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Key Points
1.

“Zipper-like” magnetosonic waves consist of two frequency bands with interleaved
periodic emissions.

2.

The two bands differ in frequency and intensity but probably originate from one single
source.

3.

“Zipper-like” magnetosonic waves were mainly observed on dawn-to-noon side at
frequencies between 10 fcp and fLHR.

© 2017 American Geophysical Union. All rights reserved.

Abstract
An interesting form of “zipper-like” magnetosonic waves consisting of two bands of
interleaved periodic rising-tone spectra was newly observed by the Van Allen Probes, the
THEMIS, and the Magnetospheric Multiscale (MMS) missions. The two discrete bands are
distinct in frequency and intensity, however, they maintain the same periodicity which varies
in space and time, suggesting that they possibly originate from one single source intrinsically.
In one event, the “zipper-like” magnetosonic waves exhibit the same periodicity as a constant
frequency magnetosonic wave and an electrostatic emission, but the modulation comes from
neither density fluctuations nor ULF waves. A statistical survey based on 3.5 years of multisatellite observations shows that “zipper-like” magnetosonic waves mainly occur on the
dawn-to-noon side, in a frequency range between 10 fcp and fLHR. The “zipper-like”
magnetosonic waves may provide a new clue to nonlinear excitation or modulation process
while its cause still remains to be fully understood.
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I.

Introduction

Fast magnetosonic (MS) waves, also known as “equatorial noises” due to their equatorial
confinement [Russell et al., 1970; Santolík et al., 2002], are ubiquitously observed in Earth’s
magnetosphere both inside and outside the plasmapause [Meredith et al., 2008; Ma et al.,
2013, 2015; Hrbáčková et al., 2015]. They are nearly linearly polarized and perpendicularly
propagating electromagnetic waves and are usually observed in a frequency range between
the proton gyro-frequency (fcp) and the lower hybrid frequency (fLHR). It is believed from
theory and confirmed by observations that MS waves are generated by energetic proton ring
distributions [e.g., Horne et al., 2000; Chen et al., 2010, 2011; Ma et al., 2014a]. Recently,
MS waves were found to be capable of creating radiation belt electron butterfly distributions
[Ma et al., 2015; Li et al., 2016a, 2016b] via Landau resonance [Horne et al., 2007], while
Maldonado et al. [2016] proposed that bounce resonance also plays a role.
The renewed interest in MS waves is also attributed to their fascinating wave structures. MS
waves occurring at harmonics of fcp have been observed by several spacecraft [e.g., Perraut et
al., 1982; Gurnett, 1976; Balikhin et al., 2015; Li et al., 2016a], and the harmonic structure is
found to be consistent with an instability caused by the proton ring distribution [Chen, 2015;
Chen et al., 2016]. Recently, observations from THEMIS satellites and Van Allen Probes
showed that magnetosonic waves sometimes exhibit periodic rising-tone features with a
repetition period of a few minutes [Fu et al., 2014; Boardsen et al., 2014], but the modulation
is not associated with density fluctuation or Ultra-Low Frequency (ULF) waves in those case
studies. A more recent study using long duration waveform magnetic field data measured by
the Cluster satellites showed that each single element of the periodic rising tone emission
consists of multiple harmonic structures [Němec et al., 2015]. The statistical results by Němec
et al. [2015] also show that compressional ULF waves are identified in about 46% of the
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rising-tone magnetosonic wave events, and their periods are mostly near twice of the
magnetosonic wave recurring period.
This paper reports a new wave structure observed in the highly resolved magnetosonic wave
spectrogram that we call “zipper-like” structure, which consists of two series of periodic
rising-tone elements that interleave together with spectral features like a zipper. The wave
and particle dataset used in this study is described in Section 2. Three events are investigated
to study the features of the “zipper-like” MS waves and their possible modulation sources in
Section 3. In Section 4, we present our statistical survey of the “zipper-like” structures and
discuss their preferential occurrence regions. Our conclusions are drawn in Section 5.

II.

Data Set

The Magnetospheric Multiscale (MMS) mission, a constellation of 4 identical satellites with
separations down to 10 km, is designed for investigating the magnetic reconnection process at
the dayside magnetopause and in the magnetotail [Burch et al., 2015; Fuselier et al., 2015].
During the first phase, they travel in a 1.2 RE

12 RE orbit to enable dayside measurements.

The FIELDS instrumentation suite [Torbert et al., 2014] provides comprehensive high timeresolution DC magnetic and electric field and wave measurements, including a fluxgate
magnetometer [Russell et al., 2014] which measures the magnetic field with a cadence of 128
samples/s, a tri-axial Search-Coil Magnetometer (SCM) [Le Contel et al., 2014] which
measures magnetic spectrum over 1-6000 Hz, a Spin-plane Double Probe (SDP) [Lindqvist et
al., 2014] and a Axial Double Probe (ADP) [Ergun et al., 2014] that measure the DC to ~100
kHz electric fields in the spin plane and along the spin axis, respectively. The magnetic and
electric waveform measured by SCM, SDP and ADP are processed inside the Digital Signal
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Processor (DSP), producing 2-second resolution fast mode wave spectra in region of interest
and 16-second resolution slow mode wave spectra in the inner magnetosphere including the
radiation belt region. The SDP instrument also measures the spacecraft potential and thus
provides an estimate of the ambient plasma density, but at times the Active Space Potential
Control (ASPOC) [Torkar et al., 2014] controls the spacecraft potential and thus the
estimation of the ambient plasma density requires an additional analysis [Andriopoulou et al.,
2015; 2016].
The twin Van Allen Probes were designed to measure the evolution of energetic particle
dynamics and wave evolutions in Earth’s radiation belts [Mauk et al., 2013]. They travel in
an orbit of 1.1 RE

5.8 RE with 10° inclination angle. The Electric and Magnetic Field

Instruments Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] Waves
instrument provides electric spectral measurements in a frequency range of 10 Hz-400 kHz
and magnetic spectral measurements over 10 Hz-12 kHz, both at a cadence of 6 seconds. The
fluxgate magnetometer (MAG) instrument provides magnetic field measurements with 64 Hz
sampling rate, and the Electric Field and Waves (EFW) [Wygant et al., 2013] measures the
electric field and spacecraft potential from which the plasma density can be calculated. The
Helium Oxygen Proton Electron (HOPE) [Funsten et al., 2013] instrument provides proton
flux measurements in an energy range of 1 eV - 40 keV, and the Radiation Belt Storm Probes
Ion Composition Experiment (RBSPICE) [Mitchell et al., 2013] instrument measures 8-600
keV proton fluxes. In this paper, we also used THEMIS satellites measurements
[Angelopoulos, 2008] including their search coil magnetometer (SCM) [Roux et al., 2008; Le
Contel et al., 2008] and Electric Field Instrument (EFI) [Bonnell et al., 2008].
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III.

Observations

3.1 Case 1
Figure 1 shows the wave measurements by MMS-2 in the inner magnetosphere during 21:0022:30 UT on 13 November 2015. The AE index (Figure 1a) indicates a few moderate
substorm injection events occurred ~12 hours preceding the time of wave observation which
is marked green. The Sym-H index (Figure 1b) reached a minimum of -48 nT at ~6 hours
before the wave observations, indicating a moderate geomagnetic storm. The plasma density,
shown in Figure 1c, is computed from the spacecraft potential measurement following the
procedure described by Andriopoulou et al., [2016]. This procedure works well in the
plasmatrough region [Pedersen et al., 2008; Lybekk et al., 2012], but the uncertainty is higher
in the plasmasphere because of additional assumptions including the ambient electron
temperature. This is different from the procedure applied to low Earth orbiting missions in
high plasma density environment (e.g., [Fu et al., 2010a, 2010b]). Despite those uncertainties,
the derived density clearly indicates a plasmapause crossing at 21:45 UT at L = 3.2.
Figures 1d and 1e show wave magnetic spectrum measured in the spin plane (roughly
representing the perpendicular component with regard to the ambient magnetic field) and
along the spin axis (roughly representing the parallel component), respectively, and Figure 1f
shows wave electric spectrum measured in the spin plane. Structureless hiss emissions were
observed inside the plasmasphere over ~300-500 Hz, followed by an observation of two
bands of periodic rising tone MS waves mostly outside the plasmapause. Although the MMS
slow-mode spectrum measurements do not provide polarization properties, the magnetosonic
waves can be identified from their frequency range between fcp and fLHR, their latitudinal
confinement of ~10o, and the dominant parallel wave magnetic component compared with the
perpendicular component. Both the lower-frequency and the higher-frequency sequences of
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MS waves have a periodicity of ~2.7 minutes outside the plasmapause. They appear to “gear”
together like a zipper, and at a higher L shell of L=4.5 they merge into the same frequency
range. Hereafter, we name this kind of emission “zipper-like” MS waves. The lowerfrequency band exhibits a larger intensity, and penetrates into the plasmasphere where its
periodicity becomes ~1.4 minutes, while the high-frequency band gradually diminishes in
amplitude inside the plasmasphere. The “zipper-like” MS waves in the plasmatrough were
likely to be locally excited, because the higher frequency band followed the fLHR line, while
the periodic MS waves inside the plasmasphere probably originated from a distant source at
larger L shell, as MS waves can propagate perpendicularly across magnetic field lines [Chen
et al., 2012; Ma et al., 2014a, 2014b] while keeping their wave frequencies unchanged.
Below the frequency of the “zipper-like” MS waves, a constant-frequency wave is observed
over 60-130 Hz, which is also identified as MS wave by its frequency range and dominant
parallel wave magnetic component. The constant frequency feature suggests that they were
possibly from a relatively stable source.
Figure 1g depicts the electric field measurements filtered between 30 seconds and 10 minutes,
which show that those “zipper-like” MS waves, as well as the periodic constant-frequency
MS waves, were not modulated by ULF waves. The magnetic field measurement did not
show discernible modulation either, and is therefore not presented in this paper. The “zipperlike” emissions were also not correlated with density variations (Figure 1c), even if we
subtracted the trend from the density plot shown in Figure 1c. Note that the 60-130 Hz
constant-frequency MS wave is modulated with the same periodicity as the lower-frequency
band “zipper-like” MS waves, but the cause of modulation is unclear. The inter-spacecraft
distance of the 4 MMS satellites was about 10 km, which is almost equivalent to the
estimated magnetosonic wavelength (~10 km) at 300 Hz based on cold plasma theory. This is

© 2017 American Geophysical Union. All rights reserved.

probably why the 4 spacecraft measured almost the same waves, and hence the observations
from the other 3 satellites are not shown in this paper.

3.2 Case 2
Whether the two bands of the “zipper-like” MS waves originated from a single source or two
sources is unclear in the above case, and analyses of more case studies would be required to
address this question. Figure 2 presents a Van Allen Probe observation of “zipper-like” MS
waves during 08:30-10:30 UT on 18 September 2012, which was a relatively
geomagnetically quiet day as indicated by the AE and Sym-H indices in Figures 2a-2b.
Figure 2c shows the fUHR measurements from which the plasma density can be calculated, and
consequently the plasmasphere is identified and labeled on top of panel c. From the wave
magnetic and electric spectrum measurements shown in Figures 2d and 2e, respectively, we
found a constant-frequency MS wave in 30-100 Hz range outside the plasmapause during
~08:30-09:00 UT. Above the frequency of this band, a periodic “zipper-like” MS wave was
observed. The MS waves can be identified from their frequency range generally between fcp
and fLHR, and characteristic wave normal angles close to 90° (Figure 2f). The ellipticity of
those “zipper-like” MS waves was not clearly close to 0 (Figure 2g), probably because the
planarity of those “zipper-like” MS waves was about 0.5 (Figure 2h), indicating that the
assumption of single plane wave is not well fulfilled [Němec et al., 2013]. In contrast, the
constant frequency MS waves have planarity well above 0.8, indicating that they were almost
single plane waves at each frequency, and hence their ellipticity was clearly close to 0.
During 08:30-09:00 UT the periodic MS waves alternated between a weak one and a
relatively intense one, while during 09:00-09:45 UT the waves alternated between a highfrequency one and a low-frequency one.

© 2017 American Geophysical Union. All rights reserved.

The intensity of these “zipper-like” MS waves was seen to increase with decreasing L shells
and their frequency follows the fLHR line, suggesting they were either locally generated or
outward propagating. In contrast, the intensity of the constant-frequency MS waves in 30-100
Hz range decreases with decreasing L shells, indicating that they were probably propagating
inward from higher L shells. The periodicity of the “zipper-like” MS waves increased
gradually when the satellite traveled to lower L shells. During 08:30-09:00 UT when the
probe was at L=5.2-4.8, the periodicity was 2 minutes, while during 09:30-10:00 UT when
the probe was at L=4.3-3.6, the periodicity became 3 minutes. Since MS waves in the
plasmatrough propagate predominantly in the azimuthal direction [Němec et al., 2013], their
periodicity change could possibly be due to L shell dependence of the modulation source. An
interesting phenomenon is that the constant-frequency band MS wave gradually developed
into a discrete one with the same periodicity as the “zipper-like” MS wave after 09:15 UT,
similar to the MMS observations in Case 1. It is interesting to note that several electrostatic
emissions below 30 Hz were observed with the same repetition period as the “zipper-like”
structures. This suggests that the two bands of those “zipper-like” MS waves were probably
an intrinsic feature at the origin, but not likely a coincidence of mixed two bands merged
from different sources. The magnetometer measurement filtered in a periodicity range
between 20 seconds and 12 minutes, displayed in Figure 2h, shows no discernible ~2-3minute modulations to the “zipper-like” MS waves. This is consistent with the reports of
rising-tone MS waves [Fu et al., 2014; Boardsen et al., 2014]. We note that this event was
recorded only 18 days after the launch of Van Allen Probes, and we did not have a chance to
examine the in situ proton measurements by HOPE and RBSPICE since they had not started
routinely measurements yet.
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3.3 Case 3
From case 2 we see that the periodicity of the “zipper-like” MS waves varied along the
satellite orbit. However, any single satellite cannot distinguish spatial variation from temporal
variation, while multi-satellite measurements may provide more clues of spatiotemporal
variations. In the third case, the two Van Allen Probes were separated in Magnetic Local
Time (MLT) by at least 3.85 hours during the 2.5 hours starting from 23:00 UT on 7
February 2016, and their orbits in the Solar Magnetic (SM) coordinate are displayed in Figure
3a. This event occurred during the main phase of a geomagnetic storm and was followed by a
few injections (Figures 3b and 3c). During the period from 23:30 UT on 7 February to 00:30
UT on 8 February, both probes were outside the plasmasphere, as demonstrated by density
measurements in Figures 4a and 4b, and they both observed periodic rising-tone MS waves
simultaneously, as shown in wave magnetic spectra measurements in Figures 4c and 4d.
However, those rising-tone MS waves at the locations of the two probes had notably different
reoccurring periods, clearly indicating that they were originated from difference sources.
Figure 4e displays the wave amplitudes integrated over 100-300 Hz measured by both probes,
and the wave periodicity observed by probe B (~3.6 minutes) is longer than that observed by
probe A (~3 minutes). Although the two probes were separated by ~5 RE in distance, they
detected a very similar compressional ULF wave, which had a Bz dominant fluctuation with
a period of about 7-8 minutes (Figures 4f and 4g). This supports the previously suggested
scenario that the periodic MS emissions were not modulated by ULF waves [Fu et al., 2014;
Boardsen et al., 2014].
During the period of 00:30-00:50 UT on 8 February, such rising-tone emissions split and
developed into “zipper-like” MS waves with a higher frequency band (~0.5 fLHR - fLHR) and a
lower frequency band (~10 fcp – 0.5 fLHR) at the location of probe B. Figure 4h shows the 90°-
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pitch angle proton phase space density (PSD) in an energy range of 10-600 keV measured by
the RBSPICE instrument onboard Van Allen Probe B, and Figure 4i shows the 90°-pitch
angle proton PSD measured in an energy range of 1-40 keV by the HOPE instrument overplotted with the Alfvén energy

, where mp represents proton mass and vA is the

Alfvén speed. We note that there is a factor of 1 to 3 difference between the proton fluxes
measured by the HOPE and that by the RBSPICE instrument [Kistler et al., 2016], despite
that the RBSPICE proton fluxes at low energies contain contaminations from O+. A positive
PSD gradient around the Alfvén energy is observable at the time when probe B observed MS
waves, and the ring current energy ERC, identified by the PSD peak, was higher than EA after
00:20 UT on February 8 when the “zipper-like” MS waves were observed by probe B.
Assuming that the waves were at the source region (while they may also propagate from
other locations [Horne et al., 2000]), the particle measurements indicate that the generation of
this “zipper-like” MS wave is different from linear excitation theory, which shows that higher
frequency MS waves are preferentially excited when EA is higher than ERC, whereas the
lower frequency MS waves are excited when EA is slightly lower than ERC [Ma et al., 2014a].
Besides, the periodic recurring indicates a potential nonlinear process [Fu et al., 2014]. The
“zipper-like” MS waves were not observed after 00:50 UT when probe B traveled into the
plasmasphere and the Alfvén energy became significantly lower.

IV.

Discussion

In all 3 events investigated in this paper, the “zipper-like” MS waves were observed during
geomagnetically disturbed times with substorm injections, and were generally in a frequency
range between ~10 fcp and fLHR and mostly outside of the plasmapause. This frequency range
is possibly associated with the wave occurrence locations, as a statistical investigation based
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on Van Allen Probe observations from September 2012 to August 2014 shows that the MS
waves at L > 4, regardless of their structures, were mostly observed at frequencies above 10
fcp [Boardsen et al., 2016]. The “zipper-like” MS waves were not observed at higher L shells
in all 3 Cases above, possibly because they are damped by suprathemal electrons when their
frequencies approach the local fLHR and their refractive indices approach infinity. These 3
“zipper-like” MS waves were not related to electron butterfly distributions (not shown in this
paper), probably because the time-averaged wave intensities were too small (~10 pT,
although the peak may reach 50 pT), while the MS waves that were reported to have created
butterfly distributions within one day were at least 240 pT [Li et al., 2016a, 2016b;
Maldonado et al., 2016].
A statistical study has been performed on the occurrence of rising-tone MS waves and the
“zipper-like” MS waves during the Van Allen Probe era from September 2012 to April 2016.
THEMIS-A, D, E measurements during this era, and MMS measurements from September
2015 to April 2016 are also included into this statistical study (only one MMS satellite is used
because the 4 probes were so close together that they always measured the same waves in the
inner magnetosphere). A total of 308 clearly identified rising-tone MS wave events with
duration longer than 10 minutes were recorded by these satellites (269 from Van Allen
Probes, 26 from THEMIS and 13 from MMS). Figure 5a shows the spacecraft orbits in the
equatorial plane of SM coordinate system where rising-tone MS waves were observed by any
of those satellites. The rising-tone MS waves were mostly observed on the dawnside, dayside
and duskside in a radial range between 1.2 RE and 6 RE, while there are also a few
observations on the nightside at L<4, possibly due to azimuthal propagation from the dayside.
This result is consistent with the distributions of all the MS waves [Ma et al., 2013, 2015]. A
total of 21 “zipper-like” MS waves were identified (17 from Van Allen Probes, 1 from
THEMIS and 3 from MMS), and all of these emissions were associated with substorm
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injections. Their locations are illustrated in Figure 5b, showing that they are observed mainly
on the dawn-to-noon side (6–13 MLT). However, we note that measurements from more
satellites over a longer period are needed to construct a more precise global distribution of
“zipper-like” waves. Since the number of identified rising-tone MS waves is more than the
number of “zipper-like” waves by one order, a future work investigating the rising-tone MS
waves, especially via multi-point simultaneous measurements, may reveal the mysterious
characteristics of these waves such as the wave source and the periodicity variation along L
shell.

V.

Conclusions

This paper reports the discovery of a fascinating “zipper-like” MS wave using the MMS, the
Van Allen Probes and the THEMIS measurements. We presented 3 cases to illustrate the
features of this new MS wave structure, and a statistical survey was performed to study their
spatial distribution. The main conclusions are
(1) “Zipper-like” MS waves are comprised of two-frequency-band periodic rising-tone
emissions, which interleave together. In some cases, the wave intensity of the two bands
differs significantly.
(2) The periodicity of the two bands in a “zipper-like” MS wave remains the same while it
varies in space and time. In case 2, a constant-frequency continuous MS wave developed
into a discrete one with the same periodicity as the “zipper-like” MS waves, and an
electrostatic emission was also found to have the same periodicity, suggesting that the two
bands of the “zipper-like” MS waves probably originated from one single source
intrinsically.
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(3) The “zipper-like” MS waves occur mostly above 10 fcp and below fLHR, distinct from
ordinary continuous MS waves which have a statistical intensity peak below 10 fcp.
(4) The “zipper-like” MS waves are not modulated by ULF waves or plasma density
fluctuation.
(5) A total of 21 “zipper-like” MS waves were identified over the Van Allen Probes era, and
they distribute mostly on the dawn-to-noon side.
While the excitation or modulation mechanism of rising-tone MS waves still remains to be
fully understood, it is clear from this study (and previous study [Fu et al., 2014; Boardsen et
al., 2014]) that these waves are not related to ULF pulsations or density modulations. It is
possible that there may still be an external driver that modulates the wave excitation, which
has not been identified or observed yet, or that the periodicity of the MS waves arises due to
an internal instability, analogous to what has been suggested for whistler-mode chorus waves
[e.g., Bespalov et al., 2010; Trakhtengertz, 1998]. The observation of “zipper-like” MS
waves exhibits additional complexity but may provide a new clue in understanding the
causative mechanism of the modulation, which is important since periodic wave structures
have been observed in a variety of waves [Fu et al., 2014], including chorus [e.g., Hayosh et
al., 2014; Němec et al., 2014; Manninen et al., 2014] and EMIC waves [e.g., Pickett et al.,
2010; Grison et al., 2013; Sakaguchi et al., 2013], and they have been observed at other
magnetized planets as well [e.g., Menietti et al., 2013]. Periodic emissions appear to be a
universal plasma physical process, and are still poorly understood. This study also
demonstrates that the MMS spacecraft, although designed for investigation of magnetic
reconnections in the boundary of Earth’s magnetosphere, are robust in the study of
electromagnetic waves in the radiation belts.
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Figure 1. (a) The AE index and (b) Sym-H index variation during 12-15 November, 2015.
The green area marks the time of MMS-2 measurements shown below. (c) The plasma
density estimated from the spacecraft potential controlled by the ASPOC instrument. (d) The
DSP processed wave magnetic spectrum measured by scm1 in the spin plane and (e) that
measured by scm3 along the spin axis, overplotted with fLHR, fLHR/2 and fcp. (f) The wave
electric spectrum in the spin plane measured by SDP. (g) The electric field vector in GSE
coordinate system filtered between 30 seconds and 10 minutes.
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Figure 2. (a) The AE index and (b) Sym-H index variation during 17-20 September 2012,
and the green area marks the time 08:30-10:30 UT on 18 September 2012, corresponding to
Van Allen Probe A observations shown below. (c) The wave electric spectrum over a
frequency range of 10-500 kHz, overplotted with the fUHR measurement. (d) Wave magnetic
spectrum, (e) wave electric spectrum, (f) wave normal angle, (g) wave ellipticity and (h)
wave planarity measurements over a frequency range of 10-500 Hz, overplotted with fLHR,

© 2017 American Geophysical Union. All rights reserved.

fLHR/2 and fcp. (i) The magnetic field fluctuations in SM coordinates filtered between 20
seconds and 12 minutes.
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Figure 3. (a) The Van Allen Probes orbits with respect to the plasmasphere from 23:00 UT
on 7 February to 01:30 UT on 8 February, 2016. (b-c) The AE index and the Sym-H index
during 06-09 February 2016. The green marks the time periods of Van Allen Probe
observations shown in Figure 4.

© 2017 American Geophysical Union. All rights reserved.

Figure 4. (a-b) The ambient plasma density measured from 23:00 UT on 7 February to 01:30
UT on 8 February 2016 by Van Allen Probe A and B, respectively. (c-d) The wave magnetic
spectrum measured over a frequency range of 50-500 Hz by two probes, respectively,
overplotted with fLHR and fLHR/2. (e) The integrated wave magnetic amplitudes over a
frequency range 100-300 Hz measured by both probes, respectively. (f-g) The magnetic field
vector components filtered between 20 seconds and 10 minutes measured by both probes,
respectively. (h) The proton PSD measured along probe B orbit over an energy range of 10-
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600 keV by the RBSPICE instrument, and (i) that measured over an energy range of 1-50
keV by the HOPE instrument, overplotted with local Alfvén energy.
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Figure 5. (a) Statistical spatial distributions of rising-tone MS waves, and (b) “zipper-like”
MS waves based on observations by Van Allen Probes (red) and THEMIS (green) from
September 2012 to April 2016, and observations by MMS satellites (blue) from April 2015 to
April 2016. The number of events recorded by each spacecraft is labeled with the
corresponding color.
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