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Abstract Utilizing simultaneous twin Van Allen Probes observations of whistler mode waves at variable
separations, we are able to distinguish the temporal variations from spatial variations, determine the
coherence spatial scale, and suggest the possible mechanism of wave modulation. The two probes observed
coherently modulated whistler mode waves simultaneously at an unexpectedly large distance up to ~4.3 RE
over 3 h during a relatively quiet period. The modulation of 150–500Hz plasmaspheric hiss was correlated
with whistler mode waves measured outside the plasmasphere across 3 h in magnetic local time and 3 L
shells, revealing that the modulation was temporal in nature. We suggest that the coherent modulation of
whistler mode waves was associated with the coherent ULF waves measured over a large scale, which
modulate the plasmaspheric density and result in the modulation of hiss waves via local amplification. In a
later period, the 500–1500Hz periodic rising-tone whistler mode waves were strongly correlated when the
two probes traversed large spatial regions and even across the plasmapause. These periodic rising-tone
emissions recurred with roughly the same period as the ULF wave, but there was no one-to-one
correspondence, and a cross-correlation analysis suggests that they possibly originated from large L shells
although the actual cause needs further investigation.

1. Introduction

Whistler mode waves are right-hand polarized electromagnetic waves that are often observed in space
plasmas. Whistler mode chorus is a discrete and coherent emission, observed in the low-density region
exterior to the plasmapause [Li et al., 2011a] in two distinct frequency bands above and below 0.5 fce (elec-
tron gyrofrequency) [e.g., Burtis and Helliwell, 1969; Meredith et al., 2001]. In contrast, plasmaspheric hiss is
a relatively structureless broadband whistler mode emission generally observed inside the plasmasphere
over a typical frequency range of 100–2000Hz [Thorne et al., 1973]. Both waves play important roles in
the dynamical evolution of Earth’s radiation belts [Thorne, 2010]. Chorus waves play a vital role in acceler-
ating electrons to relativistic energies locally [Horne et al., 2005; Thorne et al., 2013; Li et al., 2014] and can
also precipitate ~10 keV electrons and thereby cause pulsating aurora [Nishimura et al., 2010] and diffuse
aurora [Ni et al., 2008; Thorne et al., 2010]. Plasmaspheric hiss is capable of precipitating more energetic
electrons and therefore creating the slot region between the outer and inner radiation belts, which devel-
ops during relatively quiet periods after a geomagnetic storm [e.g., Lyons and Thorne, 1973; Ni et al., 2013;
Breneman et al., 2015].

Magnetospheric chorus waves are typically generated by cyclotron resonant interactions with anisotropic
superthermal electrons [Kennel and Petschek, 1966; Li et al., 2009]. A portion of chorus emissions can pro-
pagate into the high-density plasmasphere via reflection at high latitudes and evolve into structureless
hiss waves [Bortnik et al., 2008, 2009; Chen et al., 2009]. Pulsations in the Pc4-Pc5 band [Li et al., 2011b]
and density variations [Li et al., 2011c] can modulate chorus excitation, while density variations also mod-
ulate hiss by local amplification and wave focusing mechanisms [Moullard et al., 2002; Chen et al.,
2012a, 2012b].

In situ satellite measurements of whistler mode waves provide important wave properties, including the
wave spectrum, polarization, and propagating direction [e.g., Santolík et al., 2003a] from which we can

LI ET AL. COHERENT WHISTLER IN LARGE SPATIAL SCALE 1871

PUBLICATIONS
Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1002/2016JA023706

Key Points:
• Coherently modulated whistler mode
waves are continuously observed over
unexpectedly large spatial scales up to
4.3 RE

• Wave coherence depends on
frequency and changes with different
spacecraft spatial configurations

• The sources of coherently modulated
waves in each phase are investigated
by cross correlations and electron
anisotropy

Correspondence to:
J. Li,
jli@atmos.ucla.edu

Citation:
Li, J., et al. (2017), Coherently modulated
whistler mode waves simultaneously
observed over unexpectedly large spa-
tial scales, J. Geophys. Res. Space Physics,
122, 1871–1882, doi:10.1002/
2016JA023706.

Received 18 NOV 2016
Accepted 3 FEB 2017
Accepted article online 5 FEB 2017
Published online 17 FEB 2017

©2017. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0003-0500-1056
http://orcid.org/0000-0001-8811-8836
http://orcid.org/0000-0003-3495-4550
http://orcid.org/0000-0003-2410-3437
http://orcid.org/0000-0001-5452-4756
http://orcid.org/0000-0003-4109-0770
http://orcid.org/0000-0003-2489-3571
http://orcid.org/0000-0002-4136-3348
http://orcid.org/0000-0002-5471-6202
http://orcid.org/0000-0001-9200-9878
http://orcid.org/0000-0002-0564-0440
http://orcid.org/0000-0001-6331-497X
http://orcid.org/0000-0003-3144-6542
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2016JA023706
http://dx.doi.org/10.1002/2016JA023706
mailto:jli@atmos.ucla.edu


compile global statistical distributions over long periods of time. However, single satellite data can neither
resolve whether wave modulations are due to spatial or temporal variation, nor determine the coherence
scale of these wave structures. Besides, single satellite data cannot determine the cross L shell propagation
of the waves and provide limited information about the spatial extent of the wave source region. In contrast,
multiple satellites provide instantaneous multipoint wave observations, enabling us to distinguish between
spatial and temporal variations, and also identify the wave coherence spatial scales. The terminology “coher-
ence” in this paper refers to coherent modulation of an ensemble of wave spectra, but not wave phase, over a
certain frequency range.

The spatial information of the waves is critical in linking the satellite observations, the ground-based aurora
measurements, and the balloon observations, because the conjugated observations over timemay differ by a
distance up to several hours in magnetic local time (MLT) and several L shells. For example, Breneman et al.
[2015] confirmed that the electron loss in the slot region arises from plasmaspheric hiss by correlating simul-
taneous observations from the Van Allen Probes and the Balloon Array for Radiation belt Relativistic Electron
Losses, and in their case the two points differed by up to 3 h in MLT and 3 L shells. The pioneering study of the
whistler mode wave coherence spatial scale can date back to the International Sun-Earth Explorer (ISEE) era
as Gurnett et al. [1979] showed that the chorus wave coherent scale in the radiation belt region is less than the
separation between two ISEE satellites, which is ~400 km. Santolík and Gurnett [2003] analyzed individual
chorus elements measured by four Cluster satellites and obtained the typical chorus amplitude coherence
scale of ~100 km at L = 4.4, which is about the wavelength. Using multisatellite measurement, Agapitov
et al. [2010] obtained the chorus wave coherent scale of ~3000 km at L = 11, and most recently, Němec
et al. [2016] obtained the quasiperiodic emissions coherent scale of ~1 RE in the plasmasphere. The coher-
ence scale of the electromagnetic ion cyclotron waves was also studied by correlating instantaneous mea-
surements from two Van Allen Probes [Blum et al., 2016].

Another implication of multipoint simultaneous measurements is tracing the wave propagation and locating
the source. Bortnik et al. [2009] provided direct evidence that chorus waves are the source of hiss by present-
ing simultaneous observations from two of the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) satellites, and later Li et al. [2015] using coordinated observations of Van Allen Probe
and THEMIS confirmed this scenario, and further demonstrated that chorus waves originated from a large
L shell (~10), where it was previously considered unable to propagate into the plasmasphere, can in fact
be the source of hiss.

In the present paper, we report coherent whistler mode waves over an unexpectedly large scale up to ~4.3 RE,
which were continuously observed by two Van Allen Probes over a period of 3.25 h. The cross correlations
were calculated to investigate the time lag between the two-point observations and the frequency depen-
dence. Finally, we discuss the possible source of these coherent whistler mode waves.

2. Observations

The twin Van Allen Probes traverse in roughly the same orbit (1.1 RE× 5.8 RE, 10° inclination angle) with a vary-
ing separation that ranges from 0.1 to ~5 RE [Mauk et al., 2013]. On 5 November 2015 the apogee of the two
Van Allen Probes was near the dayside (MLT= 14 h) and probe A lagged behind probe B by ~3.5 h. Figure 1a
displays the orbits of the two probes over the time period of 05:25–08:40 UT, which occurred in the recovery
phase of a geomagnetic storm indicated by the SYM-H index shown in Figure 1b. There were no significant
substorm injections nor highly variable solar wind dynamic pressure during the 7 h preceding this time
period, as shown by AE index in Figure 1c and by 1min pressure data in Figure 1d, respectively.

Coherently modulated waves were clearly observed during 05:25–08:40 UT by the Electric andMagnetic Field
Instrument Suite and Integrated Science (EMFISIS) Waves instrument [Kletzing et al., 2013] on board the two
probes which were separated by a distance of up to 4.3 RE. Figures 2c and 2d show the wave magnetic spec-
tra in a frequency range of 100–2000Hz, and Figures 2e and 2f show the wave electric spectra in the spin
plane (the spin axial wave component is not included due to instrumental spikes in the data). The ellipticity
properties of these waves (Figures 2g and 2h) indicate that these coherent waves simultaneously observed
by both probes were right-hand nearly circularly polarized whistler mode waves. In contrast to these whistler
mode waves, magnetosonic waves, identified by their frequency range below the lower hybrid resonance
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frequency (fLHR) and ellipticity close to 0 (i.e., linearly polarized), were observed by probe A during 05:50–
06:20 UT, but they were not detected by probe B.

According to the satellite position with respect to the plasmapause, which was inferred from the upper
hybrid frequency (fUHR, a proxy of plasma density) measured by the High Frequency Receiver (HFR) as shown
in Figures 2a and 2b, the observed period of wave coherence can be divided into three phases: (1) 05:25–
06:00 UT, during which probe A was inside the plasmasphere while probe B was outside; (2) 06:00–08:00
UT, when both probes were outside the plasmasphere; and (3) 08:00–08:40 UT, when probe A was outside
the plasmasphere but probe B traveled into the plasmasphere.

2.1. Plasmaspheric Hiss Associated With ULF Wave and Density Modulation

Figure 3a shows the plasma density inferred from the spacecraft potential [Wygant et al., 2013] of probe A
during the first coherent phase (probe A inside, probe B outside), and Figure 3b shows the magnetic field
magnitude filtered between 20 s and 2min. The density measurement fluctuates with the same period as
the ~1min ULF wave, and they were generally out of phase, possibly to maintain a quasi-equilibrium in
the total pressure, except for a short period from 05:40 UT to 05:45 UT. Figure 3c displays the wave power
spectral intensity measured by probe A. The wave amplitude peaks at magnetic field dips indicated by the
dashed lines, suggesting that those hiss waves were possibly associated with Pc4-Pc5 ultralow frequency
(ULF) waves. Figure 3e shows the wave power spectral intensity measured by probe B, and Figure 3d shows
the integrated electric wave amplitudes measured by the two probes. The whistler mode waves observed by

Figure 1. (a) The orbits of two Van Allen Probes with respect to a plasmapause modeled by a neural network [Bortnik et al., 2016] and adjusted by in situ measure-
ments. (b–d) The AE index, SYM-H index, and solar wind dynamic pressure from 04 November through 05 November 2015. The green area covers the period of wave
observations shown in Figure 2.
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probe A and probe B show some correlation from 05:25 UT to 05:45 UT in the frequency range of 150–500Hz,
indicating that the hiss intensity variation is due to a temporal effect. The ULF wave measured by probe B
(Figure 3f) also shows a good correlation with the whistler mode wave intensity. For a typical time period
05:35–05: 40 UT, the correlation between the 150–500Hz wave amplitude and the ULF waves was 0.6 at
probe A and 0.75 at probe B, as displayed in Figure 6d. The ULF waves measured by both probes (Figure 3f)
show a good correlation during 05:25–05:45 UT, suggesting that the correlation of the whistler mode

Figure 2. (a and b) The upper hybrid resonant frequency fUHR measured by HFR onboard probes B and A, respectively, during 05:25–08:40 UT on 5 November 2015;
(c and d) the 100–2000 Hz wave magnetic spectral intensities measured by WFR onboard the two probes; (e and f) the wave electric spectral intensities measured by
the two probes; and (g and h) the wave ellipticity properties.
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waves probably originated from the coherent ULF waves over a large spatial scale. The plasma density
measured by probe B is not shown because the density calculated from the Van Allen Probe spacecraft
potential has uncertainties in the low-density region (<10 cm�3).

2.2. Periodic Rising-Tone Whistler Mode Waves

Figures 4a and 4b exhibit the zoomed in wave magnetic spectra measured by both probes during 06:40–
07:40 UT, which is a period when both probes were outside the plasmapause. Periodic rising-tone emissions
were observed by both probes over a frequency range of 500–1500Hz, with a frequency sweep rate δf/δ
t≃ 700/1500Hz/min. Each element lasted for ~35–60 s, much longer than the ~0.1 s discrete chorus reported
by Santolík et al. [2003b]. Such whistler mode periodic or quasiperiodic emissions with periods from 10 s to

Figure 3. (a) The plasma density obtained from Van Allen Probe A spacecraft potential calibrated by fUHR. (b) The magnetic field magnitude measured by probe A
andfilteredbetween20 sand2min. (c) Thewavemagnetic spectrumina frequencyrangeof100–2000 HzmeasuredbyprobeA. (d)Thewaveamplitude integratedfrom
150 Hz to 500 Hzmeasured by both probes, showing a correlation in the 150–500 Hz range during 05:25–05:45 UT. (e and f) The same as in Figures 3c and 3b but
measured by probe B.
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several minutes have been reported by ground observations [e.g., Carson et al., 1965; Smith et al., 1998;
Manninen et al., 2014] and satellite observations [e.g., Hayosh et al., 2014; Němec et al., 2013, 2014, 2016].
These periodic rising-tone emissions, as well as the 150–500Hz lower frequency waves, were strongly
coherent at the position of the two probes, even though they were separated with a spatial distance up to
4.3 RE and a MLT difference up to ~3 h. The coherence spatial scale of these waves is much larger than
that of typical discrete chorus (~100 km) [Santolík and Gurnett, 2003] in the radiation belt.

Figure 4c displays the wave amplitudes integrated over 500–1500Hz during Phase 2, and Figure 4d displays
the magnetic field magnitudes filtered between 20 s and 2min. Although the magnetic field shows a fluctua-
tion with approximately the same period as those rising-tone emissions, there was no obvious one-to-one
correspondence between the periodic rising-tone emissions and the ULF fluctuations. This is consistent with
the Cluster event study of the quasiperiodic emissions and the ULF waves [Němec et al., 2013]. For a typical
time period 07:15–07:20 UT, the correlation between the two is small (<0.4) at the locations of both probes,
as shown in Figure 6e. The whistler mode waves were very well correlated at the locations of the two satellites
during the entire Phase 2, but the ULF waves measured by the two probes were not persistently coherent
over a periodicity range of 20–120 s. One potential explanation of this observation is that the ~1min periodic
emission, as well as the overall modulation of these whistler mode waves, may have originated from a
common source located at high L shells, where the periodic rising-tone emissions were locally modulated
by the ULF waves.

During the third phase when probe B traveled into the plasmapause, the >500Hz periodic whistler mode
waves, as well as the <500Hz waves which have larger intensities and vary over longer periods, were still
coherent at the locations of the two probes, as shown in Figures 5a and 5b. Again, the recurring period of
the whistler mode waves and the period of the ULF waves were close, but there was no one-to-one correla-
tion between the wave amplitudes (Figure 5c) and the ULF fluctuations (Figure 5d). The correlation between
the two is small at the locations of both probes, as displayed in Figure 6f. In the course of the 2 h and 40min of
coherent observations during the entire second and third phases, the two spacecraft both changed their L

Figure 4. (a and b) The zoomed-in observations of wave electric spectrum by both probes respectively, during 06:40–07:40 UT, clearly showing the coherent periodic
rising-tone emissions. (c) The wave amplitude integrated over 500–1500 Hz. (d) Themagnetic fieldmeasured by both probes in the solar magnetic coordinate system
and filtered between 20 and 120 s.
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shells and MLTs in the course of their respective orbits, and even switched their relative separation in L shell,
as shown in Figure 1a (i.e., at ~06:00 UT A was the inner probe and B was the outer probe, whereas at ~08:00
UT A advanced to its apogee and became the outer probe whereas B became the inner probe). Regardless of
the relative configuration of the spacecraft, they continue to observe coherent modulation of the waves on
both spacecraft, suggesting that the entire postnoon region over L~3.4–5.8 was filled with coherently
modulated whistler mode waves.

3. Implications Concerning the Wave Source

During the first coherent phase, a good correlation was observed between the whistler mode waves in the
plasmatrough and the hiss waves in the plasmasphere. A careful examination of the wave amplitudes in
Figure 3d indicates that the waves occurred at probe B (outer probe) a few seconds earlier than at probe A
(inner probe). In order to show the correlation at each frequency, a cross-correlation analysis is performed
between probe A and probe B wave observations as a function of frequency and time lag. The cross correla-
tion at a representative time of 05:35 UT in Figure 6a shows that the 150–500Hz waves detected by probe B
were observed ~6 s earlier than that by probe A (the positive lag indicates that probe B measurements come
later than probe A), while the higher-frequency waves exhibited little correlation. Note that the time resolu-
tion of the wave spectrum in survey mode is 6 s, and we linearly interpolated the wave data into 1 s resolu-
tion. Therefore, the fact that probe B observed the waves prior to probe A is unchanged, but the ~6 s delay
may not be accurate. The coincident ULF wave observations with 1 s cadence indicate that probe B observed
the ULF waves earlier than probe A by a few seconds (Figure 3f), and a cross correlation between the
compressional ULF fluctuations measured by the two probes during 05:25–05:45 UT reveals that the time
difference of the ULF waves was ~5 s (not shown), which is roughly consistent with the time lag of the
150–500Hz whistler mode waves measured by the two probes.

The whistler mode chorus waves can be modulated by large-amplitude compressional ULF pulsations, which
significantly change the electron resonant energy and thus the number of resonant electrons, or significantly
change the electron anisotropy [Li et al., 2011b]. The plasmaspheric hiss can be modulated by plasma density

Figure 5. The same as Figure 4 but for the third phase during 08:00–08:40 UT.
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via two mechanisms, local amplification via an instability [Chen et al., 2012b], and ray focusing effect at
density crests [Chen et al., 2012a, 2012b]. The relative magnetic fluctuations (δB/B0) observed by both
probes during the first coherent phase were about 0.1%–0.2%, and thus are not capable of significantly
modulating the electron resonant energy. The density fluctuation in this event exhibited a temporal
variation because it was correlated with the ULF waves which were coherent over a large spatial scale, and
the density possibly varies simultaneously on a large spatial scale.

During Phase 1, The whistler mode wave intensity measured inside the plasmasphere by Probe A is signifi-
cantly larger than that measured outside by Probe B. We further investigate the possible excitation mechan-
ism of whistler mode waves by analyzing both wave and electron data. Figures 7a–7c show the plasma
density, wave spectra, and wave normal angles, respectively, measured by probe A over the entire coherent
period. Figures 7d and 7e show the electron anisotropy calculated following Chen et al. [1999], and flux over
an energy range of 30–4000 keV measured by the Magnetic Electron Ion Spectrometer (MagEIS) instrument
[Blake et al., 2013] along probe A orbit. The same measurements by Probe B are shown in Figures 7f–7j. The
cyclotron resonant energy for plasmaspheric hiss observed by Probe A during Phase 1 was >~100 keV (e.g.,
for the 350Hz waves with a wave normal angle 30°, the resonant energy at L = 3.2 with a background density
800 cm�3 is 200 keV, and that at L = 3.8 with a background density 300 cm�3 is 115 keV). We see that the
electrons exhibited a high anisotropy inside the plasmasphere, which can potentially lead to local amplifica-
tion of the hiss waves [Chen et al., 2012b]. These hiss waves were likely to be modulated by the density

Figure 6. (a–c) The cross-correlation coefficients of coherent waves between two probe measurements at three representative time periods, each represents one
coherent phase. Positive time lag indicates that probe B observations lag behind probe A. (d–f) The cross-correlation coefficients between the whistler mode
wave amplitude and the ULF fluctuation at both probes during those three periods. We used the opposite value of ULF magnitude in the cross-correlation calcu-
lations because the ULF magnitudes were anticorrelated with whistler mode waves during Phase 1.
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Figure 7. (a) The density inferred from the spacecraft potential measured by probe A during the entire coherent period. (b) The wave magnetic spectral intensities
and (c) the wave normal angles measured over the same period. (d) The electron anisotropy and (e) the electron flux measured by the MagEIS instrument onboard
probe A in an energy range of 30–4000 keV. (f–j) The same as in Figures 7a–7e but measured by probe B during the same period.
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because the high density lowers the resonant energy and hence increases the number of resonant electrons.
In contrast, the emissions observed by probe B in the plasmatrough region were unlikely locally amplified,
because the minimum resonant energy for 300Hz waves with a 0° normal angle at L = 5.8 and an estimated
density of 5 cm�3 is 130 keV; however, the electron anisotropy was not high at energies above 90 keV.
Calculations of wave growth rates are needed to determine if those hiss waves are locally excited, and the
proposed idea that ULF wave drives density variation andmodulates the whistler mode wave intensity needs
to be tested by other multipoint observations and ray tracing simulations [Horne, 1989] in the future.

Figure 6b displays the cross correlation at 07:15 UT, which is a representative time for the second coherent
phase when both probes were outside the plasmasphere. It is evident that the waves observed by the two
probes were well correlated in the frequency range of 150–1500Hz, and no clear time lag is seen between
these two probes. The time lag range of good correlations is significantly narrower for higher-frequency
waves (500–1500Hz), because their typical time scale (~35–60 s) is shorter than that of the modulation over
150–500Hz (~2–10min). These 500–1500Hz periodic rising-tone emissions can resonate with >~20 keV
electrons, but the electron flux above 32 keV measured by the MagEIS with a cadence of 11 s did not exhibit
an ~35–60 s periodic structure and the anisotropy was not high. The electrons at lower energies measured by
the Helium Oxygen Proton Electron (HOPE) [Funsten et al., 2013] instrument did not show a periodic modula-
tion either, and the anisotropy was low (not shown). Since the whistler mode wave modulation was coherent
over a large spatial scale and across several L shells, we suggest that they probably originated from one single
source and are not locally generated. The ray tracing simulations [Bortnik et al., 2008] suggest that although
the whistler mode waves propagate in quasi-parallel direction to the ambient magnetic field at the origin,
they can be very oblique at higher latitudes and can be reflected back into the low latitudes at lower L shells,
and in this process the waves are scattered to a wide L shell andMLT ranges. The typical propagation time is a
few seconds [Bortnik et al., 2008], which is significantly shorter than the recurring period, and hence, the
coherent waves were observed almost simultaneously at the two probes.

For the third coherent phase, the cross correlation indicates an evident positive time lag (Figure 6c), which
means that probe A (outer) observed the waves ~6 s earlier than probe B (inner). This supports the scenario
that these whistler mode waves originate in the plasmatrough and propagate into the plasmasphere [Bortnik
et al., 2008, 2011; Chen et al., 2009]. The inner probe observed the periodic emissions later probably due to a
longer propagation path. Note that the whistler mode waves propagate slower in the high-density plasma-
sphere. The refractive index of the right-hand polarized whistler mode waves can be approximated as n2 ¼
ω2
pe=ω ωce � ωð Þ, whereωpe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2=∈0me

p
represents the electron plasma frequency which is proportional to

square root of plasma density n, ω is the wave frequency, and ωce is the unsigned electron cyclotron fre-
quency. We find that the phase velocity, c/n, decreases as plasma density increases. Assuming that these
waves were originally in the typical chorus frequency range of ~0.1–0.5 fce at the excitation region, the most
probable source region of these waves was L = 7.0–8.3 near the dayside, but the detailed excitation mechan-
ism of these periodic emissions remains as an outstanding question.

During the whole coherent period, the THEMIS-A, D, and E satellites [Angelopoulos, 2008] were in the post-
midnight sector, the Cluster constellation was in the premidnight sector, and none of them observed whistler
mode waves. The Magnetospheric Multiscale [Burch et al., 2016] satellites were on the postnoon side which
was at the same MLT as the Van Allen Probe apogee; however, they were in the magnetosheath region (~10
RE) and measured locally generated discrete whistler mode waves that were below ~300Hz and not corre-
lated with the Van Allen Probe observations. Observations from these multiple satellites indicate that the
whistler mode waves observed by Van Allen probes, although were coherent over a large spatial scale, were
not present across the entire magnetosphere.

4. Conclusions

Coherent whistler mode waves were observed both inside and outside the plasmapause for over 3.25 h on 5
November 2015 by two Van Allen Probes with a large separation up to 4.3 RE. The coherence existed when
the two probes traversed across various MLTs and L shells. At different stages of spacecraft spatial configura-
tion, the coherence exhibited different characteristics and showed a frequency dependence. During the first
coherent phase (the two probes were separated by the plasmapause), the 150–500Hz whistler mode waves
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observed in the plasmatrough were well correlated with the density-modulated plasmaspheric hiss which
had a stronger intensity and a wider frequency range (150–1500Hz). The plasmaspheric hiss was probably
amplified by the local anisotropic electrons and was modulated by density which modulated the number
of resonant electrons. The plasmaspheric density modulation was correlated to a large-scale coherent ULF
wave, and therefore was probably a temporal variation rather than a spatial variation. During the second
phase (both probes were outside the plasmapause) and the third phase (the leading probe traveled into
the plasmasphere, and the trailing probe moved outside of the plasmasphere), the 500–1500Hz rising-tone
emissions with ~35–60 s separation were coherent over an unexpectedly large spatial scale and even across
the plasmapause. The cross correlation between two probe conjugate measurements during the third phase
suggests that the 500–1500 periodic rising-tone emissions were probably propagated in from higher L shells.

The discovery that the amplitude coherent scale of whistler mode waves can be up to 4.3 RE approves the
validity of linking the observations from the satellites, the ground-based All-Sky Imagers, and the balloons
that have certain spatial separations in their footprints. The coherence scale in this study is significantly larger
than that of the discrete rising-tone chorus waves reported in a wide radial range from L= 4.4 to L = 11
[Gurnett et al., 1979; Santolík and Gurnett, 2003; Agapitov et al., 2010]. This is possibly because the rising-tone
chorus waves in the previously reported cases were measured at the excitation region and the coherence
scale is small, while the coherent waves in this study are due to propagations across the field lines. With these
multipoint observations together with ray tracing technique [Horne, 1989], we will be capable of better
understanding the propagation of the waves and their origin, which is beyond the scope of the present paper
and is left for future investigations.
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