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Abstract. Ultra-low-frequency (ULF) waves in the ∼ 20–
40 mHz range are frequently observed in the Mercury mag-
netosphere using Mercury Surface Space Environment Geo-
chemistry, and Ranging (MESSENGER) magnetic field data.
The majority of these waves have very similar characteristics
to the waves likely driven by Kelvin–Helmholtz (KH) ULF
waves (which are retained as a subset of the wave events
studied in this paper) identified in a previous study. Signif-
icant ULF wave activity is observed in the dawn sector of the
magnetosphere. This indicates that Mercury KH waves may
be more common between 6 and 12 magnetic local time than
previously predicted and that magnetospheric ULF waves in
the frequency band ∼ 20–40 mHz can be used as a detection
tool for Hermean KH waves.

Keywords. Magnetospheric physics (magnetopause cusp
and boundary layers; magnetospheric configuration and dy-
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1 Introduction

Ultra-low-frequency (ULF) waves were first observed in the
magnetic environment of Mercury with Mariner 10 (Rus-
sell, 1989). These were narrowband ∼ 0.5 Hz waves with a
polarization changing from right-hand circular to linear as
the spacecraft moved towards the planet. Since the arrival
of Mercury Surface Space Environment Geochemistry, and
Ranging (MESSENGER), Mercury magnetospheric ULF
waves have been observed a number of times, ranging from
∼ mHz (Liljeblad et al., 2016; James et al., 2016) up to
∼ 1 Hz (Boardsen et al., 2009, 2012).

In the ULF wave context, much focus has been directed to-
ward the nature of the ULF wave generation. Dungey (1954)

introduced the idea that certain ULF waves detected in the
terrestrial magnetosphere could be standing Alfvén waves on
geomagnetic field lines referred to as field line resonances
(FLRs). Different internal and external driving mechanisms,
such as resonance with energetic particle populations (e.g.,
Southwood et al., 1969), pressure fluctuations in the solar
wind (e.g., Sibeck et al., 1989) or the Kelvin–Helmholtz in-
stability (KHI) (e.g., Dungey and Southwood, 1970), have
been proposed. In particular, terrestrial toroidal-mode Pc 5
pulsations have been proposed to likely be driven by the KHI
(e.g., Samson et al., 1971).

The study by Liljeblad et al. (2016) investigated all 131
MESSENGER magnetospheric traversals just prior to or af-
ter the observation of Kelvin–Helmholtz waves (KHWs) at
the magnetopause during 2011–2013, which in turn were
identified in an earlier study by Liljeblad et al. (2014).
Distinct ULF wave signatures in the mHz range could be
detected in 44 out of these 131 magnetospheric passages.
The KHWs situated at the dayside could be connected to
clear ULF wave activity nearly 50 % of the time. The ULF
waves followed the KHW occurrence asymmetry and ap-
pear mainly at the duskside magnetopause between 14 and
17 magnetic local time. These waves were observed most of-
ten in the narrow frequency range of 20–40 mHz and in the
same range as the KHWs. The overall results, including simi-
lar characteristics and the close temporal connection between
the ULF waves and the KHWs, argue for the KHI as a driver.
These results manifest the importance of the KHI for the en-
ergy and momentum transport throughout the Mercury mag-
netic system and motivate a general study of magnetospheric
ULF waves, in particular in the 20–40 mHz frequency range,
to learn more about possible KHI-driven ULF waves.
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This study will analyze the magnetic field of all dayside
magnetospheric crossings of MESSENGER during the year
2011 to identify clear ULF wave activity. Such ULF waves
will be investigated by evaluation of their characteristics and
by comparing them to the dayside likely KHI-generated ULF
waves reported in Liljeblad et al. (2016) to discern possible
driving mechanisms.

2 Observations and results

During 2011, MESSENGER crossed the dayside magneto-
sphere 542 times. Eight of these occurred in direct connec-
tion to a KHW and have thus already been investigated for
ULF wave activity (Liljeblad et al., 2016). In the present
study, the remaining 534 traversals are investigated. Using
the procedure and criteria set by Liljeblad et al. (2016), in
which a 2.5 s running average and a subtraction of a 50 s
running mean value is applied to make any quasi-periodic
signature between 0.02 and 0.4 Hz more clearly visible,
and only events with a power spectral density of at least
1000 nT2 Hz−1 are included, 60 clear ULF wave events are
identified, each on a separate traversal. An example of a mag-
netospheric traversal with such ULF wave activity can be
seen in Fig. 1.

The methods by Means (1972) and Arthur et al. (1976),
described in Liljeblad et al. (2016), are used for the deriva-
tion of polarization parameters such as coherence; elliptic-
ity, ε; and wave normal angle, α. These parameters are de-
rived only for those 39 events fulfilling the criteria of coher-
ence> 70 % and eigenvalue ratio (intermediate to minimum)
λint/λmin > 4 of the eigenvectors of the spectral matrix. The
data set including these 39 ULF events is analyzed and will
from hereon be referred to as general ULF waves.

As mentioned above, the events from Liljeblad et al.
(2016) were identified in direct connection to a KHI at the
magnetopause. Of these events, 43 were detected in the day-
side magnetosphere and 38 of these fulfill the same criteria
as outlined above. The latter 38 have been included in this
study as a reference and will from hereon be referred to as
KHI-ULF waves.

Results of the analysis of the total 77 events from both
the general and KHI-ULF wave group can be seen in Fig. 2.
The large majority of both general ULF waves (circles) and
KHI-ULF waves (triangles) clearly have a large perpendicu-
lar power spectral density component and a larger azimuthal
than radial component, indicative of a shear Alfvénic wave
type. On the dawnside, the majority of ULF events in both
data sets are left-hand polarized (ε < 0) with respect to the
background magnetic field, while the duskside events are
mainly right-hand polarized. Another distinct result is that
the total power spectral density is generally larger for the
KHI-ULF events (on average 6870 ± 760 nT2 Hz−1, includ-
ing standard error) than the general ULF events (on average
3850±1090 nT2 Hz−1), which is possibly explained by their

Figure 1. The upper panel shows an example of a magnetospheric
traversal, in which red lines mark the ULF wave signature and the
blue line marks the magnetopause. The lower panel shows the de-
trended and smoothed ULF wave region.

distance in time to a KHI (see Sect. 3). The fact that the ma-
jority of events in both data sets are in the narrow frequency
range of 20–40 mHz indicates that they might be driven by
the same mechanism. Adding to this idea is the result that the
majority of both general ULF waves and KHI-ULF waves,
both at dusk and dawn, propagate more in the parallel than
in the perpendicular direction; see Fig. 2f. The events with
perpendicular to total power spectral density less than 0.7
(marked by empty symbols) have clearly different character-
istics than the other ones, suggesting either that they are a dif-
ferent type of KHI-driven wave (e.g., compressional waves in
an early stage before entering a region of an FLR where the
waves are more azimuthally polarized) or that they are driven
by a different mechanism.

The obvious similarity between the duskside events of the
general and KHI-ULF wave group is more clearly visible in
Fig. 3. Again, the majority of events of both data sets are pos-
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Figure 2. Results versus magnetic local time (MLT) of ULF events fulfilling the polarization analysis criteria outlined in Sect. 2. (a) Per-
pendicular over total power spectral density, (b) azimuthal over radial power spectral density in log scale, (c) absolute ellipticity, (d) total
power spectral density in log scale, (e) frequency, and (f) wave normal angle, all evaluated at maximum power spectral density. Red and
black colors represent positive and negative ellipticity, respectively; dots and triangles represent general ULF events and KHI-ULF events,
respectively; and empty symbols represent events with a low perpendicular over total power spectral density (< 0.7).

itively polarized with a significant perpendicular component,
they decrease in azimuthal power with distance from noon,
and they are in the same frequency range with similar wave
normal angles.

The location of the events, which can be seen in Fig. 4,
shows that the KHI-ULF waves (marked by red) span over a
larger region than the general ULF waves. Also significant is
the fact that a large number of the general ULF waves are ob-
served at the dawnside, unlike the KHWs (and the KHI-ULF
waves), which are observed mainly at the duskside magne-
topause (magnetosphere).

3 Discussion

The study by Liljeblad et al. (2016) indicates that the iden-
tified ULF waves are generated by KHWs at the magne-
topause. In addition, a study by James et al. (2016) cover-
ing MESSENGER magnetosphere crossings over the time
period 2011–2015 also suggests that ULF waves (occurring
mainly at the dayside), with similar characteristics as those
KHI-ULF waves reported in Liljeblad et al. (2016), could be
KHI driven.

This study shows that the duskside general ULF waves are
clearly similar to the duskside KHI-ULF waves in all inves-
tigated characteristics. Due to a small number of dawnside
KHI-ULF events, it is not meaningful to compare these to
the dawnside general ULF waves. However, as can be seen,
the dawnside general ULF waves are similar to the duskside
KHI-ULF waves with regard to their relative perpendicular
power spectral density, main frequency and wave normal an-
gle. As for the KHI-ULF events, they also have a larger az-
imuthal than radial component but do not show a gradual
change with distance from noon in both the ratio of azimuthal
to radial power spectral density and absolute ellipticity; see
Fig. 2b and c. In addition, the dawnside general ULF waves
most often have a negative ellipticity in contrast to the posi-
tive ellipticity for the duskside general ULF waves. However,
this last discrepancy may not mean that the dusk- and dawn-
side general ULF waves are driven by two different mech-
anisms. According to Samson et al. (1971) and Southwood
(1974), and as visualized by Hughes (1994), the polarization
of the KHI-driven ULF waves should be different depend-
ing on if they are situated in the morning- or eveningside of
the magnetosphere. The result of opposite polarization in the
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Figure 3. Comparison of the two data sets’ general ULF waves and KHI-ULF waves, in which only duskside events are included. Panels and
symbols follow the same format as in Fig. 2.

dusk- and dawnside magnetosphere thus supports the idea
that the majority of not only the duskside but also the dawn-
side general ULF waves are driven by the KHI. Furthermore,
James et al. (2016) observed the average polarization of their
observed ULF waves to be left-handed on the dawnside and
right-handed on the duskside (in agreement with the result
in this study) and suggested this to be a consequence of the
KHI.

The total power spectral density is on average larger for
the KHI-ULF waves than the general ULF waves. Assuming
that the majority of both general ULF waves and KHI-ULF
waves are KHI driven, this difference could simply be due to
their distance in time to a KHW. If the KHI-ULF waves are
directly driven by the KHW observed just ∼ 10 min earlier
or after, the KHI-ULF waves might not have time to decrease
in amplitude much, resulting in a strong magnetic signature
and power spectral density for these ULF waves. The general
ULF waves could also be driven by KHWs, and if so they
are probably driven by weaker KHWs or are observed in a
longer distance in time from these, resulting in weaker mag-
netic ULF wave signatures. This argument can also be used
to explain why the KHI-ULF events are observed in a larger
region of the magnetosphere than the general ULF waves.

Also supporting the idea that the general ULF waves both
at dusk and dawn are KHI driven, is that their frequencies are
mainly in the narrow band of 20–40 mHz, their wave normal
angles are similar to those of the KHI-ULF waves and the
majority of events in both data sets are distinctly azimuthally
polarized. However, a few events clearly show different char-
acteristics (i.e., those marked by empty symbols) both in

power spectral density and wave normal angle. Hence, these
could be driven by a different mechanism and/or belong to a
different type of ULF wave. As discussed in Liljeblad et al.
(2016), these waves might be compressional waves directly
driven by the KHI (before they enter into a region of an FLR
where they couple with the shear mode) or possibly cavity
modes set up for example by pressure fluctuations in the so-
lar wind (Samson et al., 1992).

The large majority of KHWs observed in Liljeblad et al.
(2014) were identified at the duskside magnetopause. As
shown by Liljeblad et al. (2015), MESSENGER covers the
Hermean magnetosphere almost symmetrically during the
year 2011. Therefore, observing a large part of the general
ULF waves at the dawnside magnetosphere is surprising, as-
suming they are (as the duskside general ULF waves) likely
driven by the KHI. This either means that the dawnside gen-
eral ULF waves are not generated by the KHI (although our
results indicate that they are) or that dawnside KHWs are
more common on Mercury than previously thought. Perhaps
these dawnside KHWs do indeed frequently develop at the
magnetopause but are constantly repressed by certain condi-
tions of the surrounding environment (such as a broader ve-
locity shear layer or a low-latitude boundary layer present
most often at the dawnside as reported in Liljeblad et al.
(2015)) and will therefore not be as clearly visible as the
duskside KHWs. Thus, they are more difficult to identify
with the criteria used in Liljeblad et al. (2014).
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Figure 4. Location of ULF events in three different planes in Mer-
cury solar magnetospheric (MSM) coordinates, in which blue lines
mark the general ULF waves and red lines mark the KHI-ULF
waves.

4 Conclusions

ULF waves in the ∼ 20–40 mHz range are frequently ob-
served in the Mercury magnetosphere. The majority of these
(in particular those on the dusk side) have very similar char-
acteristics to the likely KHI-driven ULF waves identified in
a previous study (Liljeblad et al., 2016). That a large num-
ber of the ULF waves are observed in the dawn sector of
the magnetosphere and show similar characteristics as the
KHI-driven ULF waves, including an opposite polarization
compared to the duskside general ULF waves, indicates that
KHWs at the dawnside may be more common than previ-
ously predicted. Assuming that the KHI-ULF waves are in-
deed KHI driven, this study advocates using ULF waves in
the ∼ 20–40 mHz frequency range to identify KHI activity
at the magnetopause. Thus, together with direct observations
of KHWs at the magnetopause, an estimation of how fre-
quently the KHI occurs in the Hermean magnetosphere can
be obtained.

Data availability. The data for this paper are available at the NASA
Planetary Data System: planetary plasma interactions node archive
(http://pds-ppi.igpp.ucla.edu).
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