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Key Points: 
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plasma properties at the ICB vary with season  

 The ICB lies at or below the altitude where the normal magnetic pressure balances the 

solar wind ram pressure, regardless of conditions 
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Abstract 

A complex boundary layer with a variety of charged particle and electromagnetic field 

signatures, including a transition between plasma predominantly of solar wind origin and 

plasma of planetary origin, lies between the Martian bow shock and the ionosphere. In this 

paper, we develop and utilize algorithms to autonomously identify and characterize this ion 

composition boundary (ICB), using data from the Mars Atmosphere and Volatile EvolutioN 

(MAVEN) mission. We find an asymmetric ICB with a larger average thickness, lower 

altitude, and lower velocity shear in the hemisphere where the solar wind motional electric 

field points outward, as a result of the asymmetry of the mass loading process. The ICB 

thickness scales with the magnetosheath proton gyroradius at the top of the boundary layer, 

but does not clearly vary with external drivers. The ICB location varies with solar wind ram 

pressure and crustal magnetic field strength, but does not clearly respond to solar wind Mach 

number or extreme ultraviolet irradiance. The ICB represents a distinct boundary for ion 

density and flow speed, but the magnetic field strength and direction typically do not vary 

significantly across the ICB. The plasma density and flow speed at the ICB vary seasonally, 

likely in response to variations in the neutral exosphere and/or atmosphere. However, the ICB 

on average remains at or below the altitude where pressure balance is achieved between the 

piled up magnetic field and the solar wind ram pressure, regardless of season or crustal 

magnetic field strength.  

Plain Language Summary 

Planets without global intrinsic magnetic fields like that of the Earth interact in a distinctly 

different manner with the solar wind, a hot ionized gas (known as a “plasma”) that flows out 

through our solar system from the Sun. The interaction region includes a complex boundary 

layer where plasma dominated by the light ions of the solar wind transitions to plasma mainly 

composed of heavy ions derived from the planetary atmosphere. This boundary layer forms 

an interface between solar and planetary matter, and processes that occur in this unique 

region can transfer energy from the fast solar wind particles to the initially slower 

atmospheric particles, leading to the escape of atmospheric species. We investigate this 

compositional transition at Mars, utilizing data from the Mars Atmosphere and Volatile 

EvolutioN (MAVEN) mission, to determine its location, structure, and response to external 

and internal influences.  

1 Introduction 

The earliest systematic explorations of the Mars-solar wind interaction by the Mars 

spacecraft [Bogdanov and Vaisberg, 1975; Vaisberg et al., 1992] revealed the existence of a 

boundary layer between the bow shock and the ionosphere across which the composition of 

the plasma changes from predominantly light solar wind ions to predominantly heavy 

planetary ions. This boundary layer, also encountered by Phobos-2, Mars Global Surveyor 

(MGS), Mars Express (MEX), and most recently the Mars Atmosphere and Volatile 

EvolutioN (MAVEN) mission [Jakosky et al., 2015], has a number of observable signatures 

in addition to the compositional transition [Rosenbauer et al., 1989; Riedler et al., 1989; 

Lundin et al., 1989]. These include a decrease in low frequency magnetic field fluctuations, 

an increase in magnetic field strength, a transition to a more “draped” magnetic field 

configuration, and a decrease in suprathermal electron flux [Acuña et al., 1998; Vignes et al., 

2000; Bertucci et al., 2004, 2005a,b; Nagy et al., 2004]. The various observational signatures 

of the boundary layer have nearly the same average location [Vignes et al., 2000; Trotignon 

et al., 2006; Dubinin et al., 2008b; Xu et al., 2016; Matsunaga et al., 2017], though they do 

not necessarily coincide on each individual orbit [Matsunaga et al., 2017]. On the other hand, 
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the compositional boundary does not have the same location as either the photoelectron 

boundary (PEB) [Mitchell et al., 2001] or the ionopause [Duru et al., 2009; Vogt et al., 2015], 

which typically occur at lower altitudes when present.  

The Martian boundary layer has some counterparts, as boundary layers with many 

similarities occur at other objects without a strong global magnetic field, including Venus and 

Titan [Vaisberg and Zelenyi, 1984; Nagy et al., 1990; Sauer et al., 1995; Szego et al., 1991, 

1995; Szego, 2001; Bertucci et al., 2005a, 2011], as well as comets [Neubauer, 1987; Mazelle 

et al., 1989]. However, the unique Martian crustal magnetic fields [Acuña et al., 1999] 

influence the boundary, increasing its altitude over strongly magnetic regions [Brain et al., 

2005; Edberg et al., 2008; Fang et al., 2017]. The crustal fields also globally influence 

magnetic field topology and draping in the Martian magnetosphere [Brain et al., 2007; 

Luhmann et al., 2015a, 2015b; DiBraccio et al., 2018] and might therefore also affect the 

physics and structure of the boundary layer, as they unquestionably do for the PEB [Xu et al., 

2017; Garnier et al., 2017]. Therefore, the crustal fields make the Martian case different from 

any known analogue 

In part due to the multitude of observational signatures, and in part due to differences 

in observational capabilities, the Martian boundary layer and/or its elements have gone by 

many names, including the “magnetopause” [Lundin et al., 1990], the “protonopause” [Sauer 

et al., 1995], the “ion composition boundary” (ICB) [Breus et al., 1991; Sauer et al., 1994, 

1995], the “magnetosphere boundary” (MB) or “induced magnetosphere boundary” (IMB) 

[Dubinin et al., 2006a; Lundin et al., 2004], the “plasma mantle” [Szego, 2001; Dubinin et 

al., 2006a], the “magnetic pileup boundary” (MPB) [Acuña et al., 1998; Crider et al., 2002; 

Bertucci et al., 2004, 2005a, 2005b], the “pressure balance boundary” [Xu et al., 2016], and 

simply “the boundary” [Dubinin et al., 1996; Sauer and Dubinin, 2000]. In this manuscript, 

we wish to focus on the location and structure of the compositional transition, so we will 

utilize the term ion composition boundary (ICB) or simply boundary layer in the succeeding 

pages. We base this choice purely on clarity and convenience, without judgment for the 

relative merits of the various boundary names.  

The formation of the ICB is intimately related to mass loading [Szego et al., 2000], a 

process integral to the Mars-solar wind interaction. The addition of mass and momentum to 

the plasma through ionization of planetary neutral particles, together with the effects of 

crustal magnetic fields and induced currents in the ionosphere, results in the deceleration of 

the plasma and the commensurate pile up and draping of the solar wind magnetic field around 

the ionospheric source. The magnetic pressure associated with the compressed field (as well 

as crustal fields) balances the thermal pressure in the magnetosheath, which in turn balances 

the upstream solar wind ram pressure [Crider et al., 2003; Ma et al., 2004; Boesswetter et al., 

2004; Dubinin et al., 2008a,b; Brain et al., 2010; Najib et al., 2011]. The piled up field 

therefore constitutes a magnetic barrier that forms the primary obstacle to the incident solar 

wind, ultimately determining the size and shape of the bow shock and of the magnetosheath 

through which the shocked solar wind flows around the magnetosphere.  

It is not obvious that a continuous process such as mass loading should lead to well-

defined boundaries. However, simulations and theoretical analyses suggest that mass loading 

cannot continuously proceed past a threshold mixing ratio, typically where the densities of 

solar wind and planetary ions become comparable, resulting in the formation of critical points 

in the flow [Sauer et al., 1992, 1994, 1995; Sauer and Dubinin, 2005; Dubinin et al., 2006c]. 

Therefore, boundary layers should naturally form around ionization sources such as the 

Martian ionosphere.  
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For a localized and non-uniform source such as the Martian ionosphere, the solar 

wind and newly born planetary ions initially have a relative velocity. Mass loading therefore 

results in plasma instabilities driven by the relative streaming of the different plasma 

populations, which can generate high-frequency waves in the boundary layer region [Grard et 

al., 1989; Trotignon et al., 1996] that can transfer energy from the solar wind to the planetary 

plasma.   

In the presence of a magnetic field, the relative streaming of the ion populations also 

leads to the development of an asymmetric interaction, thanks to the directionality of the 

Lorentz force. Since solar wind and planetary ions initially have a relative velocity with 

respect to each other, they also stream with respect to the electrons, which flow at the speed 

needed to neutralize the total ion charge (the average ion flow speed). Therefore, both solar 

wind and planetary ions feel an electric field force due to their motion with respect to the 

magnetic field carried with the electrons. Initially, planetary ions flow slower than the 

electrons and solar wind ions, and therefore they experience an electric field that accelerates 

them and deflects them in the direction of the solar wind motional electric field Em. In order 

to conserve momentum, the faster solar wind ions must then experience a counteracting 

electric field in their reference frame that decelerates them and deflects them in the direction 

opposite to Em. Over longer time periods, the resulting momentum exchange will lead to a 

rotation of the two ion fluids around each other in velocity space; however, at Mars a full 

rotation may not occur until far downstream from the planet. These processes, which multi-

fluid magnetohydrodynamics (MHD), hybrid, or fully kinetic equations can all at least in part 

describe, have been discussed by, among others, Sauer et al. [1994], Chapman and Dunlop 

[1986], Szego et al. [2000], Dubinin et al. [2011], and more recently by Halekas et al. 

[2017b].  

As shown in Fig. 1, the asymmetric Lorentz force should lead to predictable 

asymmetries in both the location and structure of the ICB in Mars-Solar-Electric (MSE) 

coordinates (defined by the solar wind velocity vsw, the perpendicular component of the solar 

wind magnetic field Bsw, and the solar wind motional electric field Em = -vsw× Bsw, and 

calculated as in Halekas et al. [2017a]). The acceleration of planetary heavy ions in the +Em 

direction, which forms the observed ion “plume” [Dubinin et al., 2006d; Dong et al., 2014; 

Dong et al., 2015], leads to a corresponding deflection of the solar wind in the -Em direction 

(also seen at comets [Nilsson et al., 2015; Behar et al., 2016]) and therefore should cause a 

deflection of the ICB toward the -Em direction in the flanks of the magnetosphere. In addition, 

we expect asymmetries in the thickness of the ICB. As shown in Fig. 1, the pressure gradient 

forces on solar wind ions point inward in both hemispheres, while the pressure gradient 

forces on heavy ions point outward in both hemispheres. On the other hand, the motional 

electric field force on the solar wind ions points inward in the +Em hemisphere and outward 

in the -Em hemisphere, while for heavy ions it points outward in the +Em hemisphere, and 

inward in the -Em hemisphere. As a result, we expect a thicker ICB in the +Em hemisphere 

where all forces act to accelerate the two ion populations across the boundary and to mix 

them, and a thinner ICB in the -Em hemisphere where the electric field forces act to prevent 

the two populations from crossing the boundary and to keep them separated. Observations 

from MAVEN appear to support this expectation [Vaisberg et al., 2018]. Magnetic pressure 

and tension (J × B) forces, as well as electric field forces due to electron pressure gradients, 

both of which act more symmetrically on the two ion populations, will also play a role in the 

overall interaction.  

Boesswetter et al. [2004] and Simon et al. [2007] made similar arguments regarding 

the asymmetry of the ICB, and showed hybrid simulation results consistent with these 

expectations. Other Mars plasma simulations with appropriate physics included (for instance, 
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hybrid and multi-fluid MHD models) typically display similar features [Brecht and Ledvina, 

2007; Najib et al., 2011; Dong et al., 2014; Modolo et al., 2006, 2016], albeit with differences 

in the details, as expected given the differences in implementation of the various models 

[Brain et al., 2010; Egan et al., 2018]. One of our primary purposes in this study is to 

determine whether MAVEN observations can confirm or disprove these expected 

asymmetries. In addition, we wish to understand the structure of the ICB and how it varies 

with external drivers and seasons.   

2 Boundary Layer Observations and Location  

Thanks to its comprehensive suite of plasma instrumentation, MAVEN provides the 

most complete set of measurements of the ICB since the Phobos-2 mission, and its elliptical 

orbit and high time resolution (in particular, significantly higher cadence than previous ion 

measurements) provide frequent and precise measurements of the boundary location and 

structure. Several authors [Matsunaga et al., 2017; Fang et al., 2017; Gruesbeck et al., 2018] 

have already used the combined set of MAVEN measurements to locate and characterize 

boundaries, utilizing multiple datasets and a mix of automated and manual procedures to 

identify each individual boundary crossing. In this work, we develop algorithms to 

autonomously identify and characterize the structure of the ICB using a robust subset of the 

available measurements, enabling rapid automated analysis of a large number of 

observations, as also performed for a previous analysis of the bow shock [Halekas et al., 

2017a].  

We identify and characterize the ICB by utilizing the ion composition ratio np/(np + nO 

+ nO2), calculated from partial ion densities measured by STATIC [McFadden et al., 2015] 

for protons and atomic and molecular oxygen ions (the three most abundant ion species at the 

altitudes of interest). This definition represents a choice based on physical considerations and 

computational convenience, which could result in biasing the boundary inward in the 

downstream flanks as compared to other possible definitions [Xu et al., 2016]. We utilize the 

STATIC ‘c6’ product (energy-mass histograms, with no angular resolution, but the highest 

possible time resolution) to compute all quantities. We do not include ions with mass per 

charge of two due to the overlap between solar wind He
++

 and planetary H2
+
, and we do not 

attempt to separate minor ion species such as C+ or CO2
+
, which require fitting to separate 

from the main ion peaks [Inui et al., 2018]. The density ratio as we have defined it still 

contains ambiguity as to the origin of the ions, since H
+
 ions (protons) have both solar wind 

and planetary sources. However, our testing indicates that this ratio works adequately to 

determine the location where the ion composition transitions from primarily solar wind origin 

to primarily planetary origin, since planetary H
+
 typically comprises only a small percentage 

of the ion density inside the ICB.  

Fig. 2 shows MAVEN data returned by the STATIC [McFadden et al., 2015] and 

MAG [Connerney et al., 2015a,b] instruments on four successive orbits. During this time 

period, MAVEN’s orbit was oriented such that it crossed the inbound ICB above the dayside 

surface, at solar zenith angles (SZA) of 30-50° and altitudes of several hundred km, and the 

outbound ICB deep in the flanks, at SZA of 130-150° and altitudes of thousands of km. 

MAVEN briefly entered the solar wind in the upstream segment of several of the orbits, and 

passed through the dayside ionosphere and the downstream magnetotail on each orbit. The 

relatively low magnetic field values (<~30 nT) observed during each periapsis indicate the 

absence of significant crustal magnetic fields at the periapsis locations.   

In the upstream solar wind, we note the presence of background from contamination 

of heavy ion channels by internal scattering of solar wind protons, visible as narrow bands at 
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the solar wind energy in the heavy ion spectra. This background does not affect the 

subsequent analyses, since the ICB fits described below do not incorporate data from the 

solar wind, so we make no effort to remove it. The ion energy spectra in Fig. 2 do not 

incorporate corrections for spacecraft charging. However, the calculations of partial ion 

densities, as well as flow speeds (not shown in Fig. 2), do incorporate corrections for the 

effects of spacecraft charging.  

We select the time intervals around ICB crossings, by identifying time periods when 

the density ratio goes from below 0.1 to above 0.9 (arbitrarily chosen thresholds), or vice 

versa. In order to avoid spurious identifications of boundaries associated with brief 

excursions in the density ratio (e.g. the plasmasheet crossing at ~11:30 in Fig. 2), we impose 

a persistence requirement, analyzing only prospective ICB crossings where the density ratio 

remains above or below the threshold values for at least 50 samples (corresponding to 200 s 

at nominal sampling rates) before and after the crossing. After this initial identification stage, 

we further reject all but the outermost of any multiple ICB crossings in any given one-hour 

interval (for MAVEN’s ~4.5 hour orbit, ICB crossings should not occur more frequently than 

this threshold), and all ICB crossings for which the measured density ratio does not increase 

with altitude. This comes at the cost of removing the cases with the largest fluctuations in 

boundary position and the most extreme cases of boundary layer instabilities, but this 

selection step proved necessary in order to avoid spurious identifications. For the time 

interval shown in Fig. 2, these procedures successfully identify all the intervals with ICB 

crossings, while selecting no spurious crossings.  

Once we identify the intervals surrounding ICB crossings, we fit the measured density 

ratio for a time period with twice the duration of the crossing interval (the time range with the 

density ratio between 0.1 and 0.9, with the additional time around the crossing interval added 

to help constrain the fit at the endpoints) to a hyperbolic tangent function of the form 

𝑓(𝑡) = 𝐴0 + 𝐴1tanh(
𝑡−𝐴2

𝐴3
), using a gradient-expansion algorithm [Marquardt, 1963]. Fig. 2 

shows the resulting fits along with the measured density ratio. We identify A2 as the time at 

which the spacecraft crosses the ICB, and 2A3 as the temporal width of the ICB (the “crossing 

time” shown in Fig. 2). This width corresponds to the time span during which the density 

ratio varies over ~76% of the full range from minimum to maximum. We reject all fits with 

the dimensionless fit parameters A0 or |A1| (the center value and height of the function) less 

than 0.33 or greater than 0.66 as unphysical. We evaluate the fit quality using the standard 

error (shown in Fig. 2), which for the un-weighted fit that we employ equals the square root 

of the chi-squared value. For the great majority of ICB crossings, the standard error does not 

exceed 0.2, indicating relatively good fits regardless of the crossing location.  

By employing these algorithms for the entire time period 27 Nov 2014 to 27 Jan 2018, 

we identify and fit the density ratio for 9613 ICB crossings, an average of 8.3 per day. Given 

that MAVEN orbits Mars ~5.3 times per day, our algorithms successfully identify and fit 

78% of ICB crossings, sufficient for accurate statistical characterization of the ICB location 

and properties.  

In Fig. 2, we note a clear trend towards shorter crossing times for the dayside 

(inbound) ICB crossings and longer crossing times for the flank (outbound) ICB crossings, 

which also holds for the entire data set. To better quantify this trend and rule out geometric 

effects related to the spacecraft orbit rather than geophysical causes, we must determine the 

spatial thickness of the ICB. We could calculate a first order estimate by simply multiplying 

the temporal width 2A3 by the spacecraft velocity; however, this would not account for the 

angle of incidence with respect to the boundary surface. With a single point measurement, we 

cannot determine the boundary surface normal a priori for each crossing. However, we can 
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define a nominal boundary surface and use the angle of incidence with respect to that 

nominal surface to estimate an approximate spatial thickness for each ICB crossing.  

To accomplish this, we consider the distribution of ICB crossings, as shown in Fig. 3. 

Rather than defining an asymmetric surface to represent the ICB (as done for the bow shock 

by Gruesbeck et al. [2018]), we utilize a symmetric surface for computational simplicity and 

convenience. The exact functional form of this surface has no particular physical 

significance, and we use it only to determine the relative location of the ICB and to estimate 

its thickness. Using the MPB fit of Trotignon et al. [2006] as a starting point, we define a 

nominal ICB surface using two conic sections. For x > 0, we use a very similar conic section 

with the same focus (0.64 RM), a slightly larger eccentricity (0.8 rather than 0.77), and a 

slightly smaller semi-latus rectum (1.0 rather than 1.08). For x < 0, we utilize a conic section 

with the same focus (1.64 RM) but a significantly lower eccentricity (0.93 rather than 1.01, 

close to the eccentricity value of 0.9 from Vignes et al. [2000]) and higher semi-latus rectum 

(0.62 rather than 0.53). This conic section better represents the ICB, at least as observed 

during the MAVEN mission.  

The ICB determined by our analysis does not flare outward in the downstream flanks 

of the magnetosphere, but appears to continue straight or even curve inward downstream 

from the planet, particularly in the +z MSE hemisphere. Note that this difference in shape and 

the slightly lower altitude on the dayside as compared to the Trotignon et al. [2006] fits does 

not necessarily imply a difference in the ICB and MPB locations, since it could at least in part 

represent a temporal difference in the boundary location, given the different time periods 

studied. However, Matsunaga et al. [2017] found the ICB below the IMB/MPB on the night 

side using MAVEN observations, and Xu et al. [2016] found that in multi-fluid MHD 

simulations the ICB as we have defined it lies below boundaries defined by other methods, 

supporting a real difference.  

Though we utilize a symmetric conic section for calculations, we do observe a clear 

systematic asymmetry in the location of the ICB, with the boundary shifted towards the -z 

MSE hemisphere, similar to the asymmetry found for the MPB by Edberg et al. [2009], and 

consistent with the predictions from momentum conservation considerations associated with 

mass loading discussed above in Section 1. We clearly see this asymmetry both in the 

average measured ion density ratio and in the spatial distribution of ICB crossings identified 

by our algorithms.  

The ICB also deviates from this nominal surface in regions of strong crustal 

magnetism, as shown in Fig. 4. As demonstrated in previous studies [Crider et al., 2002; 

Brain et al., 2005; Edberg et al., 2008; Dubinin et al., 2008b; Matsunaga et al., 2017; Fang et 

al., 2017] and also found for the lower PEB [Garnier et al., 2017], the presence of the strong 

crustal magnetic fields in the southern far side of Mars clearly increases the altitude of the 

boundary when they lie on the dayside. However, we find that the strength of the total 

(draped + crustal) magnetic field at the center of the ICB remains roughly constant as a 

function of spacecraft location, suggesting that the dayside ICB remains closely tied to the 

altitude of pressure balance [Xu et al., 2016] regardless of the presence or absence of crustal 

fields.  

3 Boundary Layer Structure 

An advantage of our autonomous method for ICB identification lies in its ability to 

provide an objective estimate not only of the boundary location but also its thickness. As 

mentioned above, we initially perform our fitting using time as the independent variable, so 

we must convert the crossing time to a spatial thickness by utilizing the spacecraft velocity 
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component normal to the boundary. We estimate this normal velocity by assuming that the 

instantaneous ICB surface normal lies close to the normal at the closest point on the nominal 

boundary surface of Fig. 3. While this may not hold exactly true on every single crossing, it 

should prove reasonably accurate for most cases, allowing the investigation of statistical 

trends.   

We find that the ICB thicknesses so derived range from tens to hundreds of km 

(0.003-0.06 RM) on the dayside, but can reach values of up to a few thousand km (0.6 RM) in 

the downstream flanks.  While the simulation results of Xu et al. [2016] suggest boundary 

layer thicknesses roughly two times larger, this discrepancy likely results largely from a 

different definition of the thickness.  

In order to characterize the thickness of the ICB in terms of the local plasma 

quantities, we compute the proton and heavy ion gyroradii at the inner and outer edges of the 

ICB from the local magnetic field strength measured by MAG and the average scalar ion 

speed |v| for each species measured by STATIC (the gyroradius we use thus contains both 

thermal and bulk ion velocity components). We utilize an average heavy ion gyroradius 

computed from the average speed for O
+
 and O2

+
 ions and an average mass of 24. The ICB 

thickness correlates closely with both the proton and heavy ion gyroradii, particularly those at 

the outer edge of the ICB, as shown in Fig. 5. We find linear correlation coefficients of 0.3-

0.5 and rank correlations of 0.4-0.5 between the ICB thickness and both the heavy ion and 

proton gyroradii at the outer edge of the ICB. One might guess that these correlations could 

arise fortuitously because both ICB thickness and ion gyroradius increase with SZA (the 

latter because the magnetic field strength at the boundary decreases with SZA). However, if 

we take subsets of data from smaller SZA ranges, we actually find much higher correlation 

coefficients for dayside crossings, with linear correlation coefficients of ~0.7 for crossings at 

SZA of 0-60° (or subsets thereof). On the other hand, downstream crossings have much 

lower linear correlation coefficients of only 0.15-0.2.  

While the ICB thickness correlates well with both proton and heavy ion gyroradii, we 

find typical values considerably smaller than the heavy ion gyroradius scale, but close to the 

proton gyroradius scale. The ICB properties therefore appear consistent with a scenario 

wherein the local magnetosheath proton gyroradius at the outer edge of the ICB primarily 

determines its thickness on the dayside, while the downstream ICB forms an expansion fan 

with a thickness that does not depend strongly on the local ion gyroradius. 

As discussed above in Section 1 and shown in Fig. 1, considerations of the electric 

field and pressure gradient forces lead to the prediction that the ICB should have a larger 

thickness in the hemisphere where the solar wind motional electric field Em points upward, 

and a narrower thickness in the opposite hemisphere. To search for such an asymmetry, we 

plot the thickness of the ICB as a function of the location of the crossing with respect to the 

+Em direction, as shown in Fig. 6. We do indeed find larger ICB thicknesses (by a factor of 

~2) in the +Em hemisphere at all SZA, confirming expectations from basic principles and 

simulations [Boesswetter et al., 2004; Simon et al., 2007]. This asymmetry becomes even 

more pronounced when normalizing the thickness by the proton gyroradius, as a result of the 

stronger magnetic field pileup observed in the +Em hemisphere of Mars [Vennerstrom et al., 

2003; Dubinin et al., 2006a; Harada et al., 2015; Halekas et al., 2017b]. On the other hand, as 

shown in Fig. 6, there is no clear organization of the thickness of the ICB by MSO 

coordinates, indicating that the strong crustal magnetic fields in the southern hemisphere do 

not have a clear effect on the structure of the boundary. Furthermore, we find no clear 

asymmetry in the X-Y MSO plane (given the nominal Parker spiral IMF geometry, +Y or 

MSO clock angle of 0 corresponds to the quasi-perpendicular flank, and -Y or MSO clock 
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angle of 180 to the quasi-parallel flank of the magnetosphere). Even when considering only 

specific individual IMF sectors (not shown), we still do not find a clear ICB asymmetry in the 

plane of the IMF.  

We next consider the structure of the boundary layer in terms of basic plasma 

quantities. Given previous studies indicating that the ICB location lies close to if not exactly 

contiguous to the MPB [Matsunaga et al., 2017], one might expect to observe an increase in 

magnetic field magnitude across the ICB. However, as shown in Fig. 7, the magnetic field at 

the inner edge of the ICB barely exceeds that at the outer edge, with an average magnetic 

field magnitude ratio equal to unity except for the crossings with the weakest fields (primarily 

located on the downstream flanks). This suggests that either the ICB lies below the MPB on 

average, and/or that the ion composition transition has a considerably smaller average 

thickness than the magnetic field magnitude transition. The latter appears unlikely, since 

Bertucci et al. [2005a] estimated MPB thicknesses on the order of ~80 km at 60° SZA, 

comparable to the ICB thicknesses we derive in the same region. Therefore, the 

compositional transition may in fact lie at or below the location of maximum magnetic field 

pileup. This appears consistent with the simulation results of Boesswetter et al. [2004], which 

found the ICB coincident with a plateau in the magnetic field strength rather than an altitude 

range with strong gradients in field magnitude.  

We also find that the magnetic field does not typically rotate significantly across the 

ICB, and that it does not typically have a large component normal to the nominal ICB 

surface, as shown in Fig. 7. This suggests that the field on average has a nominal draped 

geometry [Crider et al., 2004] at both the inner and outer edge of the boundary, again 

consistent with a location below the MPB, where observations have indicated more draped 

field geometry [Bertucci et al., 2003]. The degree of magnetic field rotation across the 

boundary and the deviation of the field from perfect draping do not appear related to the ratio 

between the field magnitude at the inner and outer edges of the boundary, nor do they show 

any clear trend with SZA.  

As expected, the densities of both protons and heavy ions change dramatically across 

the ICB, as shown in Fig. 8. Given our definition of the boundary, the heavy ion density 

should increase inward except in very unusual circumstances, and our results confirm this 

expectation. The proton density need not decrease inward across the ICB, given that the total 

ion density increases dramatically; however, we find that it does so in the majority of cases, 

suggesting that the ICB typically stops much or all of the solar wind flow. Those cases where 

the proton density does not decrease inward very likely result from the addition of planetary 

hydrogen ions.  

The ICB also represents a flow boundary, as shown in Fig. 8. Both proton and heavy 

ion speeds decrease inward across the ICB in the vast majority of boundary crossings, 

regardless of SZA. The former result stands in contrast to the results of Boesswetter et al. 

[2004], which predicted an increase in proton velocity just below the ICB; however, that 

simulation did not include planetary hydrogen ions, which may in part account for the 

discrepancy. While it is not obvious that both protons and heavy ions should slow across the 

boundary, this behavior appears consistent with previous observations and the hypothesis that 

the boundary forms by processes related to mass loading.  

The ion flow speeds at the ICB also display asymmetries in MSE coordinates, with 

larger differences in the average ion flow speed between the inner and outer edge of the ICB 

in the -z MSE hemisphere, as shown in Fig. 8. This asymmetry likely results from the same 

considerations discussed in Section 1, which lead to a narrower and sharper boundary with 

less mixing of populations across it, favorable for the development of flow shears. We note 
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that larger flow shear could lead a higher incidence of boundary instabilities such as “plasma 

clouds” [Halekas et al., 2016] and Kelvin-Helmholtz [Penz et al., 2004; Ruhunusiri et al., 

2016] in the -z MSE hemisphere, with implications for boundary layer structure and bulk 

escape processes.  

4 Boundary Layer Pressure Balance 

We now consider the pressure balance at the ICB, by comparing the normal 

component of the solar wind ram pressure to the normal magnetic pressure associated with 

the total (draped + crustal) magnetic field in the barrier. Similar to Crider et al. [2003], we 

assume Newtonian pressure balance. In a gas-dynamic approximation, the ram pressure 

transmitted through the sheath and exerted on the boundary 𝑝𝑛𝑜𝑟𝑚𝑎𝑙 = 0.88𝜌𝑠𝑤𝑣𝑠𝑤
2𝑐𝑜𝑠2𝜃, 

with θ the angle between the solar wind flow and the local boundary normal, and the 

normalization constant 0.88 corresponding to the pressure at the stagnation point. However, 

this formula neglects the thermal and magnetic pressure carried in the solar wind, and 

therefore gives unphysical results in the flanks, as θ tends to zero. To correct for this, we 

utilize the prescription of Sotirelis [1996] to add a term ensuring that the normal pressure at 

the boundary asymptotes to the non-ram portion of the solar wind pressure at the flanks. We 

utilize the expression 𝑝𝑛𝑜𝑟𝑚𝑎𝑙 = 0.88𝜌𝑠𝑤𝑣𝑠𝑤
2𝑐𝑜𝑠2𝜃 + 𝑝𝑠𝑤𝑠𝑖𝑛

2𝜃 to estimate the normal 

pressure at the ICB, computing θ from the nominal ICB surface of Fig. 3, utilizing the total 

mass density (protons + alpha particles) of the solar wind to compute the ram pressure, and 

summing the solar wind thermal pressure and magnetic pressure to compute the upstream 

pressure psw. We compute the total normal magnetic pressure at the barrier 𝑝𝐵_𝑛𝑜𝑟𝑚𝑎𝑙 =

𝐵𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙
2/(2𝜇𝑜), again using the nominal ICB surface to determine the tangential field 

component. Neglecting gradients other pressure terms such as thermal plasma pressure at the 

ICB, these two pressures should balance, assuming the Newtonian approximation holds (note 

that significant pressure anisotropy and/or non-zero off-diagonal terms in the pressure tensor 

could invalidate this assumption).  

We find that the normal component of the magnetic pressure on average (albeit with 

significant variability about the average) balances the normal component of the solar wind 

pressure at the ICB over the entire dayside for a wide range of conditions, as shown in Fig. 9. 

This suggests that the ICB on average lies at the altitude where pressure balance is first 

achieved, or somewhere below this altitude (since the magnetic pressure presumably does not 

increase beyond that needed to achieve pressure balance at lower altitudes, except in regions 

with strong crustal fields). This appears consistent with the results of Boesswetter et al. 

[2004], who predicted that the maximum pileup of the magnetic field occurs at the location of 

the ICB.  

On the other hand, even with the inclusion of the non-ram components of the solar 

wind pressure, the normal pressure does not on average balance at the ICB in the downstream 

flanks, with the magnetic pressure typically larger than the solar wind pressure. This suggests 

that other terms may play a greater role in the force balance across the ICB in the flanks, 

and/or that the pressure balance surface lies at a higher altitude than the ICB in the 

downstream region, as predicted by Xu et al. [2016].  

5 Boundary Layer Dependence on External Drivers 

Previous work has indicated that the MPB does not respond to external drivers in the 

same way as the bow shock. The bow shock moves inward during times with high solar wind 

ram pressure or magnetosonic Mach number, and outward during times with high EUV 

[Edberg et al., 2009, 2010; Halekas et al 2017a]. Similarly, the MPB/MB moves inward 
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during times with high solar wind ram pressure [Crider et al., 2003; Brain et al., 2005; 

Dubinin et al., 2006a; Edberg et al., 2009]. Surprisingly, since higher EUV irradiance 

increases the altitude of the ionosphere and should thus lead to an increase in the altitude of 

the boundary layer, Edberg et al. [2009] instead found that the MPB moves inward during 

times with high EUV. We investigate the ICB location as a function of these same three 

drivers, all of which MAVEN measures, in Fig. 10. For ram pressure and magnetosonic Mach 

number, we utilize the methodology of Halekas et al. [2017a] to extract upstream parameters 

from SWIA [Halekas et al., 2015] and MAG [Connerney et al., 2015a, 2015b] measurements 

(only for orbits that crossed the ICB and also entered the upstream solar wind), while for 

EUV we utilize Lyman alpha irradiance measurements from the EUVM instrument (available 

for nearly all orbits) [Eparvier et al., 2015].  

In agreement with previous work, we find that the ICB position depends strongly on 

solar wind ram pressure, moving inward during periods of higher ram pressure at all SZA. 

This trend flattens out at lower ram pressure, suggesting an effective maximum size for the 

magnetosphere, at least during the MAVEN mission. On the other hand, the boundary 

location continues to move inward up to the highest ram pressure values observed, suggesting 

that at least during the MAVEN mission we have not reached a minimum magnetospheric 

size threshold. We find no clear dependence of the ICB location on the upstream 

magnetosonic Mach number at any SZA, in contrast to the behavior of the bow shock 

[Edberg et al., 2010; Halekas et al., 2017a]. We also find no clear trend of ICB position with 

EUV irradiance, also in contrast to the bow shock, and in contrast to previous results [Edberg 

et al., 2009]. We find this lack of a trend surprising, given the importance of mass loading in 

the formation of the ICB. However, the correlation between EUV irradiance and solar wind 

ram pressure due to the 1/r
2
 effect of heliocentric distance might mask a positive correlation 

with EUV.  

We also find no strong trends in ICB thickness as a function of any of the three 

external drivers considered. A very weak apparent anti-correlation of thickness with solar 

wind ram pressure probably appears because of the correlation between solar wind ram 

pressure and magnetic field strength, which influences the ion gyroradius.  

6 Boundary Layer Seasonal Variability 

Lastly, we consider the seasonal variation of the ICB’s location and properties. The 

Mars-solar wind interaction has known seasonal variations, in large part due to the seasonal 

variability in the exosphere. Recent observations have shown that the high altitude neutral 

hydrogen exosphere of Mars increases in column density by approximately an order of 

magnitude during southern summer (which occurs shortly after Mars’ perihelion, at solar 

longitude LS ~270) [Chaffin et al., 2014; Bhattacharyya et al., 2015; Yamauchi et al., 2015; 

Halekas, 2017]. This increase in neutral density results in a commensurate increase in the 

production of H
+
 ions [Rahmati et al., 2018], primarily by charge exchange [Kallio et al., 

1997]. While charge exchange with neutral hydrogen does not increase the average mass of 

the flowing ions, it decreases their average flow speed, and therefore still constitutes a mass 

loading (or more correctly momentum loading) process. The replacement of fast solar wind 

ions by cold hydrogen ions slows and deflects the solar wind flow even upstream of the bow 

shock [Halekas et al., 2017a], and affects the foreshock, bow shock, and magnetosheath 

[Dubinin et al., 2006b, 2018]. Given the higher exospheric neutral densities at lower altitudes, 

this loading of the flow could significantly affect the interaction in the vicinity of the ICB.  

Heavy neutral species, on the other hand, exhibit somewhat different seasonal 

variations. The column density of the high-altitude neutral oxygen exosphere, and thus the 
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flux of O
+
 pickup ions from photoionization and charge exchange, do not appear to increase 

significantly near perihelion [Rahmati et al., 2018]. However, both the density and flux of 

low energy O
+
 ions at lower altitudes of ~200-600 km increase by as much as an order of 

magnitude during high EUV conditions such as those encountered near perihelion [Dubinin et 

al., 2017]. This significant increase in heavy ion density at lower altitudes could also affect 

the interaction in the vicinity of the ICB. 

Indeed, our observations indicate dramatic differences in the ion properties at the ICB 

during the time period around perihelion and southern summer, as shown in Fig. 11. The 

average proton and heavy ion density at the ICB increase by a factor of four to eight for all 

SZA, with the peak densities occurring at LS ~270-300 near southern summer (slightly after 

perihelion, which takes place at LS ~251), with a time profile quite similar to that observed 

for exospheric hydrogen column density [Halekas, 2017]. Meanwhile, the average proton 

flow speed at the ICB decreases by a similar factor during the same time period. The heavy 

ion flow speed, on the other hand, shows only a slight decrease. At the same time, the 

average altitude of the ICB shows no clear changes other than those associated with the 

variable coverage of the downstream flanks afforded by the MAVEN orbit. Furthermore, the 

average ratio between the normal component of the magnetic pressure and the normal 

component of the solar wind pressure at the ICB, calculated as described above in Section 4, 

shows no clear variability with season, consistent with an approximately constant ICB 

altitude.   

The observations in Fig. 11 indicate that the location of the ICB remains relatively 

constant with season, occurring at or below the altitude where the total (draped + crustal) 

magnetic field on the dayside achieves pressure balance with the solar wind ram pressure, 

regardless of the ion density. However, the incident proton density at this location increases 

significantly, while the incident flow speed decreases significantly. The heavy ion density 

increases commensurately with the incident proton density, while the flow speed decreases 

only slightly, which in combination results in the large increase in cold heavy ion escape flux 

described by Dubinin et al. [2017].  

One can imagine several different scenarios that could lead to the seasonal variability 

seen in Fig. 11. First, lower altitude influences could drive the variability in the interaction, 

with higher heavy ion densities at low altitudes leading to a change in the boundary layer. In 

this case one might expect the ICB to move upward in order to maintain the same density at 

the boundary, rather than taking place at a higher density level. Alternatively, higher altitude 

influences could drive the variability in the interaction, with the increase in mass loading due 

to the higher exospheric hydrogen density leading to a more dense and slower incident proton 

flow. In this case one might expect the ICB to move lower in altitude, where the heavy ion 

density would balance the higher proton density.  

Given that we observe no clear seasonal changes in the altitude of the ICB, we cannot 

differentiate between the two scenarios outlined above, though the observed time profile may 

slightly favor the scenario where influences from above related to the hydrogen exosphere 

drive the observed variability. On the other hand, both effects may play a role, and they may 

to some degree counteract each other in their influence on the boundary altitude.  

Furthermore, the altitude of pressure balance is intimately related the altitude of the 

compositional transition, and so the physics of the interaction may ensure that the 

compositional transition on average occurs at or below the altitude at which pressure balance 

is achieved, regardless of the value of the plasma density. This scenario seems plausible, 

given the consistency in the pressures observed at the ICB. It may seem unclear why the 

compositional transition should occur at an altitude related to the pressure balance altitude. 
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However, the pile up of the magnetic field and the compositional change occur in part due to 

the same processes. The magnetic field and the solar wind protons initially flow together, 

along with the solar wind electrons. As mass loading occurs, the magnetic field carried by the 

electrons initially lags behind the protons, and the flow slows, leading to an increase in 

density and magnetic field strength, and a decrease in flow speed. In addition, the electron 

fluid changes from purely solar wind electrons to an admixture of solar wind electrons and 

cold electrons created by photoionization and electron impact ionization. As the incident 

protons slow and ultimately deflect and/or reflect in the magnetic barrier, the magnetic field 

strength should reach its maximum, in a self-consistent manner. The presence of crustal 

magnetic fields may of course perturb this interaction; however, the results of Fig. 2 suggest 

that they simply shift the boundary layer to a higher altitude.  

7 Conclusions 

The excellent coverage of the Mars-solar wind interaction provided by the MAVEN 

mission and the high time resolution of the STATIC instrument allow us to precisely 

determine the location, characteristics, and variability of the ion composition boundary. 

Although the ICB is only one aspect of a complex boundary layer with a number of 

observable signatures, we have focused in this work on the compositional transition and the 

altitude where the pressure associated with the piled up magnetic field balances the solar 

wind ram pressure.  

We find that the compositional transition on average lies at or below the altitude 

where this pressure balance is accomplished, regardless of solar zenith angle, crustal 

magnetic field strength, solar wind conditions, or season. This holds true despite significant 

asymmetries in the interaction, variations of the ICB location in response to both external 

drivers and crustal magnetic fields, and seasonal variability of the plasma characteristics at 

the boundary. This suggests that the compositional transition and the magnetic field pileup 

occur self consistently as part of the mass loading process, as expected from basic physical 

considerations. The unique Martian crustal magnetic fields significantly perturb the location 

of the compositional boundary, but do not obviously change its characteristics. The plasma at 

the boundary changes dramatically with season, likely in response to changes in the neutral 

exosphere and/or atmosphere, but this surprisingly does not appear to affect the altitude of the 

boundary or the pressure balance at that location. This supports a scenario where the pressure 

balance provides the defining characteristic of the boundary, with the location of the 

compositional transition closely tied to the altitude where pressure balance is accomplished.  

The asymmetry of the ICB reflects the asymmetry of the mass loading process, and in 

turn suggests that asymmetries must also exist in the instabilities that occur at the boundary, 

in the processes that transfer energy between the solar wind and the planetary plasma, and 

ultimately in the escape of particles from the system. The most obvious manifestation of 

these asymmetries is the now well-known plume of ions escaping along the solar wind 

motional electric field direction. However, the higher velocity shear we find at the boundary 

in the opposite hemisphere may also have important implications for the development of 

instabilities and the bulk escape of plasma.  

The basic characteristics of the ICB described in this manuscript largely agree with 

the results from hybrid and multi-fluid simulations, suggesting that these simulations can 

successfully capture the physics of the interaction. However, our observations provide a 

number of new observational constraints that can now be used to further validate the 

simulations. The computational capability now exists to run simulations for a variety of 

external conditions, allowing us to investigate the response of the system to changing solar 
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wind and seasonal conditions. While our observations will provide constraints for these 

simulations, the models can provide unmatched coverage of the interaction for each set of 

conditions, allowing us to go from the local measurements provided by spacecraft to a global 

perspective of the system.  
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Figure 1: The Mars-solar wind interaction in MSE coordinates, with key regions, proton and 

heavy ion populations, and pressure gradient and electric field forces on these ion 

populations. 
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Figure 2: Hydrogen ion (proton), atomic oxygen ion, and molecular oxygen ion differential 

energy flux spectra in units of eV/[eV cm
2
 s sr], corresponding ion densities (corrected for 

spacecraft potential), and the ion density ratio np/(np + nO + nO2) measured by STATIC (black 

line), together with hyperbolic tangent function fits (blue lines), crossing times for each ICB 

computed from these fits, and the standard errors of the fits. For context, the bottom panel 

shows the vector magnetic field measured by MAG, in Mars-Solar-Orbital (MSO) 

coordinates. 
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Figure 3: Average ion density ratio, STATIC data coverage, and ICB observation frequency 

(number of ICB crossings divided by number of data points), in cylindrical MSO coordinates 

(left column) and Cartesian MSE coordinates (right column, data from |y| < 3000 km 

projected to the x-z plane, only for orbits during which we also measure the upstream 

magnetic field). The blue curves show the nominal bow shock and MPB location from 

Trotignon et al. [2006]. The orange curves show the nominal ICB location used in this study. 
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Figure 4: The distance of dayside (SZA < 75°) ICB crossings above or below the nominal 

ICB surface of Fig. 3, and the total magnetic field strength at the center of the ICB, as a 

function of the Mars-fixed location directly below the spacecraft at the time of the ICB 

encounter. 
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Figure 5: ICB thickness versus the proton (top row) and heavy ion (bottom row) gyroradii at 

the inner (left column) and outer (right column) edge of the ICB, with colors showing SZA. 

The orange lines indicate a 1:1 ratio. 
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Figure 6: ICB thickness and ICB thickness normalized by the proton gyroradius at the outer 

edge of the ICB, as a function of the clock angle from the MSE y-axis (left column, only 

orbits during which we also measure the upstream magnetic field) and the clock angle from 

the MSO y-axis (right column, all orbits). The +Em direction lies at an MSE clock angle of 

90˚, and the -Em direction lies at an MSE clock angle of 270˚. The colors of the points 

indicate the SZA of each crossing (as shown by the color bar), and the blue, green, red, and 

orange lines indicate median ICB thicknesses for four SZA quartiles. 
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Figure 7: Magnetic field magnitudes at the inner and outer edge of the ICB (upper left), the 

ratio of the inner to outer field magnitude versus the dot product between unit vectors in the 

directions of the inner and outer fields (upper right), the field ratio versus the normal 

component of a unit vector in the direction of the field at the center of the ICB crossing 

(bottom left), and the inner-outer dot product versus the normal field (bottom right). The 

colors of the points indicate the SZA of each crossing (as shown by the color bar), and the 

dark black lines show average values. The orange lines indicate either 1:1 ratios (top left) or 

unity (upper right and bottom left). 
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Figure 8: Proton and heavy ion density and speed at the inner and outer edges of the ICB, 

and the difference in average (proton + heavy) ion flow speed between the inner and outer 

edges of the ICB as a function of the clock angle from the MSE y-axis (only for orbits during 

which we also measure the upstream magnetic field). The colors of the points indicate the 

SZA of each crossing (as shown by the color bar), and the blue, green, red, and orange lines 

in the bottom panel indicate median flow speed differences for four SZA quartiles. The 

orange lines in the top four panels indicate 1:1 ratios. 
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Figure 9: Normal magnetic pressure versus the normal component of the incident solar wind 

pressure at the ICB, and the ratio between them as a function of SZA. The colors of the points 

in the top panel indicate the SZA of each crossing (as shown by the color bar). The orange 

line in the top panel indicates a 1:1 ratio. The blue line in the bottom panel indicates the 

average ratio as a function of SZA, and the orange line indicates unity. Vertical blue lines in 

the bottom panel show the standard deviation of the mean value for each SZA bin. 
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Figure 10: The distance of ICB crossings above or below the nominal ICB surface of Fig. 3 

(left column) and the ICB thickness (right column) versus solar wind ram pressure (top row), 

solar wind Mach number (middle row), and Lyman alpha irradiance (bottom row). The colors 

of the points indicate the SZA of each crossing (as shown by the color bar), and the blue, 

green, red, and orange lines indicate median values for four SZA quartiles. 
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Figure 11: Proton and heavy ion density and flow speed, the distance of ICB crossings above 

or below the nominal ICB surface of Fig. 3, and the ratio between normal magnetic and solar 

wind pressure components at the ICB, versus Mars solar longitude LS. The colors of the 

points indicate the SZA of each crossing (as shown by the color bar), and the blue, green, red, 

and orange lines indicate median values for four SZA quartiles. 
 


