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Abstract Observations from MErcury Surface Space ENvironment GEochemistry, and Ranging
(MESSENGER)’s Magnetometer and Fast Imaging Plasma Spectrometer instruments during the first orbital
year have resulted in the identification of 25 magnetopause crossings in Mercury’s magnetosphere with
significant low-latitude boundary layers (LLBLs). Of these crossings 72% are observed dawnside and 65% for
northward interplanetary magnetic field. The estimated LLBL thickness is 450 ± 56 km and increases with
distance to noon. The Na+ group ion is sporadically present in 14 of the boundary layers, with an observed
average number density of 22 ± 11% of the proton density. Furthermore, the average Na+ group gyroradii
in the layers is 220 ± 34 km, the same order of magnitude as the LLBL thickness. Magnetic shear, plasma
𝛽 and reconnection rates have been estimated for the LLBL crossings and compared to those of a control
group (non-LLBL) of 61 distinct magnetopause crossings which show signs of nearly no plasma inside the
magnetopause. The results indicate that reconnection is significantly slower, or even suppressed, for the
LLBL crossings compared to the non-LLBL cases. Possible processes that form or impact the LLBL are
discussed. Protons injected through the cusp or flank may be important for the formation of the LLBL.
Furthermore, the opposite asymmetry in the Kelvin-Helmholtz instability (KHI) as compared to the LLBL
rules out the KHI as a dominant formation mechanism. However, the KHI and LLBL could be related to each
other, either by the impact of sodium ions gyrating across the magnetopause or by the LLBL preventing the
growth of KH waves on the dawnside.

1. Introduction

The low-latitude boundary layer (LLBL) is defined at Earth as a region just inside the equatorial magnetopause
with a plasma density that is intermediate between the magnetosheath and the magnetosphere values
[e.g., Eastman et al., 1976; Haerendel et al., 1978; Paschmann et al., 1979; Eastman and Hones, 1979; Sckopke
et al., 1981]. While the mass and momentum transferred to the LLBL is estimated to be responsible for only
∼10% of the total cross-magnetospheric potential [Cowley, 1982; Mozer, 1984], the existence of the LLBL is
direct proof that the magnetopause is not completely impenetrable to the solar wind plasma even during
northward interplanetary magnetic field (IMF).

In several important aspects Earth and Mercury are alike: they both have a similar dipolar magnetic field,
where Mercury’s magnetosphere is a smaller version of Earth’s. Hence, many processes that occur in Earth’s
magnetosphere is expected to exist also in Mercury’s surroundings. Due to Mercury’s shorter distance to the
Sun and its weaker magnetic field as compared to Earth, Hermean processes should occur faster or appear
differently. Hence, Mercury’s LLBL is expected to have some properties similar to Earth’s but also to be different
particularly when considering possible LLBL formation processes.

There are a number of observations of the Earth LLBL including larger statistical studies and case observations,
particularly from the nightside region of the magnetosphere [e.g., Hones et al., 1972; Eastman et al., 1976;
Slavin et al., 1985; Mitchell et al., 1987; Phan et al., 1997]. Eastman and Hones [1979] concluded that the LLBL in
general occurs on closed field lines, in agreement with some case studies [e.g., Phan and Paschmann, 1996],
while Mitchell et al. [1987] observed the LLBL on closed field lines for northward interplanetary magnetic field
(IMF) and on a mix of open and closed field lines for southward IMF. Le et al. [1996] observed two boundaries
at low latitudes during northward IMF, where the outer boundary was identified to be on open field lines and
the inner one on closed.
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Conclusions concerning the thickness of the terrestrial LLBL vary. Haerendel et al. [1978] and Mitchell et al.
[1987] observed the LLBL to be thicker (thinner) during northward IMF (southward IMF), while Eastman and
Hones [1979] and Phan and Paschmann [1996] concluded that the thickness is highly variable and shows no
dependence on the IMF. Furthermore, Mitchell et al. [1987] and Eastman and Hones [1979] showed the LLBL
thickness to increase with distance from noon. However, other studies revealed no such dependence [Phan
and Paschmann, 1996]. The estimated mean Earth LLBL thickness ranges from 0.08 RE to 0.6 RE .

The formation and entry mechanisms of the LLBL on Earth have been studied extensively, and so far several
theories exist: entry via diffusion or by direct flow across the magnetopause [e.g., Eastman et al., 1976;
Eastman and Hones, 1979] where one of the proposed drivers is the Kelvin-Helmholtz (KH) instability [e.g.,
Walker, 1981; Sckopke et al., 1981; Miura, 1987], particles entering the cusp via turbulent eddy convection and
subsequently drifting toward low latitudes [e.g., Haerendel et al., 1978; Müller et al., 2012], protons or heavy
pickup ions gyrating across the magnetopause [e.g., Slavin et al., 2008], random localized reconnection along
the magnetopause [e.g., Kan, 1988; Nishida, 1989], reconnection near the subsolar point during southward
IMF [e.g., Fuselier et al., 1999], or at high latitudes equatorward of the cusps during northward IMF [e.g., Song
and Russell, 1992; Le et al., 1996; Øieroset et al., 2008]. Some of these mechanisms should lead to asymme-
tries in the plasma composition of the LLBL, which may be particularly relevant at Mercury. Heavy pickup ions
from the solar wind or magnetosheath that will drift in opposite directions for northward (dawnward) and
southward (duskward) IMF should create an asymmetry in mass loading related to the direction of the IMF.
Moreover, protons that have entered the magnetopause through diffusion or have been injected through
the cusp or the flank will drift dawnward on closed field lines due to the gradient-curvature drift, which
should lead to an IMF-independent occurrence asymmetry [e.g., Anderson et al., 2011]. In case the KH instabil-
ity is responsible for the formation of the LLBL on Mercury, the boundary layer should appear mainly during
northward IMF at the duskside magnetopause [Liljeblad et al., 2014].

The observations of the dayside LLBL (both near 6 MLT) on Mercury from the two flybys, M1 and M2, [Slavin
et al., 2008] have been analyzed by Wang et al. [2010], Anderson et al. [2011], and Müller et al. [2012]. Both
flybys crossed the LLBL on the dawnside but for different IMF directions (northward during M1 and southward
during M2). Despite the different conditions during the two flybys, the characteristics were similar for both
boundary layers. At the downstream magnetopause Slavin et al. [2012] identified a wide LLBL very similar to
that observed at the Earth [e.g., Slavin et al., 1985] for strong, steady northward plasma sheet magnetic field
just inside the magnetopause. No comprehensive statistical study on the Mercury LLBL exists so far.

In a recent statistical study of the KH instability on Mercury by Liljeblad et al. [2014], a distinct dawn-dusk
asymmetry was observed, where the KH waves occurred more often on the duskside magnetopause. The
same asymmetry was indicated in previous smaller studies [Boardsen et al., 2010; Sundberg et al., 2012].
Moreover, the study showed that the large majority of the KH waves occurred for northward IMF. Different
theories explain the asymmetry observed, where two are connected either to an asymmetric mass loading in
the velocity shear layer where the KH instability forms [e.g., Anderson et al., 2011; Sundberg and Slavin, 2015] or
to the finite Larmor radius (FLR) effects and the broadening of the shear layer on the dawnside magnetopause
[e.g., Glassmeier and Espley, 2006; Nakamura et al., 2010; Gershman et al., 2015; Gingell et al., 2015]. However, the
asymmetry is still viewed as an open issue, and both theories need to be confirmed by further observations.
Therefore, one of the motivations for this study is to establish whether or not there is a connection between
the asymmetry in the KH wave occurrence and the observed LLBL on Mercury.

The present study aims at a systematic analysis of the magnetopause crossings carried out by the MErcury
Surface Space ENvironment GEochemistry, and Ranging (MESSENGER) spacecraft during the year 2011, to
identify Mercury’s LLBL and estimate its properties. Formation processes will be discussed on the basis of
estimations of the plasma and magnetic field in the magnetosheath near the magnetopause. This includes
the comparison to a control group consisting of distinct magnetopause crossings that show a lack of plasma
on the magnetospheric side of the boundary, from now on referred to as non-LLBL crossings.

2. Data Analysis

The investigation of magnetopause crossings has been performed using magnetic field and plasma data from
the Magnetometer (MAG) [Anderson et al., 2007] and the Fast Imaging Plasma Spectrometer (FIPS) [Andrews
et al., 2007] instruments on board MESSENGER. The data analyzed was collected during year 2011, i.e., from
26 March 2011 to 31 December 2011, covering slightly more than three Mercury years (∼88 days) of data.
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Figure 1. Two examples of magnetopause crossings with an LLBL present on (a) an inbound and (b) outbound trajectory. The inner boundary (IB) and the
magnetopause (MP) are marked with solid black lines. From top to bottom: (first panel) A proton energy spectrogram, (second panel) the total proton flux, (third
panel) the polar angle (angle from the magnetic north pole axis) of the magnetic field, (fourth panel) Bx (blue), By (red), Bz (green) in MSM coordinates, and (fifth
panel) the total magnetic field. When crossing the MP from the magnetosheath (MSH), there is a distinct change in magnetic field direction, followed by a
gradual decrease in proton counts across the LLBL. The fluctuations in the magnetic field and the proton flux decrease as the spacecraft moves across the inner
boundary layer and into the magnetosphere (MSP).

This was before the orbit period was lowered from 12 h to 8 h in April 2012. After April 2012, the LLBL was
significantly less frequently observed when using the criteria displayed in section 2.2, most likely due to MES-
SENGER crossing the equatorial magnetopause differently as compared to before the orbit change. Hence,
only the three first Mercury years of data from year 2011 was used in this study. MESSENGER’s orbit in MSM
coordinates (x̂ is directed from the center of the planetary dipole toward the Sun, ẑ points in the general direc-
tion of the north magnetic pole, and ŷ completes the right-handed system) during year 2011 can be seen in
Figure 1. MESSENGER covers the Hermean magnetosphere almost symmetrically during 2011, and as far back
on the flank as xMSH = −2 RM, where RM (∼2440 km) is one Mercury radius.

The non-LLBL crossings are by definition different from the LLBL group as they lack magnetosheath plasma
inside the magnetopause. It is therefore of interest to investigate if the surrounding conditions for these two
groups, such as the state of the plasma and magnetic field near the magnetopause, are different. Hence, the
non-LLBL crossings will serve as a reference to the LLBL group.

A third set of data considered in this study for comparison is 28 nonlinear KH waves during 2011 that have
been identified and analyzed by Liljeblad et al. [2014].

2.1. Description of Measurements
The MAG instrument has a resolution of 0.047 nT at a rate of 20 samples per second. The FIPS instrument is a
time-of-flight (TOF) mass spectrometer that measures mass per charge (m/q) with a range of 1 to 60 amu e−1

and energy per charge (E/q) from 0.1(0.05) to 13 keV/e of incident ions with a scan time of approximately
10 s (1 min) inside (outside) the magnetosphere [Andrews et al., 2007]. The conical instantaneous field of view
(FOV) of FIPS is 1.4𝜋 sr and reduced to 1.15𝜋 sr due to obstruction by the spacecraft and the sunshade. For
a more detailed description of the FIPS FOV limitations, including its impact on measured parameters, see
Raines et al. [2011, 2013] and Gershman et al. [2012, 2013].

Parameters such as the plasma number density and temperature are considered in this study. The calculation
of these plasma moments with the FIPS measurements assumes that the observed distribution is hot and
isotropic and that the thermal speed is large compared to the bulk flow speed, which are not always
applicable to regions such as the magnetosheath [e.g., Raines et al., 2011; Gershman et al., 2013]. However,
in the regions within 3 h local time of the subsolar point, these assumptions produce reasonable estimates
when hydrodynamic flow conditions are assumed [Spreiter et al., 1966]. Additional details are given below.
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Figure 2. Examples of a (a) non-LLBL crossing and (b) KH event in its nonlinear phase. As the spacecraft moves across the MP from the MSH, there is a distinct
change in magnetic field direction. A clear depletion of plasma on the magnetospheric side of the MP can be observed. For the nonlinear KH event, a typical
sawtooth signature is visible, particularly in the By component. Additional panel details are explained in Figure 2.

2.2. Characterization of Magnetopause Crossings
An LLBL is identified if there is a region of magnetosheath plasma inside the magnetopause, with a distinguish-
able inner boundary and magnetopause (outer boundary). For an outbound crossing, the magnetopause is
identified when fulfilling two out of three of the following criteria:

1. Distinct magnetic field rotation across the boundary.
2. Distinct increase in H+ counts for typical magnetosheath energies (∼0.1–3 keV).
3. Increase in magnetic field fluctuations.

For an outbound crossing, the inner boundary must fulfill two out of three of the following criteria:

1. Distinct increase in H+ counts for typical magnetosheath energies.
2. Increase in magnetic field fluctuations.
3. Decrease of total magnetic field strength.

For an inbound crossing, the boundaries are defined analogously. In a dense plasma a decrease of the total
magnetic field at the inner boundary is expected as a diamagnetic response to an increase in particle flux.
Moreover, plasma often give rise to fluctuations in the magnetic field.

Two examples of LLBL crossings can be seen in Figure 2. On an inbound crossing of the magnetopause
in Figure 2a, (outbound in Figure 2b), marked with a solid black line, the magnetic field direction changes
abruptly along with a gradual decrease in proton counts across the LLBL. When the spacecraft reaches the
inner boundary and eventually traversing into the magnetosphere, the proton flux is reduced further and
fluctuations diminish.

Magnetopause crossings are identified as non-LLBL if they show very little or no plasma inside the magne-
topause and fulfill the same criteria for the magnetopause as the LLBL events do.

An example of a non-LLBL crossing and a nonlinear KH event can be seen in Figure 3. The magnetopause
marks the region where there is a noticeable change in both proton flux and polar angle of the magnetic
field. In addition, the clear lack of plasma on the inner side of the magnetopause is readily distinguishable.
A sawtooth structure, characteristic for a nonlinear KH wave [e.g., Hasegawa et al., 2004] can be seen most
clearly in the By panel of the KH event.

2.3. Evaluation of Magnetic Field and Plasma Properties Near the Magnetopause
On Earth, there is a clear correlation between reconnection and southward IMF [e.g., Fairfield and Cahill, 1966;
Arnoldy, 1971]. Moreover, observations show that when the magnetosheath plasma 𝛽 << 2, the likeliness
of reconnection increases [e.g., Paschmann et al., 1986]. Particularly, reconnection during low magnetic shear

LILJEBLAD ET AL. MERCURY’S LOW-LATITUDE BOUNDARY LAYER 8390



Journal of Geophysical Research: Space Physics 10.1002/2015JA021662

Figure 3. An example of a non-LLBL crossing in MVA coordinates, with a successful normal determination. From top to
bottom, (first panel) A proton energy spectrogram and (second to fifth panels) the magnetic field data. B1 is the
maximum variance, B2 the intermediate, and B3 the minimum variance coordinates. The magnetopause crossing,
marked with blue lines, have a normal of n̂ = (0.74,−0.45, 0.50), an eigenvalue ratio of 𝜆2∕𝜆3 = 22, and |BN| = 6.3 nT.
The red lines mark a slightly shortened interval of the magnetopause crossing, with n̂ = (0.71,−0.40, 0.57), 𝜆2∕𝜆3 = 9.4,
and |BN| = 8.8 nT.

(the angle between the direction of the magnetic field prior to and after a magnetopause crossing) has been
observed mainly when the magnetosheath 𝛽 is low [e.g., Scurry et al., 1994].

Due to the short time separation between MESSENGER’s passage across the magnetopause and its measure-
ment of the LLBL, analysis of the state of the magnetic field should give reliable estimations of reconnection
rates at the time of the LLBL formation. In turn, this investigation may indicate how the LLBL was formed. The
investigation includes the estimation of magnetic shear and reconnection rate across the magnetopause, the
plasma 𝛽 in the magnetosheath just prior to/after the magnetopause crossing, and the number density of
plasma within the LLBL.

Direct calculation of reconnection rates has turned out to be difficult at Earth [e.g., Sonnerup and Scheible,
1998; Paschmann et al., 2014]. Moreover, Mercury is highly dynamic which may make it even more difficult
to estimate the reconnection rates there. To reduce errors in the estimation, certain criteria will be used, as
explained in the following section.

2.3.1. Determination of the Reconnection Rate
The reconnection rate is approximated by the expression BN∕|B|, where BN is the magnetic field component
normal to the magnetopause and |B| the total magnetic field just inside the magnetopause [Sonnerup et al.,
1981; DiBraccio et al., 2013]. The magnetopause normal is determined using minimum variance analysis (MVA)
on the magnetopause crossings [Sonnerup and Cahill, 1967].

As a first criterion, we only consider those magnetopause crossings that are well determined, i.e., show an
intermediate to minimum variance eigenvalue ratio larger than 3. In some cases, the exact position of a com-
plete magnetopause crossing can be difficult to determine. Moreover, the MVA can be highly sensitive to
the intervals chosen for analysis. Hence, as a second criterion we only consider reconnection rates for those
events with a distinct transition across the magnetopause with a normal that does not vary considerably
when making small adjustments to the interval analyzed. When multiple magnetopause crossings can be
observed, the one closest to the magnetosphere is chosen. The reconnection rates calculated from the full
crossings (not partial) are always used to represent the true reconnection rate. Figure 4 displays an example
of a non-LLBL crossing in MVA coordinates with an accepted normal determination, where B1 is the maxi-
mum variance, B2 the intermediate, and B3 the minimum variance coordinates. Red lines mark a shortened
interval of the complete magnetopause crossing, indicated with blue lines. The larger interval has a normal of
n̂ = (0.74,−0.45, 0.50), an eigenvalue ratio of 𝜆2∕𝜆3 = 22, and a normal magnetic field |BN| = 6.3 nT. In turn,
the shortened interval has n̂ = (0.71,−0.40, 0.57), 𝜆2∕𝜆3 = 9.4, and |BN| = 8.8 nT. This yields a reconnection
rate of 0.07 for the full crossing and 0.10 for the shorter time period, both similar to each other and below the
average reconnection rates of 0.15 observed previously on Mercury [DiBraccio et al., 2013; Slavin et al., 2009].
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Figure 4. Location of LLBL crossings (blue dots), nonlinear KH waves (red dots), and non-LLBL crossings (black crosses) projected onto the (a) y-x, (b) z-x, and (c)
z-y planes in MSM coordinates. Inner and outer dashed lines are the estimated magnetopause and bow shock, respectively.

2.3.2. Estimation of the Plasma 𝜷 in the Magnetosheath
The plasma 𝛽 is defined as 𝛽 = nkBT

B∕2𝜇0
, where n and T are the number density and temperature for the plasma,

respectively, kB is the Boltzmann constant, and 𝜇0 is the magnetic field permeability of free space. It has
been calculated directly from measurements of protons and the magnetic field in the magnetosheath just
prior to/after crossing the magnetopause. As the FIPS instrument has a limited FOV, the plasma density and
temperature are obtained by using a forward modeling approach relying on the assumption that the ther-
mal speed of H+ ions is larger than the bulk flow speed [e.g., Raines et al., 2011]. Away from the subsolar
point, the bulk flow speed of the magnetosheath gradually increases, and the forward modeling approach
will give larger errors. In particular, within 45∘ from noon, the errors will not affect the 𝛽 estimates by more
than 50%. Hence, in this study the 𝛽 estimate is restricted to those magnetopause crossings occurring within
9–15 MLT.

3. Observations

The analysis of magnetic field and plasma data from MESSENGER during year 2011 resulted in the identifi-
cation of 25 LLBL and 61 non-LLBL crossings. These two groups will be used, together with 28 nonlinear KH
waves from the year 2011 that have been identified in Liljeblad et al. [2014], to analyze and characterize the
dayside Hermean LLBL.

Figure 5. MLT histogram of LLBL crossings (blue), nonlinear KH waves (red), and non-LLBL crossings (black). The dashed
line marks the subsolar point in this and subsequent figures.
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Figure 6. Nine selected orbits of MESSENGER during one Mercury year in 2011 projected onto the (a) y-x, (b) z-x, and (c) z-y planes in MSM coordinates
[Liljeblad et al., 2014].

3.1. Location
Figure 5 shows the position of the LLBL crossings (blue dots), the non-LLBL crossings (black crosses), and
nonlinear KH waves (red dots) projected into three different planes in MSM coordinates. The MLT histogram
plot for the three groups with the same color coding can be seen in Figure 6. Of the LLBL crossings, 72% occur
on the dawnside magnetopause, while the nonlinear KH waves are highly overrepresented at the duskside
(93%). The non-LLBL crossings, however, show no such asymmetry and are nearly equally distributed over
the dayside magnetopause, except near the subsolar point where almost no events are observed. The reason
for this dip for the non-LLBL crossings could possibly be due to an orbital effect or an increased difficulty in
determining the position of the magnetopause in this region. The anticorrelation of occurrence between the
LLBL and KH instability indicates that the majority of the boundary layers observed are not formed by the KH
instability, but rather by another process.

Even though MESSENGER covers the Hermean magnetosphere fairly symmetrically during 2011 and parts of
the equatorial magnetosphere behind the dawn-dusk terminator (see Figure 1), all of the LLBL and non-LLBL
crossings occur sunward of the dawn-dusk terminator. This is, again, likely related to an orbital effect making
it more difficult to determine the position of the magnetopause far away from noon. For that reason, only the
dayside LLBL on Mercury has been covered in this study.

3.2. Surrounding Conditions
To determine the state of the magnetopause just prior to/after the crossing of an LLBL or non-LLBL, magnetic
shear, reconnection rate and plasma 𝛽 have been estimated.

The magnetosheath Bz distribution over MLT can be seen in Figure 7. The majority of the LLBL events show a
positive magnetosheath Bz/northward IMF (65%), while the non-LLBL events are observed mostly for negative

Figure 7. Magnetosheath Bz versus MLT for the LLBL (blue dots) and non-LLBL (black crosses) magnetopause crossings.
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Figure 8. Reconnection rates versus MLT for LLBL (blue dots) and non-LLBL (black crosses) crossings. The horizontal line
marks the reconnection rate of 0.10.

Bz (77%). This can be compared to the observations of the Hermean nonlinear KH waves, where 89% occurs
for northward IMF [Liljeblad et al., 2014]. Furthermore, the average shear angle for the LLBL group is 67∘ ± 8∘,
which is significantly lower than the mean shear angle for non-LLBL crossings (120∘ ± 6∘).

Performing an MVA on the magnetopause crossing and the criteria described in section 2.3.1, reconnection
rates could be determined for 11 out of 25 LLBL crossings, and for 41 out of 61 non-LLBL crossings. Figure 8
displays how the reconnection rates vary with MLT for the two groups. The mean reconnection rates are
0.05 ± 0.01 and 0.11 ± 0.02 for the LLBL and non-LLBL crossings, respectively. These values are smaller than
previous estimates of Hermean reconnection rates of ∼0.15 [DiBraccio et al., 2013; Slavin et al., 2014], but par-
ticularly for the non-LLBL crossings the reconnection rates are larger than what has generally been observed
at Earth, <0.1 [e.g., Sonnerup and Ledley, 1979; Phan et al., 2001; Vaivads et al., 2004]. In particular, all crossings
with reconnection rates >0.10 are non-LLBL crossings.

By restricting the estimation of plasma 𝛽 to events within 9–15 MLT, as described in section 2.3.2, 𝛽 was calcu-
lated for 9 LLBL and 29 non-LLBL crossings. The average 𝛽 of these LLBL and non-LLBL crossings are 2.0 ± 0.4
and 4.4 ± 0.7, respectively. The 𝛽 was approximated by using only the proton pressure. Alpha particle pres-
sures were omitted because these ions were typically not present in sufficient numbers to allow pressure
calculations for all LLBL and non-LLBL cases considered. When pressures could be computed, alpha particles
typically increase the plasma 𝛽 by 30–50%. This does not change our conclusion that the plasma pressure
is clearly dominating the magnetic pressure. Heavier ions were not present in sufficient numbers to justify
pressure calculations for these.

Figure 9. (a) Thickness of duskside (circles) and dawnside (filled circles) LLBLs projected onto the surface model normal
by Shue et al. [1997] versus MLT distance to noon. (b) Thickness versus observed proton density.
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Figure 10. A comparison between (left) the average Na+ group gyroradius in the LLBL and the estimated LLBL thickness,
including error bars for the gyroradii estimations, and (right) the average observed number density for the Na+ group
and H+ ions. Both panels include properties only on those 14 LLBLs with a nonnegligible Na+ group number density.

3.3. LLBL Characteristics
The average proton number density in the LLBLs is 26 ± 5 cm−3, which is higher than both of the estimated
densities for the dayside boundary layers observed during M1 and M2, which were 16 cm−3 and 8 cm−3,
respectively [Raines et al., 2011]. Assuming that the plasma in the LLBL is nearly stagnant, the average 𝛽 in the
LLBL has been estimated to 0.36 ± 0.05, indicating that the magnetic field is dominating the plasma pressure
in the boundary layers.

The thickness of the LLBL has been determined by projecting the spacecraft LLBL trajectory onto the Shue
et al. [1997] magnetopause normal direction using a subsolar standoff distance 1.45 RM and magnetopause
flaring parameter 0.5 [Winslow et al., 2013; Slavin et al., 2014]. The average LLBL thickness is 0.18 ± 0.02 RM

(450 ± 56 km) with no distinct dependence on IMF direction, in agreement with some Earth observations
[e.g., Eastman and Hones, 1979; Phan and Paschmann, 1996]. Moreover, no relation between magnetosheath
Bx or By and the LLBL thickness could be found. However, in Figure 9a, the LLBL thickness appears to increase
with distance to the subsolar point, consistent with what has been reported for the LLBL at Earth [Haerendel
et al., 1978; Eastman and Hones, 1979]. No dependence is seen between the thickness and the distance to the
equatorial plane or the magnetic latitude, indicating that the observed correlation is not likely an orbital effect.
Furthermore, in Figure 9b the thickness of the LLBL shows no clear dependence of the average observed
number density in the boundary layers.

The thickness for dawnside- and duskside-observed LLBL crossings are 0.20 ± 0.03 RM and 0.14 ± 0.04 RM,
respectively. This difference is, however, probably related to the boundary layer being wider away from noon,
as the dawnside LLBL crossings are seen more frequently farther away from the subsolar point (peaking at 7–9
MLT), while the duskside LLBL crossings are more equally distributed between 12 and 17 MLT (see Figure 5).

The LLBL is frequently populated by ions heavier than protons, in particular by He2+ and Na+ group ions. The
phase space density for each measured ion was added into one of 20 logarithmically spaced gyroradius bins
to form particle distributions as a function of gyroradius, f(rg). Average and standard deviation values of the
gyroradius were then computed from these distributions in the usual manner for the first and second velocity
moments, with the velocity coordinate replaced by gyroradius. Unlike the protons, the sodium group ions are
not continuously present throughout the boundary layer. Instead, they are identified sporadically in the LLBL.
In general, however, these ions are near the detection limit, meaning that they could be present in the LLBL
in a more continuous way, but as the FIPS is unable to detect them most of the time, they are only measured
sporadically. When the Na+ group ions do appear in specifically 14 out of 25 boundary layers, their number
density is significantly large (at least 3% of the average observed proton number density in the LLBL). For these
14 LLBL crossings, the average Na+ group gyroradius was estimated to 220± 34 km, which is in the same order
of magnitude as the mean thickness of these LLBL (440 ± 63 km). Slavin et al. [2008] estimated a gyroradius
of ∼1000 km/s for a Na+ ion picked up by the solar wind flowing with a speed of 300 km/s, corresponding to
the thickness of the dayside boundary layer observed from M1. The Na+ group ion gyroradii observed in this
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study are significantly smaller than that. However, their gyroradii are similar to that of a sodium ion moving
with a velocity of 50 km/s in a magnetosheath of 50 nT magnetic field strength. A comparison between the
LLBL width and the average sodium group gyroradius is displayed in Figure 10 (left). The observed number
density for these 14 LLBL crossings, displayed in Figure 10 (right), is significantly smaller for Na+ group ions as
compared to the H+ ions. For only one of these events, the sodium group is dominating. On average, however,
the sodium group has a number density of 22 ± 11% of the proton number density.

The average H+ gyroradius in the boundary layer is 40 ± 4 km, significantly smaller than the average LLBL
thickness. However, for five LLBL crossings the boundary layer width is similar to the proton gyroradius.

4. Discussion

The majority of the LLBL crossings are observed at the dawnside, which indicates that the formation pro-
cess acts differently on Mercury as compared to Earth, where no such dawn-dusk asymmetry is observed
[e.g., Haerendel et al., 1978; Eastman and Hones, 1979; Phan and Paschmann, 1996; Le et al., 1996]. The KH
instability has been suggested to play an important role in the formation of the LLBL at Earth [e.g., Walker,
1981; Sckopke et al., 1981; Miura, 1987]. However, the distinct anticorrelation between the nonlinear KH waves
and the LLBL on Mercury rules out the KH instability as an important mechanism for the formation of the
Hermean LLBL.

As the IMF is northward for the majority of LLBL crossings, and the reconnection rates are nonnegligible
(0.05 ± .01), high-latitude reconnection is a possible LLBL formation process. There have been suggestions
that high-latitude reconnection gives rise to multiple boundary layers at low latitudes [e.g., Song and
Russell, 1992; Le et al., 1996], with one or more boundary layers being on closed field lines. This theory relies
on the assumption that the same magnetic field line gets reconnected poleward of the cusp in both hemi-
spheres. Reconnection could also occur in an alternating fashion, accelerating plasma toward lower latitudes
and forming an LLBL not consisting of several boundary layers, but instead of one with accelerated magne-
tosheath plasma. In any event, high-latitude reconnection should lead to a high energetic plasma population
inside the LLBL, that is distinguishable from the magnetosheath plasma [e.g., Le et al., 1996]. Such an increase
in energy relative to the magnetosheath is not observed for any of the LLBL crossings. Hence, high-latitude
reconnection is not likely an important LLBL formation mechanism on Mercury.

The reason why the non-LLBL crossings are nearly void of plasma just inside the magnetopause, even though
reconnection is likely ongoing, is not obvious. However, it may be the result of ongoing fast reconnection,
rapidly accelerating and dragging away the reconnected plasma from the X line toward the cusp in a way that
MESSENGER is unable to detect it. This is supported by the large shear angles and reconnection rates of the
non-LLBL as compared to the LLBL crossings. Even though the estimated average 𝛽 for the non-LLBL crossings
is large (4.4 ± 0.7), the magnetic shear is likely often high enough to trigger reconnection and give rise to the
large reconnection rates. In turn, the smaller reconnection rates and magnetic shear in combination with a
relatively large 𝛽 for the LLBL crossings (2.0 ± 0.4) suggest that fast reconnection is not ongoing. Rather, it is
more likely that plasma gets transferred across the magnetopause either through slow reconnection or by a
completely different process.

The plasma depletion layer (PDL), defined as a region on the dayside in the magnetosheath of decreased
plasma density and increased magnetic field, is believed to occur when the solar wind Alfvénic Mach number
is low [e.g., Zwan and Wolf , 1976] and can enhance reconnection [DiBraccio et al., 2013; Gershman et al., 2013].
Gershman et al. [2013] studied the Hermean PDL for 40 MESSENGER orbits, where flux pileup was seen to occur
for all IMF orientations. Prior to two of the LLBL crossings identified in this study, the PDL was observed. Even
though it is unlikely that these LLBLs have been formed directly through processes in the magnetosheath,
they could have been formed by plasma from the magnetosphere. In any case, if the PDL had a large impact
on the formation of the LLBL, the 𝛽 in the magnetosheath prior to the magnetopause crossing should be low,
which is not, in general, observed.

Müller et al. [2012] proposed that a double current sheet at the dayside on Mercury may exist in a pure solar
wind hydrogen plasma, without any contribution of exospheric ions like sodium. The diamagnetic decrease
at the inner boundary is explained to arise due to pressure gradients from protons that have entered at the
dawn flank and become trapped on closed magnetic field lines. Similar effects should arise if the particles
enter through the cusp. Korth et al. [2014] further showed the existence of an enhanced plasma population
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near the magnetopause flanks, due to direct entry of magnetosheath plasma, and a higher flux of protons on
the dawnside. This LLBL formation theory is consistent not only with the observed dawn-dusk asymmetry in
the LLBL, which should arise due to the gradient-curvature drift of these trapped protons, but also with the
observed lower reconnection rates and magnetic shears in combination with the large 𝛽 . This process should,
however, also give rise to a dawn-dusk asymmetry in the Earth LLBL, which is not observed. As Mercury has a
significantly smaller magnetosphere than Earth, and processes occur more rapidly, the Hermean LLBL could
get populated in a short enough time by these trapped protons and form a distinguishable LLBL. This may,
however, not be the case at Earth where protons need longer time to travel along closed field lines between
the two hemispheres. To determine whether or not the Hermean LLBL protons are on closed field lines, further
detailed investigation of the LLBL plasma is needed. This would include assumptions and simplifications due
to limitations in the FIPS instrument, which is outside the scope of this study.

The estimated thickness of the LLBL is observed to increase with distance to noon, in agreement with some
observations at Earth [e.g., Mitchell et al., 1987; Eastman and Hones, 1979]. No dependence on the thickness
with distance to the equatorial plane was found, indicating that it is not an effect arising from MESSENGER’s
orbit. However, Phan and Paschmann [1996] showed that when only considering the duration of the crossings,
there was a clear difference between the LLBL observed for a high- and low-shear magnetopause. Although,
when taking the magnetopause motion into account (the high-shear LLBL magnetopause motion moved
twice as fast as the low-shear one), the discrepancy was removed. There is no relation between the Hermean
LLBL width and magnetic shear, or the magnetic shear and distance to noon. In particular, the magnetic shear
does not decrease away from the subsolar point. All this suggest that the LLBL does indeed become broader
away from the subsolar point, possibly by some diffusive mechanism. What has not been considered is the
Shue et al. [1997] model’s effect on the thickness estimations. The model normal may differ more from the
real magnetopause further away from noon and could possibly have an impact on the thickness approxi-
mation. How this will alter the thickness or its dependence on distance from noon, however, is unclear. The
observed number density shows no clear correlation with the thickness of the LLBL. Particularly for the bound-
ary layers with a number density smaller than 3 cm−3, there is an insignificant difference in number density
for different LLBL thicknesses, indicating that the boundary layers are continuously fed by protons along the
whole dayside.

At Earth, the proton gyroradius is estimated to be significantly smaller than the LLBL thickness [e.g., Le et al.,
1996]. On Mercury, however, the majority of the estimated average Na+ group ion gyroradii in the LLBL are
of the same order of magnitude as the average LLBL thickness. Formation of the LLBL by ions gyrating across
the magnetopause should give rise to the observed dawn-dusk asymmetry in the LLBL, either due to the
solar wind convection electric field driving the ions toward dawn for northward IMF or as a result of the
gradient-curvature drift of protons, independent on the IMF, that have ended up on closed field lines due to
a scattering process. This theory agrees with the study by Raines et al. [2013], which concluded that Na+ ions
are more frequently observed on the dawnside, sunward of the dawn-dusk terminator where the majority
of the LLBLs are found. The ion gyroradii observed in this study (220 ± 34 km) are significantly smaller than
that of a sodium ion picked up by the solar wind; however, they do compare to the sodium gyroradius in a
nearly stagnant magnetosheath. The sodium group ions are only measured sporadically throughout the LLBL.
However, as they are near the detection limit, they could indeed be continuously present throughout
the LLBL. Moreover, when they are observed, their number density are often high enough to make the sodium
group ion the dominant species in mass density in that specific region. It is difficult to evaluate the sodium
group ions impact on the LLBL from these measurements, but the fact that they are measured sporadically
with a significant number density for 14 out of 25 LLBLs demonstrate that they are at least not insignificant
for the LLBL formation. The proton gyroradii in the LLBLs are in general considerably smaller than the mean
LLBL width, indicating that the gyration of the magnetosheath protons are probably not important for the
LLBL formation. However, as they are present in large number densities continuously throughout all LLBLs,
the protons should naturally be considered as highly important for the LLBL formation.

That the IMF is northward for the majority of events for both LLBL crossings and KH waves raises the ques-
tion whether or not there is a common reason for the observed dawn-dusk asymmetries. Theories [Glassmeier
and Espley, 2006] and simulations [e.g., Nakamura et al., 2010] predict Na+ ions to have a significant impact
on the velocity shear layer and the KH instability on Mercury, by suppressing the growth rate of KH waves
on the dawnside for northward IMF. In turn, sodium ions in the magnetosheath may gyrate across the mag-
netopause to form the LLBL. In particular, the ions should, in the magnetosheath, gyrate in the dawnward
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direction during northward IMF, thus possibly giving rise to the observed dawn-dusk asymmetry in the LLBL.
However, if sodium ions form the LLBL, we would expect the LLBL to occur also at the duskside for south-
ward IMF. This is not observed, which suggests that there might be another process present that inhibits the
formation of a steady LLBL for southward IMF. Such a process could be fast reconnection, rapidly dragging
the reconnected plasma away from the X line, as discussed previously. Indeed, fast reconnection should be
anticipated particularly during southward IMF when magnetic shear is large. The only time that reconnection
should be suppressed on Mercury, or at least proceed with a lower rate, is when magnetic shear is low enough
and 𝛽 significantly large. As discussed previously, rapid reconnection is most likely not ongoing for the dawn-
side LLBL events due to the combination of lower reconnection rates and small magnetic shears as compared
to the non-LLBL, and the relatively large 𝛽 . A difficulty with this theory is the observation of protons: the iden-
tification of the LLBL is based on magnetic field and plasma data from H+ ions only. Furthermore, the average
observed number density of the Na+ group in the boundary layers is in general small, as compared to the
H+ number density. One possible explanation to this observation is that the Na+ ions broaden the thickness
of the LLBL enough on the dawnside to be clearly distinguishable when applying the criteria in section 2.2.
Another possibility is Na+ ions affecting the presence of H+ ions in the LLBL. The idea of sodium having a large
impact on the magnetospheric boundaries would indeed explain both the dawn-dusk asymmetry for both
the LLBL and KH instability and some related observations of the surrounding conditions.

Another idea is that the LLBL and KH wave anticorrelation is due to the LLBL broadening the velocity shear
layer where the KH instability grows. Again, that the LLBL is observed mainly during northward IMF and on the
dawnside agrees well with this. As previously explained, several mechanisms and formation processes could
give rise to this LLBL dawn-dusk asymmetry on the dayside of Mercury, whereas the same processes at Earth
would work differently and have a smaller impact on the LLBL formation.

5. Summary

Observations from MESSENGER’s MAG and FIPS instruments during year 2011 have resulted in the identifica-
tion of 25 magnetopause crossings with significant LLBLs. These occur mainly on the dawnside (72%) and for
northward IMF (65%).

The approximated thickness of the LLBL, with an average of 450± 56 km, is observed to increase from the sub-
solar point. The sodium group ions are observed sporadically in the LLBL, unlike the protons that are present
throughout the whole boundary layer. When observed, the sodium group ions have a number density slightly
more than 20% of the proton number density, with an average gyroradius of 220± 34 km. Hence, the average
Na+ group gyroradius is on the same order of magnitude as the LLBL thickness.

The LLBL-estimated average magnetic shear, reconnection rate, and plasma 𝛽 are 67∘ ± 34∘, 0.05∘ ± 0.01∘, and
2.0∘ ± 0.4∘, respectively. These values have been compared to a control group containing 61 distinct magne-
topause crossings with nearly no plasma inside the magnetopause. The results indicate that reconnection is
slower for the LLBL group or maybe even suppressed in some cases as compared to the non-LLBL crossings
and earlier estimations of Hermean reconnection rates.

Based on these results, different LLBL formation mechanisms have been discussed. Results indicate that the
boundary layers are continuously fed by protons along the whole dayside. Furthermore, the idea of particles
injected through the cusp or at the magnetopause flanks, drifting dawnward on closed field lines and eventu-
ally populating the LLBL [e.g., Müller et al., 2012], agrees with the observations in this study and could possibly
be an important LLBL formation mechanism. As shown in Liljeblad et al. [2014], nonlinear KH waves on Mercury
are mainly observed at the duskside magnetopause. Hence, the KH instability is ruled out as a likely LLBL for-
mation process. Both the LLBL and KH waves occur for northward IMF, indicating either that one mechanism
may be responsible for the opposite dawn-dusk asymmetry between the two or that the LLBL suppresses the
growth rate of the KH instability on the dawnside. Theories and simulations have predicted the Na+ ions to
have a significant effect on the velocity shear layer, mainly by suppressing the growth rate of the KH instability
on the dawnside [e.g., Glassmeier and Espley, 2006; Nakamura et al., 2010]. Similarly, the Na+ ions could possi-
bly induce a dawn-dusk asymmetry in the LLBL, as the Na+ ions should drift dawnward during northward IMF,
making the LLBL more populated by heavy ions on this side of the magnetopause. Alternatively, the asym-
metry in LLBL mass loading, in combination with them being observed mainly during northward IMF, suggest
that the LLBL could be directly responsible for the KH wave dawn-dusk asymmetry by broadening the shear
layer on the dawnside and thereby restricting the growth of the KH waves there.
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