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Abstract MErcury Surface, Space ENviroment, GEochemistry, and Ranging (MESSENGER) magnetic field
measurements during the substorm expansion phase in Mercury’s magnetotail have been examined for
evidence of low-frequency plasmawaves, e.g., Pi2-like pulsations. It has been revealed that the By fluctuations
accompanying substorm dipolarizations are consistent with pulses of field-aligned currents near the high-latitude
edge of the plasma sheet. Detailed analysis of the By fluctuations reveals that they are near circularly polarized
electromagnetic waves, most likely Alfvén waves. Soon afterward the plasma sheet thickened and MESSENGER
detected a series of compressional waves. These Alfvénic and compressional waves have similar durations
(10–20 s), suggesting that they may arise from the same source. Drawing on Pi2 pulsation models developed
for Earth, we suggest that the Alfvénic and compressional waves reported here at Mercury may be generated by
the quasi-periodic sunward flow bursts in Mercury’s plasma sheet. But because they are observed during the
period with rapid magnetic field reconfiguration, we cannot fully exclude the possibility of standing Alfvén wave.

1. Introduction

Substorms are energy circulation and dissipation processes which are initiated in the nightside magnetosphere
and accompanied by a number of phenomena, such as Pi2 pulsations, auroral intensifications, energetic particle
injections, and ejection of plasmoids, etc. [e.g., Akasofu, 1964; Hones, 1977; Baker et al., 1996; Olson, 1999; Slavin
et al., 2002]. One of the key elements is the substorm current wedge (SCW), which provides coupling between
themagnetosphere and the ionosphere [e.g.,McPherron et al., 1973; Birn et al., 1999; Yao et al., 2012; Kepko et al.,
2014]. Pi2 pulsations are irregular ultralow frequency wave events with periods from 40 to 150 s and short
durations of ~10 to 15min. They are believed to be an integral part of the SCW [e.g., Baumjohann and
Glaßmeier, 1984; Keiling and Takahashi, 2011]. Extensive research has revealed a close relationship between
high-latitude Pi2 pulsations and the formation of the SCW, both of which are intimately related to flow bursts
in the plasma sheet [e.g., Lester et al., 1983; Baumjohann and Glaßmeier, 1984; Olson, 1999; Keiling and
Takahashi, 2011; Hsu et al., 2012].

Mariner 10 observed possible substorm dipolarizations during its flybys of Mercury, which were accompanied
by energetic electrons (>35 keV) [Baker et al., 1986; Christon et al., 1987; Slavin et al., 1997]. The MErcury
Surface, Space ENviroment, GEochemistry, and Ranging (MESSENGER) [Solomon et al., 2007] have observed
dipolarization fronts (DFs) which are indirect evidence of reconnection-driven flow bursts in the plasma sheet
[Sundberg et al., 2012]. The MESSENGERmagnetic field measurements have also revealed several minute long
tail loading-unloading events which appear to be Mercury analogues to the growth and expansion phases
observed an ~ 1 to 2 h time scales during substorms at Earth [Slavin et al., 2010, 2012]. Recently, Sun et al.
[2015] reported the detailed observations of substorm activity in Mercury’s near magnetotail. They found that
the plasma sheet thins during these apparent substorm growth phases and then, just like at Earth, suddenly
thickens as magnetic field relaxes into a more dipolar configuration during the expansion phase.

These observations of so many familiar substorm phenomena beg the question “does Mercury have an
analogue to the Pi2 pulsations observed near substorm expansion onset at Earth?” There are many different
Pi2 pulsation models for Earth’s magnetosphere, including plasmaspheric cavity resonance, drift ballooning
wave, bouncing Alfvén waves, modulated flow bursts braking, and plasma sheet interchange oscillations, etc.
[see Keiling and Takahashi, 2011;Wolf et al., 2012]. We know that Mercury’s magnetosphere is different from

SUN ET AL. PI2-LIKE PULSATION AT MERCURY 6189

PUBLICATIONS
Geophysical Research Letters

RESEARCH LETTER
10.1002/2015GL065452

Key Points:
• The first observation of Pi2-like pulsations
during Mercury’s substorm

• Alfvénic and compressional waves
were observed in the different regions
of the plasma sheet

• We proposed the sources for the
plasma waves

Correspondence to:
W.-J. Sun,
weijiesun@pku.edu.cn

Citation:
Sun, W.-J., et al. (2015), MESSENGER
observations of Alfvénic and compressional
waves during Mercury’s substorms,
Geophys. Res. Lett., 42, 6189–6198,
doi:10.1002/2015GL065452.

Received 20 JUL 2015
Accepted 27 JUL 2015
Accepted article online 30 JUL 2015
Published online 14 AUG 2015

©2015. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2015GL065452
http://dx.doi.org/10.1002/2015GL065452


the Earth’s magnetosphere in some key aspects, such as the lack of a conducting ionosphere or a plasma-
sphere [e.g., Ip, 1986; Glassmeier, 2000; Slavin et al., 2007; Lyatsky et al., 2010]. It is exactly because of these
differences that the study of plasma waves during Mercury’s substorms is very meaningful. The examination
of such waves under the unique conditions found at Mercury may help us to better understand and appreci-
ate the formation of SCW and the sources for Pi2 pulsations at Earth.

In this work, we report the first observations of Alfvénic and compressional waves during substorm expansion
phase at Mercury. The Alfvén waves are believed to be the carriers for pulses of field-aligned current which
communicate changes in magnetotail configuration during substorm dipolarization events to Mercury’s night-
side polar region. We propose that these wave activities may be Mercury analogues to Earth’s Pi2 pulsations.
Comparison of the existing Pi2 models for Earth with these MESSENGER observations suggests that these
Mercury wave events are most likely generated by the braking of quasi-periodic flow bursts in the near tail
[Kepko et al., 2001]. However, we cannot fully exclude the possibility that they might be standing Alfvén waves.

2. Observations

Our study is based upon theMESSENGERmagnetic field data (20 samples per second) and low-energy proton
data (10 s energy scan from 50 eV/q to 13 keV/q) provided by the Magnetometer [Anderson et al., 2007] and
the Fast Imaging Plasma Spectrometer sensor (FIPS) [Andrews et al., 2007], respectively. The magnetic field is
analyzed in Mercury Solar Magnetospheric (MSM) coordinates. In this coordinate system, XMSM and YMSM are
in Mercury’s magnetic equatorial plane, which is displaced ~ 0.2 RM northward from Mercury’s geographic
equator. XMSM is sunward, and ZMSM is normal to the magnetic equatorial plane and positive northward.
YMSM completes this right-handed coordinate system. The spacecraft location is given in an aberrated coor-
dinates system (MSM′) for the MSM X and Y axes have been rotated, so that the average solar wind flow is
antiparallel to X′MSM.

2.1. Case I

Figure 1 shows the overview of a substorm event at Mercury (Case I) with clear plasma sheet thinning and
thickening features [Sun et al., 2015]. This event was observed by MESSENGER between 1611:00 and
1617:00 UT on 9 December 2012. The plasma sheet thinning during the substorm growth phase is identified
between the first and second vertical dashed lines for the almost constant Bx (Figure 1c, red curve), decrease
in Bz (Figure 1e), and small increase in |By| (Figure 1d). The plasma sheet thickening during the substorm
expansion phase is defined between the second and third vertical dashed lines with a substorm dipolariza-
tion (sharp increase in Bz and was followed by a sharp decrease in Bx) as the initiation. There were two By
pulses (indicated by the two red arrows in Figure 1d) near the substorm dipolarization, and they were
followed by a series of perturbations in Bx and the total magnetic field intensity (Bt) (Figure 1c). In order to
see the field perturbations clearly, the magnetic field data points were continuously subtracted by the
background magnetic field, which is the averaged field within ±15 s interval on either side of each point.
Figures 1f and 1g show the perturbations of total magnetic field (δBt) and three magnetic field components
(δBx, δBy, δBz), respectively. Figure 1h shows the magnetic field fluctuations (δBpara, δBperp1, δBperp2) in a
field-aligned coordinate system, where Bpara is along the background magnetic field, Bperp1 is perpendicular
to the plane of Bpara and XMSM, and Bperp2 completes the right-handed coordinate system.

Near the substorm onset indicated by dipolarization, the magnetic field is mainly the Bx (Figure 1c), so that Jx
would be the primary contributor to J||. Therefore, the two By pulses marked by the red arrows in Figure 1d
could be the signature of field-aligned currents (FACs) according to Ampère’s law. The time profiles of δBz
for the two pulses are bipolar, while δBy and δBx are unipolar (Figure 1g). And under the field-aligned coordi-
nates, δBperp1 is unipolar with δBperp2 bipolar for the first pulse and δBperp1 is bipolar with δBperp2 unipolar for
the second pulse (Figure 1h), which agrees with the signature of electromagnetic pulses [e.g., Parks et al.,
2007]. We have applied the minimum variance analysis (MVA) [Sonnerup and Scheible, 1998] on them. The
MVA results and hodograms for both events are shown in Figures 1i and 1j. The maximum eigenvalues (λmax)
for both events are close (λmax/λint< 3) to the intermediate eigenvalues (λint), but they are much larger (λint/λ

min> 20) than the minimum eigenvalues (λmin). This is the expected result when applying MVA to a planar
wavefront [Sonnerup and Scheible, 1998]. The minimum variance direction nmin, which is the wave vector
(or k) [Sonnerup and Scheible, 1998; Parks et al., 2007], for the first By pulse is ± (0.65,�0.45, 0.61). It corresponds
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to ~ 38° (or ~ 142°) from the background B. The k vector for the second pulse is ± (0.89, �0.15, 0.43) and is ~ 9°
(or ~ 171°) from the background B. In the plane normal to k (the hodograms in Figures 1i and 1j), the magnetic
field vectors rotated circularly by ~360° with the durations of ~11 s and ~10 s for the two pulses, respectively. To
summarize, the two By pulses near substorm onset, which are the signatures of field-aligned current, are circularly
polarized electromagnetic waves and propagate nearly parallel (or antiparallel) to the backgroundmagnetic field.
We conclude that they are probably Alfvén wave pulses. However, it is worth noticing that these pulses are not
purely transverse waves, they also have a component parallel to the background magnetic field (Figure 1h).
Following the two Alfvénic pulses, four successively compressional waves marked by the black arrows in
Figure 1h were observed before the end of plasma sheet thickening process. The compressional waves are dis-
tinguished by the fluctuations in δBt (Figure 1f) and the large compressional component (δBpara in Figure 1h).

Figure 1. (a) Energy spectrum for proton differential particle flux, (b) the observed proton density, (c) Bt (black), Bx (red), Bx′
(blue), (d) By, (e) Bz, (f) δBt, (g) δBx (red), δBy (green), δBz (blue), (h) δBpara (red), δBperp1 (green), δBperp2 (blue). Bx′ represents
the magnetic field measurement from the nearest nonsubstorm plasma sheet crossing. The first, second, and third
vertical dashed lines indicate the beginning of loading phase, expansion phase, and recovery phase. (i) Hodogramof themagnetic
vectors from 1613:56.0 to 1614:07.6 UT and (j) hodogram of themagnetic vectors from 1614:15.8 to 1614:24.0 UT. The hodograms
are in the plane normal to minimum variance vector (nmin), the red arrow indicates the maximum variance direction (nmax), and
green arrow indicates the intermediate variance direction (nint), the beginning and end of the trace are marked with B and E.
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The two Alfvénic pulses were observed at the start of plasma sheet thickening. The small observed proton
number density (<0.1 cm�3, Figure 1b) [Raines et al., 2013] and the high Z′MSM (~0.35 RM) suggest that
MESSENGER was near the high-latitude edge of the plasma sheet during that time. But MESSENGER detected
high observed proton densities (~1 cm�3) when compressional waves appeared indicating that the space-
craft hadmoved into the inner plasma sheet. The durations of the two Alfvénic and four compressional waves
are ~ 11 s, ~ 10 s, ~ 12 s, ~ 19 s, ~ 24 s, and~ 12 s, respectively. We note that these values are similar to the
durations of flow bursts observed in Mercury’s plasma sheet (~10 s on average) by Sundberg et al. [2012].
Flow bursts in the Earth’s plasma sheet generally have higher magnetic field and lower plasma density than
the ambient plasma sheet with a leading edge of DF [e.g., Chen and Wolf, 1993; Sergeev et al., 1996; Ohtani
et al., 2004; Liu et al., 2013, 2014; Sun et al., 2014]. For this reason, it may be assumed that the durations of
the higher magnetic field region in Sundberg et al. [2012] are indicators of the duration of flow bursts.

2.2. Case II

Figure 2 shows another event (Case II) observed by MESSENGER between 1536:00 and 1541:30 UT on 22 June
2012. Similar to Figure 1, the three vertical dashed lines indicate the onset of plasma sheet thinning, plasma
sheet thickening, and the end of plasma sheet thickening, respectively, from left to right. This event also possessed
two By pulses (Figure 2d) around the time of substorm dipolarization. We employed the same method as in
Figure 1 to obtain the magnetic perturbation fields. For the first pulse, the time profile of δBperp2 is bipolar with
δBperp1 unipolar (the first red arrow in Figure 2h). Its normal direction k is ± (0.43, �0.46, 0.78) which is ~ 31° or
~149° from the background B, and the λmax and λint are close to each other (~5) but much larger (~47) than λmin.
And in the plane normal to k, magnetic field vectors rotated circularly by ~270° (Figure 2i). The above features of
the first pulse also indicate it is an Alfvén wave pulse. But the second pulse is different from the first pulse in
some features (the second red arrow in Figure 2h). The MVA eigenvalue ratios (λmax/λint ~ 3 and λint/λmin ~ 34)
are still consistent with the planar wavefront feature. But k (± (�0.55, �0.20, 0.81)) is almost perpendicular
(~90°) to the background B. And in the plane normal to k, magnetic field vectors rotated elliptically
(Figure 2j). It seems that the second pulse still has the electromagnetic wave signature, but it may not be
a transverse wave. After the two pulses, MESSENGER also observed a series of compressional waves
(marked by the black arrows in Figure 2h), which are mainly in the field-aligned component (δBpara) and
correspond with the fluctuation of δBt (Figure 2f).

For this event, the two electromagnetic pulses were also observed at the beginning of plasma sheet thicken-
ing. Thus, they were located nearer the edge of the plasma sheet than the compressional waves observed
subsequently. This is similar to the wave locations for Case I. The durations for the electromagnetic pulses
and compressional waves are ~ 11 s, ~ 10 s, ~ 10 s, ~ 11 s, ~ 14 s, ~ 10 s, and ~ 13 s, respectively, which are also
similar to the early case and the durations expected for flow bursts at Mercury [Sundberg et al., 2012].

3. Sources for the Plasma Waves

The observations of Alfvén wave pulses in association with substorm dipolarizations in both of our Mercury
cases support the idea that changes in magnetospheric configuration are communicated to the ionosphere
and surface of the Mercury, respectively, via field-aligned currents carried by Alfvén waves [e.g., Southwood
and Kivelson, 1991; Kepko et al., 2014]. It is also consistent with the concept that the formation of SCW after
the substorm expansion onset starts out as Alfvén waves propagating along the magnetic field line toward
the nightside polar region [e.g., Baumjohann and Glaßmeier, 1984; Kepko et al., 2014].

The Alfvénic and compressional waves observed during the substorm expansion phase analyzed in both
cases reveal quasi-periodic features, similar to Pi2 pulsations at Earth [e.g., Baumjohann and Glaßmeier,
1984; Keiling and Takahashi, 2011]. For this reason, we call these waves “Pi2-like pulsations” at Mercury.
The Pi2-like pulsations at Mercury were detected during the whole substorm expansion phase (~1min) simi-
lar to the Pi2 wave packets that are also observed throughout the expansion phase at Earth [e.g., Keiling and
Takahashi, 2011]. But these Pi2-like pulsations possess shorter periods (10–20 s) than that of Earth, which are
from 40 to 150 s.

3.1. Pi2 Models at Earth

As mentioned in section 1, many models have been proposed for Pi2 pulsations during substorm at Earth,
including plasmaspheric cavity mode [e.g., Southwood and Kivelson, 1990; Lin et al., 1991], ballooning waves
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[Solovyev et al., 2000; Keiling, 2012], bouncing Alfvén waves [e.g., Maltsev et al., 1974; Lester et al., 1983;
Baumjohann and Glaßmeier, 1984], interchange oscillations in the plasma flow [Wolf et al., 2012; Keiling
et al., 2014; Panov et al., 2014], and the braking of quasi-periodic flow bursts in the plasma sheet [Kepko
and Kivelson, 1999; Kepko et al., 2001]. Mercury is a very slow rotating planet (i.e., rotation period of
~ 58.6 days). If it had one, Mercury’s plasmasphere would be located inside ~ 0.02 RM [Glassmeier, 1997].
Therefore, models requiring a plasmaspheric cavity are ruled out, such as the plasmaspheric cavity resonance
and ballooning waves occurring at the inner edge of plasma sheet.

3.2. Standing Alfvén Waves

Some studies have proposed that the formation of SCW at Earth starts out as Alfvén waves launched by the
flow bursts braking process and propagating toward the high-latitude ionospheres. The Alfvén wave would
bounce back and forth between the two hemispheres due to the mismatch of impedance between the wave
and ionosphere, and they are believed to give rise to at least some of the ground high-latitude Pi2 pulsations

Figure 2. The figure is in the same format of Figure 1.
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[Baumjohann and Glaßmeier, 1984; Keiling and Takahashi, 2011]. In this model, the period of the Pi2 pulsation
is the Alfvén wave travel time between the north and south hemispheres

τAT ¼ 2∫
SH

NH dljj=vA ljj
� �

where vA is the Alfvén speed and the integration is along the magnetic field line from north hemisphere (NH) to
south hemisphere (SH). To estimate the τAT for our events, we have employed theMercurymagnetospheremodel
developed by Alexeev et al. [2008, 2010], see also Johnson et al. [2012] to obtain the length of magnetic field line
and the field magnitude along the field line. The lengths of the magnetic field lines for the two events in Cases I
and II are ~2.2RM and~1.5RM, respectively. Because we cannot obtain the plasma density along the entire field
line, we have assumed two values (0.5 and 3 cm�3) for the averaged proton number density, and assumed sodium
to be present with a number density ~10% that of the protons, based upon the average plasma sheet
composition obtained from FIPS [Gershman et al., 2014]. The estimated τAT is 5.0–10.5 s and 2.5–5.5 s for the
two cases, respectively, which are about half the period of the observed Alfvén waves (10–20 s) in our events.
But we have to note that the lengths of the magnetic field lines are highly dependent on magnetosphere
conditions, especially during reconnection-driven loading and unloading periods of the tail, i.e., our cases
[Slavin et al., 2010, 2012; Sun et al., 2015]. Therefore, the τAT would vary greatly with a wider range than our
estimation. But because of the limited conductivity of the regolith in Mercury’s surface [e.g., Verhoeven et al.,
2009; Anderson et al., 2014; Jia et al., 2015], the waveform of the bouncing Alfvén wave should be damped and
sinusoidal [e.g., Glassmeier, 1997], which is not the case for our events. However, given the rapid magnetic field
lines reconfiguration taking place during these events, we cannot rule out the possibility that standing Alfvén
waves are the source of these events.

If we took a look closely to the Case I after the two Alfvénic pulses in Figure 1d, there are some By fluctuations
with smaller periods than the Alfvénic and compressional waves. Figure 3 shows a further analysis between
1614:20 and 1615:10 UT on these fluctuations. The periodic By fluctuations were observed during the com-
pressional waves (Figure 3a), and the wavelet power spectrum (Figure 3b) gives a period of ~ 2–5 s for them,
which is the enclosed region by contour with greater than 95% confidence level [Torrence and Compo, 1998].
Band-pass filtered (from 2 to 5 s) δBx, δBy, and δBz (Figures 3c–3e) show that most of the waves during this
duration have the signature of the electromagnetic waves, which is that the peaks of δBy correspond with
the bipolar of δBx or (and) δBz. In contrast with the longer period (~10–20 s) waves, the ~ 2–5 s period waves
seem consistent with the predicted value for standing Alfvén wave. Absent more detailed measurements
(e.g., electric fields), the wave pulses are suggestions of standing Alfvén waves but not definitive. For Case
II, we do not observe this shorter period plasma waves during the substorm expansion phase.

3.3. Interchange Oscillations

Recently, some researchers proposed that the interchange oscillations of the plasma flow near the flow brak-
ing region could also produce Pi2 pulsation [Wolf et al., 2012; Keiling et al., 2014; Panov et al., 2014]. There are
two features of this type of Pi2 pulsation. One is that the waveforms show sharp peaks (i.e., narrow band-
width) in one direction. The other is that the wave amplitudes decay with time. For both of our events, the
wave amplitudes are asymmetric and independent of time, which is quite different from the expectations
for interchange oscillations. Thus, the interchange oscillations could be ruled out as the source for our cases.

3.4. Quasi-Periodic Flow Bursts

There is one model for which Pi2 pulsations are driven by quasi-periodic flow bursts in the plasma sheet, i.e.,
each flow burst drives one single Pi2 pulse [Kepko and Kivelson, 1999; Kepko et al., 2001]. In this model, the
flow bursts and Pi2 pulsations are predicted to be of similar duration and amplitude. We suggest that our
events are most consistent with this mechanism for the following reasons. First, although we cannot directly
observe the flow bursts with only one spacecraft (in fact, we cannot detect plasma flows due to FIPS’s field of
view), the wave event durations are similar to those of the sunward moving flow bursts derived from analysis
of near-tail DFs [Sundberg et al., 2012]. Second, the durations (~10–20 s) of Alfvénic and compressional waves
are in the same temporal range, indicating that they may arise from the same source. Further, Kepko et al.
[2001] described the propagation paths for different waves generated by flow bursts. One is a fast-mode
wave that propagates toward the planet in the equatorially confined nightside region. Another is the
Alfvén wave carrying field-aligned current that propagates toward the nightside polar region. In this scenario,

Geophysical Research Letters 10.1002/2015GL065452

SUN ET AL. PI2-LIKE PULSATION AT MERCURY 6194



one would detect Alfvén waves in the off-equatorial region and compressional waves in the equatorial region of
the plasma sheet. Our observations of Alfvénic and compressional waves during the plasma sheet thickening are
consistent with this scenario, i.e., Alfvén waves were observed near the high-latitude edge of the plasma sheet,
and compressional waves were seen in the inner plasma sheet. Based upon the above analysis, we propose that
the Alfvénic and compressional waves in our observations are driven by the sunward quasi-period flow bursts as
described by Kepko et al. [2001]. However, wemust note that only two cases are analyzed in this study. The events
in Sundberg et al. [2012] used to estimate the durations of flowbursts are also only from a few plasma sheet cross-
ings. Further study with more events is necessary to confirm the conclusions in this work.

The Alfvén waves studied here could also be due to mode conversion near the equatorial region [e.g., Keiling
et al., 2014; Kim et al., 2015]. In this model, the compressional waves generated by flow braking in the near
equatorial region undergo mode conversion to Alfvén waves, which would propagate along the field line
toward the nightside polar region. This scenario would also produce similar durations and spatial distribution
for the Alfvénic and compressional waves in our events.

3.5. Comparison With Dipolarization Front

There have also been some observations at Earth of DFs that are accompanied by By fluctuations [e.g., Sergeev
et al., 1996; Liu et al., 2013]. Detailed studies have shown that the field-aligned currents in the DF and the
magnetic dip region ahead of it are in the same sense as the region-1 and region-2 FACs, respectively.
However, they are one-dimensional (1-D) current sheets instead of a planar wavefront [Liu et al., 2013; Sun
et al., 2013; Yao et al., 2013]. The MVA analysis results for DFs in Table 2 of Sundberg et al. [2012] showed that,
in almost all of their events, λmax is much larger than λint and λmin which are 1-D current sheets [Sonnerup and

Figure 3. (a) By (green) and Bz (red), (b) wavelet power spectrum of By, the contour encloses region of 95% confidence
level, (c–e) band-pass filtered (2–5 s) magnetic field data for the three components. Vertical dashed lines mark each peak
of δBy.
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Scheible, 1998]. But for By pulses in this
study, λmax is close to λint and much
larger than λmin, indicating that the they
are planar wavefronts. We think that the
By pulses in our events are the Alfvén
wave pulses and not 1-D current sheets.
The Alfvén wave pulses are most likely
the carriers of field-aligned currents
generated by the braking of flow bursts,
which are also associated with the mag-
netospheric reconfiguration during the
formation of the SCW.

4. Summary

In this paper, we have examined Pi2-like
plasma waves occurring during sub-
storm expansion phase in Mercury’s
near tail. We have analyzed pulses in

the magnetic field which are the signatures of FACs generated by sunward flow bursts braking as part of
the substorm dipolarization process. For both of our events, MVA analysis shows them to be circularly polar-
ized electromagnetic waves consistent with Alfvén wave pulses. The Alfvén waves were observed when
MESSENGER was located near the edge of plasma sheet at substorm onset. After MESSENGER moved into
the inner plasma sheet, it then observed series of compressional waves. Both types of wave have durations
of 10–20 s, suggesting that they might arise from the same source. Because of the absence of plasmasphere
at Mercury, we have excluded the models associated with trapped cavity modes as an explanation for these
waves. Their circular polarization also rules out their being DFs in the plasma sheet. These waves also have
longer durations than the estimated travel time of Alfvén wave between the north and south hemispheres.
And their wave features appear inconsistent with both standing Alfvén wave and interchange oscillations.
However, because the waves were observed during rapid magnetic field line reconfiguration process, we
cannot fully exclude the possibility that they are standing Alfvén waves.

The periods of the waves do appear comparable to the durations of flow bursts at Mercury inferred from
DF properties, ~ 10 to 20 s, by Sundberg et al. [2012]. Given their association with substorm onset and
duration, we speculate that these waves might be generated by the braking of quasi-periodic sunward
propagating flow bursts as proposed at Earth by Kepko et al. [2001]. We illustrate this generation
scenario of the Alfvénic and compressional waves in Figure 4. In this schematic figure, the plasma sheet
is represented by the yellow region. The quasi-periodic sunward moving flow bursts are marked by the
arrows in the plasma sheet along with their braking in the Mercury’s near magnetotail. The FACs gener-
ated during the braking would be carried by the Alfvén waves as they propagate along the magnetic field
line to the high-latitude region of Mercury’s surface. The braking of flow bursts would also produce
compressional waves confined to the equatorial region. However, again, we note that Alfvén waves
in the high-latitude region could also be due to other mechanisms such as mode conversion near
equatorial region.

The Alfvén wave pulses observed near substorm onset in this study suggest that the change of magneto-
spheric configuration in the near-tail plasma sheet is coupled to Mercury’s nightside polar regions via the
FACs carried by these Alfvén waves. Studies from Earth have shown that quasi-steady FACs begin as
Alfvén waves bouncing between two hemispheres. After many bounces, the SCW forms as standing waves
[e.g., Baumjohann and Glaßmeier, 1984; Keiling and Takahashi, 2011; Kepko et al., 2014]. The region-1 FACs
driven by dayside magnetopause reconnection and the subsequent transportation of magnetic flux into
the tail have been observed by MESSENGER [Anderson et al., 2014]. However, because of the low-lithospheric
conductance at Mercury [e.g., Verhoeven et al., 2009; Anderson et al., 2014; Jia et al., 2015], Alfvén waves boun-
cing between the north and south hemispheres would likely damp before reaching a steady state and form a
measurable steady state SCW.

Figure 4. A schematic to illustrate the Alfvénic and compressional waves at
Mercury. Alfvén wave is observed in the outer part of the plasma sheet, and
the compressional wave is observed in the confined equatorial region.
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