [Connerney et al., 2015], also has
significant perturbations associated with these periodic heavy-ion region encounters, shown in Figure 1b.
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Figure 1. Boundary oscillations as observed by particle and field instruments aboard MAVEN. (a) SWIA energy spectrum displays periodic reductions in ion energy
marked by A-M (b) Magnetometer observed magnetic field perturbations associated with these boundary oscillations. (c) STATIC mass spectrum shows that
the boundary oscillations are characterized by periodic encounters of heavy ions. (d) Ion mass density from STATIC. (e) Ion pressure from STATIC Pi is the total
pressure of individual ion species (Pi =

∑
s Ps where Ps is the pressure of ion species s). (f ) Ion densities for the dominant species, namely H+ , O+ , and O+

2 .
(g–i) Ion velocities for H+ , O+ , and O+

2 , respectively, in MSO coordinates. Ion densities and velocities are only shown when the species density exceeds 0.1 cm−3,
because for very low densities the ion moments can be unreliable due to sensor noise and straggling. (j and k) MAVEN orbit plots in MSO coordinates.
The boundary oscillations were observed when the spacecraft was in the negative MSO-z hemisphere.

To unravel the characteristics of each of the main species observed, namely, H+, O+, and O+
2 , we plot their

density and velocity in Figures 1f–1i. Both the H+ density and H+ X-MSO velocity component (the dominant
velocity component) decrease corresponding to the boundary oscillations. The H+ X-MSO velocity also shows
periodic enhancements on either side of the times where heavy ions are encountered (see Figure 1g). As we
discuss later this is in contrast to what would be expected for mass loading. The heavy-ion density and the
X-MSO component of the velocity both increase (see Figures 1f, 1h, and 1i). These density and velocity data
will help us to identify signatures associated with KH vortices as we describe below.

3. Interpretation

Now we will demonstrate that the observations are consistent with KH vortices that are in development or
that are not fully rolled up at the sheath-ionospheric boundary at Mars.

A characteristic of rolled up vortices at Earth is magnetospheric ions traveling faster than sheath ions [Takagi
et al., 2006; Hasegawa et al., 2006; Kavosi and Raeder, 2015]. This signature has been used to identify KH vor-
tices at the Earth’s magnetopause using single-spacecraft data. The Martian sheath-ionospheric boundary is
generally different from the Earth’s magnetopause. Thus, we cannot expect similar signatures for KH vortices
that arise at Mars. To determine their signatures, we must consider the physics of vortex formation.

During vortex formation, centrifugal forces of the two plasma fluids participating in the rolling up motion
must be equal and opposite in the vortex frame, i.e., 𝜌SV2

SKH∕r2 = 𝜌IV
2
IKH∕r2. Here V is the ion flow velocity, 𝜌

is the ion mass density, and r is the radius of the vortex structure. Subscripts S and I in the above equation
denote the magnetosheath and the ionospheric regions, respectively. Now let’s consider the vortex formation
at Mars’s sheath-ionospheric boundary (Figure 2). Here we consider vortex formation under ideal conditions;
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Figure 2. Physics of vortex formation in the Martian sheath-ionospheric boundary. The sheath is at the top
(orange colored region) and the ionosphere is at the bottom (blue colored region). (a) Sheath and ionospheric
parameters in the spacecraft frame. For magnetosheath values of the mass density and the flow velocity, we use their
mean values from 17:15 to 17:25 and for the corresponding ionospheric parameters, we use their mean values from
16.30 to 16.40. (b) Sheath and ionospheric parameters in the KH vortex frame. (c) Sheath and ionospheric parameters in
the KH vortex frame during the KH vortex development. (d) Sheath and ionospheric ion velocities in the KH vortex
frame after vortex development. (e) Sheath and ionospheric ion velocities in the spacecraft frame after vortex
development. For a fully developed vortex, the sheath ions should have a bulk velocity that is directed sunward. This
occurs in the lower part of the vortex or the vortex region that is constituted by the sheath ions. The ionospheric ions
are accelerated during the vortex formation; however, their velocities cannot exceed that of the sheath ions, unlike for
the KH vortices at Earth.

and thus, we assume that the plasma motion is incompressible. In the spacecraft frame, shown in Figure 2(a),
the sheath has a low mass density and a high flow speed, whereas the ionosphere has a very high mass density
and a small flow speed (These trends can be seen in Figures 1d and 1g). To compute the velocities of ions in
the sheath and ionosphere during vortex formation requires the vortex frame velocity VKH. MHD simulations
suggest that the KH vortex frame velocity lies between the mean velocity ((VS +VI)∕2) and the center of mass
velocity (pSVS+pIVI)∕(pS+pI) [Hasegawa et al., 2009]. The plasma beta during this observation was comparable
to one, and the MHD formalism is applicable in describing the KH vortex formation. Thus, here we assume
that VKH lies exactly between the mean velocity and the center of mass velocity (we assume that VKH is equal
to the average of the mean velocity and the center of mass velocity). In the KH vortex frame the sheath ions
flow with a flow speed which is opposite to that of the ionospheric ions (see Figure 2b). Since in the KH vortex
frame 𝜌S∕𝜌I ≈ 0.01 and V2

I ∕V2
S ≈ 0.1, the ionospheric ion velocity must reduce and the magnetosheath ion

velocity must increase during the vortex formation in order to achieve equal and opposite centrifugal forces
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as shown in Figure 2c. Now we transform these velocities attained by the ionospheric ions and sheath ions
during the vortex formation (shown in Figure 2d) back into the spacecraft frame (shown in Figure 2e). So our
predictions for a fully developed vortex are as follows:

1. Sheath ions adjacent to the upper part of the vortex travel antisunward faster than their original speed.
2. Ionospheric ions that are in the upper part of the vortex (segment of the vortex that has penetrated into the

sheath side) travel antisunward with a speed faster than their original speed in the ionosphere. However,
their speed does not exceed that of the sheath ions.

3. Sheath ions that are in the lower part of the vortex (segment of the vortex that has penetrated into the
ionospheric side) travel sunward.

4. Ionospheric ions adjacent to the lower part of the vortex travel antisunward faster than their original speed.

When the KH vortex is in its initial developing stage, it does not have a fully developed lower part or in this
case a fully developed sheath region that is immersed in the ionospheric side (For example, see Figure 1a
in Hasegawa et al. [2006]). Thus, we should not expect to observe sunward moving sheath ions as stated in
prediction 3 for a vortex that is in its development stage. While ionospheric ion acceleration (signature 2) is
common for mass loading, signature 1 is inconsistent with this phenomenon. Thus, signature 1 enables us to
distinguish KH vortices from mass loading.

To verify whether these predictions are indeed observed, now we plot density versus velocity graphs for H+,
O+, and O+

2 using STATIC data. Such plots of density and velocity have been used for identifying faster than
sheath moving magnetospheric plasma associated with KH vortices at Earth [Takagi et al., 2006; Hasegawa
et al., 2006; Kavosi and Raeder, 2015]. Most of the H+ ions encountered in the boundary oscillation region
have antisunward velocities that are higher than their mean sheath velocity (marked by a red solid ellipse in
Figure 3a). This observation is consistent with spacecraft encounters of regions adjacent to the upper regions
of vortices in accordance with our prediction 1 above. This signature is also in contrast to mass loading sig-
natures in which the H+ ions slow down, not accelerate. We find that heavy ions in the boundary oscillation
region, both O+ and O+

2 , move antisunward (in the negative X-MSO direction) with a significantly higher veloc-
ity than their antisunward velocity in the ionosphere (marked by red solid ellipses in Figures 3b and 3c). This
observation is consistent with spacecraft encounters of upper regions of vortices consisting of heavy iono-
spheric ions in accordance with our prediction 2 above. While mass loading also leads to velocity increase for
ionospheric heavy ions [Lundin et al., 1991], this velocity increase should be much smaller than the observed
velocity increase. In a mass loading boundary, the heavy ions attain a velocity of VI = VS(1−exp(−nSMS∕nIMI))
where nS and MS are the density and the mass of sheath ions and nI and MI are the density and mass of iono-
spheric ions. This expression predicts an O+ ion velocity increase by 12 km/s and O+

2 ion velocity increase by
6 km/s in the antisunward direction. However, as can be seen in Figures 3b and 3c, the heavy ions attain much
larger velocity increases.

A smaller fraction of ionospheric H+ ions have enhanced antisunward velocities compared to their mean
velocity in the ionosphere (marked by dashed ellipse in Figure 3a). This is consistent with spacecraft encoun-
ters of regions adjacent to the lower part of vortices in accordance with our prediction 4. While we do not find
H+ ions that have bulk velocities toward the Sun, we find that a smaller fraction of the H+ ions in the bound-
ary oscillation region have velocities significantly lower than that of the mean sheath velocity (marked by a
dashed ellipse in Figure 3a). This is consistent with encounters of vortices that are in their growth phase or
vortices that have not fully rolled up. Analogously, the absence of faster than sheath moving magnetospheric
ions for some events at Earth has been interpreted as a signature of KH vortices that were not fully rolled up
[Kavosi and Raeder, 2015].

The boundary oscillations are observed in the negative MSO-z hemisphere. Thus, if these are indeed KH vor-
tices, the heavy ions tend to develop bulk velocities that are perpendicular to the boundary directed toward
negative MSO-z direction, as depicted in Figure 3j. An examination of the MSO-z velocity and density plots
for heavy ions indeed reveals this feature (see Figures 3e and 3f). Another phenomenon that arises as a con-
sequence of the vortex development is the twisting of magnetic field in the direction of the vortex motion
as shown in Figure 3k. According to Ampere’s law, this twisted magnetic field topology should give rise to
currents directed toward the vortex [Masters et al., 2010], similar to JA and JB shown in Figure 3k. Currents
JA and JB should in turn lead to cross field currents JC1 and JC2 and return currents JRA1, JRA2, JRB1, and JRB2

[Masters et al., 2010]. Currents JA and JB and the return currents should manifest in the density-velocity plots
of the ions as plus and minus Y-MSO-directed ions. Inspection of the density-velocity plots for H+, O+, and O+

2 ,
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Figure 3. Density versus velocity plots for identifying signatures of KH vortices. (a–c) Density and X-MSO velocity plots for H+ , O+ , and O+
2 . (d–f ) Density and

Z-MSO velocity plots for the three species. (g–i) Density and Y-MSO velocity plots for the three species. Ionospheric values correspond to the time interval 16:30
to 16:40, whereas the boundary oscillation region values correspond to the time interval 16.40 to 17:15. (j) Ionospheric ions tend to develop a flow toward the
negative Z-MSO direction as vortices develop, and this feature is seen in Figures 3d–3f. (k) The magnetic field becomes twisted when the vortex develops and
leads to vortex-directed and return currents consisting of plus and minus Y-MSO-directed ion flows as seen in Figures 3g–3i.
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Figures 3g–3i, in fact reveal these plus and minus Y-MSO-directed ions. The J × B forces resulting from these
currents act to resist the twisting of the magnetic field induced by the vortex motion.

Now we answer the question why these vortices are not fully rolled up. To answer this ques-
tion, we need to estimate the growth rate of the KH instability at the sheath-ionospheric bound-
ary. For this we use the growth rate (linear growth rate) expression used by Penz et al. [2004]: 𝛾 =(

k2 𝜌S𝜌I(VI−Vs)2

(𝜌S+𝜌I)2
+ 2k3 (𝜈S+𝜈I)𝜌S𝜌I(VI−Vs)

(𝜌S+𝜌I)2
− k4 (𝜈I𝜌I−𝜈S𝜌S)2

(𝜌S+𝜌I)2 − kg (𝜌I−𝜌S)
(𝜌S+𝜌I)

) 1
2

, where g is the gravitational acceleration and

𝜈 = miV
2∕(4qB) is the viscous coefficient. This growth rate expression contains effects such as gravity, finite

Larmor radius, and viscous effects. Using mean values of velocities and mass densities in the sheath and iono-
spheric regions (as used in Figure 2) and also using g = 0.9 ms−2, BS = 4.4 nT, BI = 2.1 nT, mS = mp, and
mI = 26mp (mean mass of ions in the ionospheric region where mp is the mass of the proton), we find that
the maximum growth rate is 8 × 10−3s−1. The spatial growth rate corresponding to this temporal growth rate
is given by ki = 𝛾∕( 𝜕𝜔r

𝜕k
) = 𝛾∕Vg where Vg is the group velocity of the disturbance. For Vg we assume the

mean velocity of 68 km/s that we used as the KH vortex frame velocity, and this yields ki = 1.2 × 10−4 km−1.
Thus, if the KH vortices have an initial amplitude of A0 when they are made unstable, at a distance of 𝛿d along
the sheath-ionospheric boundary, they should have an amplitude of A0e(ki𝛿d). Thus, if we assume that the
KH instability is made unstable at the subsolar point, since they are seen at a distance of 9100 km along the
sheath-ionospheric boundary, the KH vortex amplitude at the MAVEN observation point should be roughly 3
times its initial perturbation amplitude. However, as demonstrated by Penz et al. [2004], the subsolar point is
stable to the development of KH vortices for either medium or high solar wind speeds. Thus, if we assume that
the KH instability is excited between the subsolar point and the terminator, the effective distance traveled
by the KH vortices is reduced and the observed amplitude at the position of the spacecraft should be lower
than 3 times its initial perturbation amplitude. This means that the KH vortex amplitude increases by only few
times its initial amplitude at the observation location. To become fully rolled up, the KH vortex should become
nonlinear or that its amplitude should increase by a large factor. Thus, the estimated amplitude increase is
insufficient to create fully rolled up vortices.

Compressibility suppresses the KH growth rate for plasma flowing at high Mach numbers [Miura and
Pritchett, 1982; Miura, 1992], and this effect is not included in the growth rate expression above. The KH vor-
tices have a positive linear growth rate with a value equal to the above growth rate when the ionospheric
and the sheath flow velocities with respect to the KH vortex frame are subfast magnetosonic, i.e., VIKH∕VFM <1

and VSKH∕VFM < 1 where VFM =
√

V2
A + C2

S is the fast magnetosonic speed [Miura and Pritchett, 1982]. Here
VA is the Alfvén speed and CS is the sound speed. When the flow velocities are superfast magnetosonic, i.e.,
VIKH∕VFM > 1 and VSKH∕VFM > 1, the KH vortices no longer have a positive linear growth rate. Instead, at these
large flow speeds, nonlinear processes start to govern the growth of KH vortices and the KH vortices grow
nonlinearly at a reduced growth rate [Miura, 1992]. It is not necessary for the KH vortices to have nonlinear
amplitudes or that they have to be fully rolled up to have their growth governed by nonlinear processes. We
find that the ionospheric and sheath flow velocities corresponding to our observation are in fact superfast
magnetosonic with VSKH∕VFM = 3.1 and VIKH∕VFM = 3.6. Thus, when the MAVEN observes these KH vortices,
they should no longer be growing at a growth rate equal to ki = 1.2 ×10−4 km−1 but rather at a reduced
growth rate. When we take this into account, the ratio between the amplitude of the KH vortices at the loca-
tion of MAVEN to their initial amplitude should become even smaller than our previous estimates. Thus, this
reduction in the growth rate further aids the vortices to remain in a non–fully rolled up state. However, these
vortices may form fully rolled up states farther downstream.

An interesting feature to note here is the large pressure perturbations associated with these boundary oscilla-
tions (see Figure 1e). Such large pressure perturbations are observed for fully developed KH vortices at Earth
[Hasegawa, 2012]. However, since we determined that the KH vortices are not fully developed, what could
be causing such large pressure perturbations? Simulations show that when the flow velocities on either side
of the boundary are superfast magnetosonic, the KH vortices act as obstacles to these flows and generate
shock structures [Palermo et al., 2012; Miura, 1995]. As discussed above, at the MAVEN location, the ionospheric
and sheath flows are superfast magnetosonic and can lead to the generation of these shock structures. The
observed large pressure fluctuations are indicative of the formation of these shock structures adjacent to the
non–fully developed KH vortices.
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Figure 4. Two examples for the magnetic field signatures for the observed boundary oscillation events. (a and b) The magnetic field maxima do not coincide
with the heavy ion encounters. This is a signature of KH instability and not a signature of flux transfer events.

Now we will determine whether these boundary oscillations can be a consequence of another phenomenon.
We consider two such phenomena: Flux transfer events and upstream pressure perturbations. We observe
that the magnetic field maxima do not coincide with the center of the regions of heavy ion encounters (see
Figure 4). This signature has been reported for KH vortices at Earth where the magnetic field maxima coincide
with the edges of the vortices, not at their center [Kavosi and Raeder, 2015]. This occurs because the magnetic
pressure in combination with the thermal pressure acts to balance the centrifugal force of the vortex motion.
For a flux transfer event, the magnetic field maximum occurs at its center [Kavosi and Raeder, 2015]. Thus, our
observations are inconsistent with flux transfer events.

Upstream pressure perturbations are known to cause magnetopause oscillations at Earth [Song et al., 1988].
There are two modes of oscillations that can be triggered by these upstream pressure perturbations: (1)
Surface waves on the magnetopause caused by brief transient variations of the solar wind pressure and (2)
long-period variation of the magnetopause caused by long-period variations in the solar wind pressure. The
time period that distinguishes these two kinds of variation is T = Lb∕VS where Lb is the distance along the
boundary from the subsolar point to the terminator and VS is the sheath velocity. For Earth this is about 20 min
[Song et al., 1988]. So essentially this corresponds to the longest period of the eigenmode for the Earth’s
magnetopause. Magnetopause oscillations that are caused by upstream pressure variations with periodici-
ties longer than 20 min should damp out quickly. If we assume a similar scenario for the sheath-ionospheric
boundary at Mars, we obtain T = 4238𝜋∕(2 × 241) = 28 s for the surface waves. Here we use a distance of
4238 km as the distance from the center of the planet to the subsolar point. Our observed waves have a much
longer period of 3 min, and if they are indeed caused by upstream pressure perturbations with a periodic-
ity of 3 min, the boundary oscillations should damp out quickly and we should only observe few oscillation
events. Upstream pressure perturbation is an unlikely candidate for the observed boundary oscillations since
we observe more than 10 boundary oscillation events as depicted in Figure 1.

4. Summary

Here we reported ionospheric-sheath boundary oscillations at Mars observed by MAVEN as it ventured from
the ionosphere to the sheath. The aim of our investigation was to determine whether these boundary oscil-
lations were caused by KH instability. Using centrifugal force arguments, we first predicted the signatures of
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fully rolled up KH vortices at Mars. Comparing these predictions with our observations, we concluded that
the observed boundary oscillations are KH vortices that are in their development phase. We also excluded our
observed phenomenon from flux transfer events and boundary oscillations induced by upstream pressure
perturbations.

The following signatures enabled us to decipher the observed boundary oscillations as KH vortices in their
development phase:

1. A fraction of sheath ions, H+, move faster than the mean sheath velocity. This is one of our predictions for the
KH vortices and should be observed for sheath ions adjacent to the upper part of the vortex. This signature
also enabled us to distinguish KH vortices from mass loading phenomena in which the ionospheric ions
should slow down and not accelerate.

2. Heavy ions (O+ and O+
2 ) move antisunward faster than the mean ionospheric velocity. According to our

predictions this is expected in the upper part of the vortex, and the observed heavy ion velocities are much
higher than what would be expected from mass loading at the mass loading boundary.

3. A fraction of sheath ions, H+, have significantly slowed down compared to the mean sheath flow veloc-
ity. According to our predictions, a fully rolled up vortex should have sheath ions that move sunward. The
absence of sunward moving ions but the presence of slowed down sheath ions are indicative of vortices
that are not fully rolled up.

4. The magnetic field maxima do not coincide with the center of boundary oscillation events. This is a
characteristic of KH vortices and not a characteristic of flux transfer events.

5. We observe more than 10 boundary oscillation events with a periodicity of 3 min. Such long-duration
boundary oscillations, if caused by pressure perturbations, should damp out quickly, and we should not
observe many boundary oscillation events.

We interpret that these non–fully developed vortices are consequences of the low growth rate of the KH
instability and the small system size of Mars. These KH vortices may develop into fully rolled up states farther
downstream.
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