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Abstract. We use magnetic field and plasma observations
from the Van Allen Probes, Time History of Events and
Macroscale Interactions during Substorms (THEMIS) and
Geostationary Operational Environmental Satellite system
(GOES) spacecraft to study the spatial and temporal characteristics of long-lasting poloidal Pc4 pulsations in the dayside
magnetosphere. The pulsations were observed after the main
phase of a moderate storm during low geomagnetic activity.
The pulsations occurred during various interplanetary conditions and the solar wind parameters do not seem to control
the occurrence of the pulsations. The most striking feature
of the Pc4 magnetic field pulsations was their occurrence at
similar locations during three of four successive orbits. We
used this information to study the latitudinal nodal structure
of the pulsations and demonstrated that the latitudinal extent
of the magnetic field pulsations did not exceed 2 Earth radii
(RE ). A phase shift between the azimuthal and radial components of the electric and magnetic fields was observed from
ZSM = 0.30 RE to ZSM = −0.16 RE . We used magnetic and
electric field data from Van Allen Probes to determine the
structure of ULF waves. We showed that the Pc4 magnetic
field pulsations were radially polarized and are the secondmode harmonic waves. We suggest that the spacecraft were
near a magnetic field null during the second orbit when they
failed to observe the magnetic field pulsations at the local

times where pulsations were observed on previous and successive orbits. We investigated the spectral structure of the
Pc4 pulsations. Each spacecraft observed a decrease of the
dominant period as it moved to a smaller L shell (stronger
magnetic field strength). We demonstrated that higher frequencies occurred at times and locations where Alfvén velocities were greater, i.e., on Orbit 1. There is some evidence
that the periods of the pulsations increased during the plasmasphere refilling following the storm.
Keywords. Magnetospheric
physics
(solar-wind–
magnetosphere interactions) – radio science (magnetospheric
physics; waves in plasma)

1

Introduction

Poloidal Pc4 pulsations (7 mHz < f < 22 mHz) characterized
by strong displacements of the magnetic field lines in the radial direction are common in both the dayside and nightside
magnetosphere (e.g., Hughes et al., 1978). These poloidal
pulsations have been attributed to a number of mechanisms,
most particularly to field line resonances (Cramm et al.,
2000), drift–bounce resonances, ballooning modes and drift
mirror mode instabilities (e.g., Engebretson et al., 1992).
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First, consider the location where they occur. Information on the morphology of such waves until recent times
was mostly based on geosynchronous and Active Magnetospheric Particle Tracer Explorers Charge Composition Explorer (AMPTE CCE) observations. According to Kokubun
et al. (1989) radially polarized Pc4 pulsations occur at all
local times but are almost never observed on the ground,
the exception being Pg giant pulsations. Radial Pc4 pulsations occur most often in the afternoon during intervals
of low solar wind velocity, under quiet geomagnetic conditions of (AE < 200 nT), and exhibit a strong preference for a
northward interplanetary magnetic field (Bz > 0). Arthur and
McPherron (1981) noted that the occurrence of radially polarized Pc4 pulsations at synchronous orbit peaks sharply
near dusk, with nearly all events occurring between 11:00
and 23:00 UT. They showed that radially polarized pulsations exhibit a nearly uniform distribution of frequencies
over the Pc4 band during daytime and do not show any evident dependence of frequency on local time. Takahashi et
al. (1985) used four geosynchronous satellites to show that
the frequency distribution for radially polarized Pc4 pulsations was much more spread out than that for pulsations with
other polarizations, scattered from 2 to 19 mHz with a mean
of 9 mHz. Anderson et al. (1990) found that the occurrence
distribution of radial waves shows a shift from L < 7 on the
dayside to L > 7 at midnight.
Hughes et al. (1978) noted that waves with large radial
magnetic field components (∼ 9 nT) were rarely seen coherently on two spacecraft indicating a large azimuthal number
(m = 100). Hughes et al. (1979) described a compressional
Pc4 pulsation observed by three geostationary satellites near
local midnight and estimated the radial displacement of the
plasma to be 0.2 RE . Singer et al. (1982) showed that the
resonance width of three dayside Pc4–5 pulsation events between L = 4 and 7 and within 10◦ of the geomagnetic equator
ranged from 0.2 to 1.6 in L shell and that the two events were
observed as the spacecraft encountered the magnetopause.
Anderson et al. (1991) showed that radial pulsations occurred preferentially for cone angles above 60◦ and there
was a large increase in AE from 5 to 15 h before the onset of strong events and a shift from IMF Bz < 0 to Bz > 0
from 2 to 10 h before the events. Anderson et al. (1990) suggested that the generation of radial pulsations might be associated not with freshly energized particles injected during
substorms but with inhomogeneities resulting from the evolution of the previously injected ion distributions that could
remain stable for a long time. Anderson et al. (1991) noted
that sufficiently low convection electric fields during lower
magnetic activity were favorable for energy conversion from
particles to waves.
Engebretson et al. (1992) found no cases for which the
radially polarized Pc4 pulsations coincided with a sharp
plasmapause boundary. They were observed far outside the
L shell region where density reached 400 cm−3 . Based on
the fact that pulsation onsets often occurred shortly after
Ann. Geophys., 34, 985–998, 2016
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AE dropped to very low values, they speculated that some
property of the low-energy or thermal plasma, or the magnetospheric configuration associated with rapid expansion of
the outer plasmasphere during lower magnetic activity, might
be the trigger of wave onset in localized regions. They suggested that increased densities of thermal plasma associated
with the refilling of the outer plasmasphere might destabilize the marginally stable local ring current population and
cause some of the free energy of the hot trapped ions to
be transferred to ULF waves via the drift–Alfvén–mirrormode instability. They noted that an examination of plasma
in the regions of the generation of Pc4 pulsations to determine whether it is in a “special conditions with local properties” appears very important. Schäfer et al. (2007, 2008) reported that sometimes high-m Pc4 waves were actually seen
near the plasmapause and suggested that they may be due to
harmonics of poloidal mode eigen oscillations in a radially
confined Alfvén resonance region at the inner or outer edges
of the plasmapause. Dai et al. (2015) noted that the effect of
the plasmapause on the radial transmission of the poloidal
waves is caused by the fact that the Alfvén speed changes
rapidly across the radial direction.
Eriksson et al. (2005) reported three cases of poloidal Pc5
pulsations with large azimuthal number (m = 100) waves observed by Cluster that occurred in the dayside magnetosphere
during magnetically quiet times from L = 4 to L = 6. They
studied observations from LANL satellites for signs of proton injection prior to, or during the observed ULF events but
none of the events showed any sign of enhanced proton flux.
They ruled out the drift–bounce resonance that would involve
unstable particle populations and drift–mirror instability that
would require an unreasonably high plasma pressure for the
instability criteria to be satisfied and left open the question
regarding their generation mechanisms.
Not much is known about long-duration Pc4 pulsations observed in space. However, Rostoker et al. (1979) reported
ground magnetometer observations of highly monochromatic Pc4 giant pulsations in the auroral zone that reoccurred on successive days during quiet geomagnetic conditions. They suggested that the Pc4 pulsations may be due to
the occurrence of field line resonances at the plasmapause in
the region where the electric field changes its azimuthal direction from westward to eastward. Several papers reported
observations of long lasting and longer period Pc5 pulsations in the dayside magnetosphere during low magnetic activity (Higbie et al., 1982; Takahashi et al., 1985; Nagano and
Araki, 1983; Sarris et al., 2007). Higbie et al. (1982) reported
large-amplitude Pc5 waves seen in the magnetic field and
particle fluxes that were observed almost continuously for
48 h by several spacecraft in or near geostationary orbit during the dayside portion of their orbit. They discussed some
candidate mechanisms for producing these oscillations such
as the Kelvin–Helmholtz instability, global oscillations of the
magnetosphere and the magnetospheric convection electric
field as an external source of energy but gave no definite
www.ann-geophys.net/34/985/2016/
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explanation for this event. Nagano and Araki (1983) suggested that these long-duration Pc5 pulsations may be generated by an instability associated with the plasmapause or
the ring current during the recovery phase of a large magnetic storm. Takahashi et al. (1987) studied characteristics
of the Pc5 magnetic pulsations initially designated as global
Pc5 by Higbie et al. (1982) and concluded that such waves
are likely to be excited by an internal instability associated
with the ring current, possibly the drift mirror instability. Sarris et al. (2007) studied a long-duration Pc5 event observed
for more than 2 days at geosynchronous orbit over several
traversals of the two Geostationary Operational Environmental Satellite system (GOES) satellites. They suggested generation mechanisms but like previous authors did not provide
conclusive evidence for that.
NASA’s Van Allen Probe mission, which carries the most
comprehensive instrumentation ever sent to the radiation
belts, provides new opportunities to study wave–particle interactions. Two recent case studies (Dai et al., 2013; Claudepierre et al., 2013) employed Van Allen Probe observations
to describe the drift resonant interactions of poloidal Pc4 and
5 waves with electrons and ions. Korotova et al. (2015) presented observations of poloidal Pc4 pulsations with limited
azimuthal extent seen by the Van Allen Probe B spacecraft in
the pre-midnight inner magnetosphere and showed that the
most likely source of this wave was a bounce resonance interaction of second-harmonic waves with the protons. That was
in agreement with many studies that determined that poloidal
Pc4 pulsations are second-harmonic Alfvén waves resonant
along a magnetic flux tube (e.g., Cummings et al., 1969;
Singer et al., 1982; Takahashi and McPherron, 1984). Motoba et al. (2015) reported one-to-one associations of these
pulsations with auroral pulsations around the ionospheric
footprint of the magnetic field line and suggested that an
auroral undulation event is closely linked to the generation
of second-harmonic poloidal waves. Dai et al. (2015) presented a comprehensive statistical study of poloidal Pc4 pulsations observed by Van Allen Probes spacecraft. To get
more information on the free-energy wave source for the
inner magnetosphere they sorted the pulsations into compressional and non-compressional waves based on the ratio
of radial (Br ) to compressional (Bp ) components. They believe that waves with a small (large) compressional component correspond to an internal (external) wave source. They
found that the compressional Pc4 poloidal waves have their
origin in the solar wind, while the non-compressional waves
can be attributed to the decay of the ring current in the late
storm recovery phases. They found that the energy source for
non-compressional Pc4 poloidal waves was associated with
the decay of the ring current in the late recovery phase of
geomagnetic storms, while the compressional Pc4 poloidal
waves were associated with variations of solar wind dynamic
pressure in geomagnetic storms.
Despite many papers devoted to poloidal Pc4 pulsations,
information about their nodal structure, their mode, latitudiwww.ann-geophys.net/34/985/2016/
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nal and radial extents remains rather limited. Yet such information is needed to clarify the energy source for their generation. We present a new case study of long-lasting strong
poloidal Pc4 pulsations observed by multiple spacecraft during three of four successive orbits in the dayside magnetosphere from 00:00 UT on 1 May 2014 to 12:00 UT on 2 May
2014. We wish to determine whether solar wind parameters
control the occurrence and recurrence of these pulsations.
We then investigate whether pulsations are observed in close
proximity to the magnetopause and whether the plasmapause
has an effect on generation of the pulsations. We also wish
to find the frequency of the pulsations as a function of radial distance from Earth. Though no obvious cause for their
generation was found, the study of their spatial and temporal characteristics helps us understand the conditions that are
favorable for triggering these pulsations.
2

Instruments and spacecraft orbit locations

The two Van Allen Probes were launched in August 2012
into nearly identical equatorial and low-inclination (∼ 10◦ )
orbits with perigee altitudes of 605 and 625 km and apogees
of 30 410 and 30 540 km (Mauk et al., 2012). Both satellites carry identical sets of instruments to measure charged
particle populations, fields and waves in the inner magnetosphere. The observations reported here consist of combined
measurements of the Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS) (Kletzing et al.,
2013) and Electric Field and Waves Suite (EFW) instruments
(Wygant et al., 2013). We used the magnetic field data with
4 s time resolution and electric field data with ∼ 11 s time
resolution. Additionally we used magnetic field data with 3 s
time resolution data from the Time History of Events and
Macroscale Interactions during Substorms (THEMIS) triaxial fluxgate magnetometers (FGMs; Auster et al., 2008). We
used magnetic field data from GOES 15 with 0.5 s time resolution (Singer et al., 1996). We used Wind solar wind magnetic field and plasma data with 3 s (Lepping et al., 1995) and
1 min time resolution, respectively (Ogilvie et al., 1995). Figure 1 shows the orbits of Van Allen Probes A, B and THEMIS
D and E in GSM coordinates from 00:00 UT on 1 May 2014
to 12:00 UT on 2 May 2014. They move from GSM (X, Y ,
Z) = (3.64, 0.78, −0.32) RE , from GSM (X, Y , Z) = (−0.3,
1.1, 0.41) RE , from GSM (X, Y , Z) = (9.13, −4.67, −2.79)
RE and from GSM (X, Y , Z) = (6.49, −7.39, −3.47) RE , respectively. Note the broad range in GSM Z values covered at
apogee for Van Allen Probes spacecraft.
3
3.1

Observations
Solar wind and geomagnetic conditions

Figure 2 shows the Wind magnetic field and plasma observations from 01:00 UT on 1 May 2014 to 10:00 UT on 2
May 2014 when it moved from GSM (X, Y , Z) = (254.62,
Ann. Geophys., 34, 985–998, 2016
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shows geomagnetic indices from 12:00 UT on 29 April to
11:00 UT on 2 May 2014. Solid and dashed bars indicate the
intervals of Pc4 pulsations observed on 1–2 May 2014. A
moderate storm was observed on 30 April 2014 in which the
Dst index reached a maximum negative value of −64 nT at
09:30 UT. The storm lasted more than 20 h and resulted in
enhanced geomagnetic activity characterized by the development of an intense electrojet with the AE index exceeding
1200 nT. The pulsations occurred after the main phase of the
moderate storm during low geomagnetic activity with Kp < 3
and AE < 200 nT. A high occurrence of Pc4 poloidal pulsations in the storm recovery phase has been reported by Dai et
al. (2015).
3.2

Figure 1. GSM Locations of Van Allen Probes A (in red line) and
B (blue line) and THEMIS D (THD; black line) and E (THE; pink
line) for the selected interval from 00:00 UT on 1 May 2014 to
12:00 UT on 2 May 2014.

−60.48, −10.96) RE to GSM (X, Y , Z) = (253.26, −64.27,
10.20) RE . Lag times from Wind to the Earth are in the
range of 90 to 70 min for the observed velocities from 300
to 380 km s−1 . Solid red bars show time-shifted intervals
when Pc4 magnetic field pulsations were observed by multiple spacecraft in the dayside magnetosphere. Dashed red bars
indicate times when the Pc4 pulsations were observed in the
Van Allen Probe electric field, not in the magnetic field. During the four Van Allen Probe orbits the pulsations occurred
for various IMF conditions and the solar wind parameters
do not seem to control the occurrence of the pulsations. The
magnetic field strength, cone angle and density of the solar wind could be as high as 10.4 nT, 98◦ and 13 cm−3 and
as low as 2.3 nT , 20◦ and 3.2 cm−3 , respectively. As far as
the other solar wind parameters are concerned, during each
of the four intervals marked by solid and dashed red bars,
the most common conditions for the generation of the pulsations are spiral IMF orientations (Bx < 0, By > 0), Bz > 0
and low dynamic pressure not exceeding 2.5 nPa. Figure 3
Ann. Geophys., 34, 985–998, 2016

Van Allen Probe A and B observations

The magnetic field pulsations occurred at similar locations
on three of four successive orbits plotted in Fig. 4 in red and
blue for Van Allen Probes A and B, respectively. Each orbit
is 9 h apart from 00:00 UT on 1 May 2014 to 12:00 UT on
2 May 2014; the thick red and blue line segments in Fig. 4
show the locations of Van Allen Probes A and B where the
Pc4 magnetic field pulsations occurred on orbits 1, 3 and 4.
To determine the type and harmonic mode of the waves we
transformed the GSE magnetic field observations of the Pc4
pulsations into field-aligned coordinates and present them in
Figs. 5a–c. In this coordinate system the Z axis is in the direction of the averaged magnetic field. The Y axis is transverse to B and to the radius vector from the Earth to the
spacecraft and is directed approximately azimuthally eastward. The X axis completes the right-handed system and
is directed approximately radially outward from Earth. The
pulsations are poloidal with strong radial (Bx ) magnetic field
perturbations. They occurred from L = 4.3 to 5.5 and exhibited packet-like structures with peak-to-peak amplitudes
ranging from 1 to 12 nT. They were observed at local times
from ∼ 07:30 to 11:30 MLT with maximum amplitudes occurring from ∼ 09:30 to 11:00 MLT. Their periods ranged
from 35 to 120 s and the duration of individual events did
not exceed 3.5 h.
Simultaneous measurements of the electric and magnetic
fields provide us with unique opportunities to study theoretical properties of the pulsations. To determine the most important property, namely the harmonic mode of the waves,
we use the approach of Takahashi et al. (2013), who considered the phase relationship between the azimuthal component of the electric field (Ey ) and the radial component
of the magnetic field (Bx ) relative to the equator. We obtained the three-dimensional Van Allen Probes electric field
by assuming E · B = 0. Figure 6 shows the phase relationship between Bx and Ey for Van Allen Probes A and B on
orbits 1 and 3 when the spacecraft were south of the equator.
The amplitude of Ey presented in Figs. 6 and 7 was multiplied by a factor of 2 to better display the visual effects. Ey
lags Bx by 90◦ , clearly indicating that the Pc4 pulsations are
www.ann-geophys.net/34/985/2016/
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Figure 2. Wind plasma and magnetic field observations in GSM coordinates from 22:00:00 UT on 30 April 2014 to 10:00 UT on 2 May
2014. Solid red bars show time-shifted intervals when Pc4 magnetic field pulsations were observed by multiple spacecraft. Dashed red bars
indicate times when the Pc4 pulsations were observed in the electric field, not in the magnetic field. (See text in Sect. 3.4).

second-harmonic mode waves during these orbits. The magnetic equator is the location of the antinode (maximum amplitude) of field line displacement and the node of magnetic
field perturbations for the fundamental mode, whereas it is
the location of the node (zero amplitude) of field line displacement and antinode of magnetic field perturbations for
the second harmonic (Southwood and Kivelson, 1982). The
range of periods of the observed Pc4 pulsations fits that predicted for second-harmonic waves in several previous theoretical papers (e.g., Cummings et al., 1969). Large magnetic field oscillations in the Bx component and small electric field oscillations in the Ey component near the magnetic
equator also confirm the second-harmonic mode structure.
Our results are in agreement with numerous observations indicating that poloidal waves are excited mostly at the second harmonic (e.g., Hughes et al., 1978). Southwood (1976)
explained the preferential excitation of the second-harmonic
mode in the ring current environment.
Figure 7 shows how the phase relations (left panels) on
Orbit 4 depend on the locations of the spacecraft relative
to the equator (right panels). During the first (third) intervals Ey , lags (leads) Bx by 90◦ when the spacecraft were
south (north) of the equator, in agreement with our previous
finding that the pulsations are the second-harmonic waves.
Observations during the second intervals when the spacecraft crossed the equator indicate mixed-phase relationships
and double-frequency pulsations (Korotova et al., 2013). The
mixed-phase shift between the azimuthal and radial components of the electric and magnetic fields was observed from

www.ann-geophys.net/34/985/2016/

ZSM = 0.30 RE to ZSM = −0.16 RE . When Van Allen Probe
B moved up to RE = 0.34, negative lags dominated but were
not observed during the whole third interval.
3.3

Spatial characteristics of Pc4 pulsations

To study the spatial characteristics of the Pc4 pulsations on
1–2 May 2014 we examined the magnetic field observations
from multiple spacecraft during the four corresponding orbits and found that THEMIS E and D and GOES 15 observed similar pulsations. The green, purple and black lines
in Fig. 4 mark the locations where Pc4 magnetic field pulsations were observed by THEMIS D, THEMIS E and GOES
15, respectively, during the four corresponding orbits. The
region where pulsations occurred lies from L of 5 to 8 and
extended to local evening hours. The Pc4 pulsations observed
by THEMIS D and GOES 15 during the first (upper panel)
and third (bottom panel) orbits are presented in Fig. 5d and e,
respectively. Figure 5e shows the GOES 15 poloidal pulsations observed in the afternoon–evening sector. They exhibited maximum amplitudes of 6–9 nT, and their periods
changed from 60 to 83 s during the orbits. The similarity of
the Pc4 pulsations observed by the Van Allen Probe A and
GOES 15 is seen in Fig. 5f where the radial components of
their magnetic fields are presented from 00:40 to 01:30 UT
on 2 May 2014 during Orbit 3. We believe that they are produced by the same source due to similar periods and amplitudes (component by component).

Ann. Geophys., 34, 985–998, 2016
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D, THEMIS E and GOES 15 observed Pc4 pulsations during
corresponding orbits are consistent with an inferred latitudinal extent of at least 2 RE .
3.5

Figure 3. Kp, Dst, ring current and electrojet intensity indices from
12:00 UT on 29 April 2014 to 11:00 UT on 2 May 2014 available
from the OMNI database (http://omniweb.gsfc.nasa.gov/) . Solid
red bars show intervals when Pc4 magnetic field pulsations were observed by multiple spacecraft. Dashed red bars indicate times when
the Pc4 pulsations were observed in the electric field, not in the
magnetic field.

The location of THEMIS E during the second orbit is indicated by a dotted line in Fig. 4 because the amplitude of the
pulsations was very small (< 1 nT).
3.4

Nodal latitudinal structure of waves

To study the latitudinal structure of the pulsations, Fig. 8
presents four successive Van Allen Probe A and B orbits
(plotted in red and blue, respectively) shown in the SM X–Z
plane from 00:00 UT on 1 May 2014 to 12:00 UT on 2 May
2014. The magnetic pulsations were seen on orbits 1, 3 and 4
at locations near the geomagnetic equator, but not on Orbit 2.
Since the spacecraft were at similar radial distances and local
times on Orbit 2, we infer that the difference lies in the fact
that they were near an off-equatorial node near Z = 0.7 RE
when at apogee on this orbit. The absence of Pc4 magnetic
field pulsations during Van Allen Probe Orbit 2 should not
be interpreted as evidence that the pulsations had ceased on
Orbit 2. Figure 9 shows that they continued to be present in
the electric field observations, more pronounced at Van Allen
Probe B. In Figs. 2 and 3 red dashed lines indicate the intervals where the electric field pulsations occurred on Orbit 2.
We should note that they were very irregular. Finally, note
that the Van Allen Probes spacecraft observed magnetic field
pulsations as far south as Z = −1.1 RE . The green, purple
and black lines in Fig. 8 indicating locations where THEMIS
Ann. Geophys., 34, 985–998, 2016

Spectral characteristic of the Pc4 pulsations

We investigated the spectral structure of the Pc4 pulsations.
The overall features of the different waves become more visible in the dynamic spectra display where the power spectral density is defined with respect to the background. Figure 10 shows an example of the dynamic spectra calculated
for the radial, azimuthal and compressional components of
the Van Allen Probe A magnetic field, during Orbit 3 from
21:30 to 02:30 UT on 1–2 May 2014. A time window 128
points (∼ 8.5 min) long was shifted by 20 points (∼ 1.3 min)
for successive calculations of spectra using the fast Fourier
transform (FFT) method. Data at a 4.0 s cadence were rotated into 5 min sliding averaged mean field-aligned coordinates, averaged to 8.0 s and differenced before transforming.
Differencing was used in order to facilitate display of a wide
range of spectral power by removing the f −2 fall off in spectral power with frequency (Engebretson et al., 2015). Power
at frequencies from 0 to 0.062 Hz in each of these three orthogonal components is color-coded according to the color
bar shown on the right. Beneath these three panels are listed
the universal time (UT), MLT, MLAT and L shell. The magnetic field dynamic spectra exhibit several broad frequency
band enhancements of pulsations from 23:00 to 01:30 UT
that coincide with the intervals of large pulsation amplitudes
of the pulsations seen in the original data. The constant tone
at ∼ 31 mHz is an instrumental effect. However, the narrow
band frequency enhancement between 10 and 25 mHz from
23:07 to 01:00 UT is real. It is evident in all three components, but the strongest spectral power density occurs in the
radial Bx component, corresponding to the second-mode harmonic of the poloidal waves. Only weak spectral features
are seen in the compressional Bz component. Some pulsations observed during the three orbits might be categorized
as compressional ones based on the classification of Dai
et al. (2015). They consider pulsations to be compressional
for even very weak Bp , i.e., for abs (Bp /Br ) > 0.2. But we
consider them to be non-compressional for several reasons.
They exhibit weak amplitudes in the compressional component and have temporal and spatial features like those of the
non-compressional pulsations discussed by Dai et al. The
strong compressional components observed by THEMIS D
on Orbit 1 can be attributed to Pc5 pulsations generated simultaneously with the Pc4 pulsations but having a different
source. The absence of ground signatures for the Pc4 pulsations suggests that the observed pulsations have large azimuthal numbers and an internal wave source because ULF
waves with small azimuthal wavelengths are reflected from
the ionosphere when they propagate from the equatorial regions to the ground. Besides, we ruled out any solar wind
drivers, e.g., variations in dynamic pressure. Taking into acwww.ann-geophys.net/34/985/2016/
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Figure 4. Four successive Van Allen Probe A and B orbits (plotted in red and blue, respectively) in the GSM X–Z plane from 00:00 UT on
1 May 2014 to 12:00 UT on 2 May 2014. The red dots show the start of the corresponding orbits. The thick red and blue line segments show
the locations of Van Allen Probes A and B where the Pc4 magnetic field pulsations occurred on orbits 1, 3 and 4. The green, purple and black
lines mark the locations where Pc4 magnetic field pulsations were observed by THEMIS D, THEMIS E and GOES 15, respectively, during
the four corresponding orbits.

count of all of these factors we believe that the long-lasting
poloidal Pc4 pulsations were produced through the drift–
bounce resonance of tens of kilo-electron-volt ions with the
second-harmonic mode waves.
It is obvious that the dominant spectral frequency tends to
increase with decreasing L. The distinct spectral power density enhancement starts in a narrow frequency band at about
12 mHz at 22:30 UT, goes down to 10 mHz at 23:30 UT,
when the satellite was near the apogee (RE = 5.75), and then
goes up again to about 18 mHz in a broader frequency band.
To study the spatial and temporal characteristics of the pulsations, we calculated Fourier power spectra of the magnetic
field in field-aligned coordinates for three orbits when the
magnetic field pulsations were observed. The data were not
differenced to produce these line spectra, but the mean total field calculated at each time step was subtracted from the
compressional component before FFT processing. We confirmed that the periods in the spectra depend on orbit and
radial distance. Figure 11 presents an example of the spectra
computed for the Van Allen Probe A magnetic field observations during two intervals: from 23:00 to 23:30 UT and from
01:00 to 01:30 UT. The dominant frequency peak increased
from 12 to 15 mHz (period decreased from 83 to 67 s) when
the satellite moved from Lavr = 5.75 during the first interval
to Lavr = 5.35 during the second interval. Figure 12 summarizes results for the dominant periods in the spectra of the
radial component of the magnetic field observed by all four
satellites as a function of the 30 min averaged magnetic field
strength (a) and L shells (b). Dashed curves represent poly-
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nomial fits with three terms. Note that the range of periods
observed on Orbit 1 is less in comparison with those observed on orbits 3 and 4. Each spacecraft observes a decrease
of the dominant period as it moves to a smaller L (stronger
magnetic field strength). On Orbit 1 periods decreased from
76 to 48 s, on Orbit 3 from 149 to 59 s and on Orbit 4 from
166 to 77 s. A tendency for periods to decrease as the International Sun-Earth Explorer (ISEE)-1 and -2 spacecraft moved
inward from L = 6.8 to L = 4 through the late morning sector was reported by Singer at el. (1979). They suggested that
the radial dependence of the wave period was a spatial rather
than a temporal effect.
We included information on the GOES 15 periods in
Fig. 12 (the green crosses). The GOES 15 periods for Orbit 1
lie close to the curves defined for THEMIS and Van Allen
Probe observations. However, the GOES 15 periods for Orbit 3 do not. Their periods are smaller. We suppose that postnoon densities are lower at the GOES 15 location than at the
THEMIS and Van Allen Probe prenoon locations for Orbit 3.
A simple explanation for this behavior of pulsation frequencies with radial distance can be given in terms of standing Alfvén waves along resonant field lines (Sugiura and
Wilson, 1964). If the observed frequency is the resonant frequency of the field lines at the satellites, then the approximate time of flight expression for the period of oscillations of
a standing wave (Wild et al., 2005) is given by T = integral
ds/VA (s), where the integral is taken along the magnetic field
line, ds is a differential length along the field line, and VA
is the Alfvén speed. Therefore the changing shape of the

Ann. Geophys., 34, 985–998, 2016

992

G. Korotova et al.: Multipoint spacecraft observations

Figure 5. (a) Magnetic field observations in field-aligned coordinates from Van Allen Probes A ( plotted in red) and B (plotted in blue)
from 03:00 to 07:00 UT on 1 May 2014 (Orbit 1). The Z axis is in the direction of the averaged magnetic field. The Y axis is transverse to
B and to the radius vector from the Earth to the spacecraft and is directed approximately azimuthally eastward. The X axis completes the
right-handed system and is directed approximately radially outward from Earth. The location of the satellite is shown in the bottom where L
is the equatorial distance to the field line, MLAT is magnetic latitude in degrees and MLT is the magnetic local time in hours. (b) Magnetic
field observations in field-aligned coordinates from Van Allen Probes A and B from 21:30 UT on 1 May 2014 to 02:00 UT on 2 May 2014
(Orbit 3). (c) Magnetic field observations in field-aligned coordinates from Van Allen Probes A and B from 05:00 to 11:00 UT on 2 May 2014
(Orbit 4). (d) Magnetic field observations in field-aligned coordinates from THEMIS D from 03:45 to 05:30 UT on 1 May 2014 (Orbit 1) and
from 01:50 to 03:50 UT on 2 May 2014 (Orbit 3). (e) Magnetic field observations in field-aligned coordinates from GOES 15 from 00:30 to
03:30 UT on 1 May 2014 (Orbit 1) and from 00:00 to 02:30 UT on 2 May 2014 (Orbit 3). (f) The radial components of the Pc4 pulsations
observed by the Van Allen Probe A and GOES 15 spacecraft from 00:40 to 01:30 UT on 2 May 2014 during Orbit 3.

Ann. Geophys., 34, 985–998, 2016

www.ann-geophys.net/34/985/2016/

G. Korotova et al.: Multipoint spacecraft observations

Ey, Bx

(a)

Orbit 1
2
0

Ey, Bx

-2
04:05

04:10

04:15

5

01:05

01:10

(b)
Ey, Bx

04:25

04:30

04:35

01:20

01:25

01:30

03:50

03:55

04:00

22:05

22:10

22:15

0
-5
01:00

01:15

Orbit 1
2
0
-2
03:30

Ey, Bx

04:20

Orbit 3

03:35

03:40

03:45

Orbit 3

2
0
-2
21:45

21:50

21:55

22:00

Figure 6. Van Allen Probes A (plotted in red) and B (plotted in
blue) observations of electric and magnetic fields on orbits 1 and 3
show that Ey (plotted in black) lags Bx by 90◦ indicating that the
Pc4 pulsations are second-harmonic mode poloidal oscillations. Ey
and Bx are displayed in mV m−1 and nT, respectively.

field lines, the magnetic field strength and the plasma density
distribution determining the Alfvén velocity will control the
periods of the pulsations. Shorter field line lengths, and enhanced field strengths as the satellite moves to smaller L values that increase the propagation speed of Alfvén pulsation,
reduce the pulsation period, in agreement with our results.
The continuous decrease of periods of the pulsations with
time and L shells is consistent with the locations of the Van
Allen Probes being outside the plasmapause during these intervals. Lin et al. (1986) reported a decrease of periods for
transverse pulsations in the Pc3–4 frequency range observed
by DE-1 spacecraft near the plasmapause with a decrease
of L shells and suggested that the each field line resonated
at its own eigen period with little interaction between adjacent oscillating shells, and the resonance width was narrow
(< 0.1 L). They also noted that the eigen period is more sensitive to a change in L than density.
Further understanding of the temporal and spatial factors
that govern the occurrence of these waves requires a knowledge of the expected eigen periods of the field lines as a
function of magnetic latitude, local time, magnetic activity and season. There are numerous papers (e.g., Orr and
Matthew, 1971; Poulter et al., 1988; Takahashi and McPherron, 1984; Schäfer et al., 2008) devoted to theoretical calculations of characteristic periods by solving the wave equations for propagation of low-frequency hydromagnetic waves
in plasma under various simplifying assumptions. Cummings
www.ann-geophys.net/34/985/2016/
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et al. (1969) numerically determined the eigen frequencies
for the uncoupled toroidal and poloidal modes on a field
line at 6.6 RE at the equator for the fundamental through
sixth harmonic of the oscillation. Singer et al. (1979) used
the Cummings et al. (1969) model in a non-dipolar field
geometry with the observed mass densities from ISEE-1
plasma observations to predict periods of fundamental and
second-harmonic poloidal waves in the dayside magnetosphere. They found that for the second-harmonic wave, periods ranged from 0.6 to 2.1 min, also consistent with the periods of the Pc4 pulsations presented in our study.
Wild et al. (2005) used a time-of-flight approximation to
investigate the latitudinal, diurnal and seasonal variations in
the frequency/period of Alfvén pulsations. They found that
upstream interplanetary conditions exert a powerful influence upon their period. They noted that an increase in dynamic pressure (from 2 to 10 nPa) may result in a moderate frequency increase at most magnetic local times, while
changes in the Dst parameters may result in large variations
in the estimated pulsation frequency (up to a factor of 2 in
some cases) in the dayside magnetosphere.
The longer Pc4 pulsation periods observed by the Van
Allen Probes on orbits 3 and 4 than on Orbit 1 can be explained by the different solar wind and magnetospheric conditions prevailing on these orbits. For example, the Wind observations presented in Fig. 2 show higher solar wind dynamic pressures and stronger interplanetary magnetic field
strengths (2 nPa and up to 10.4 nT) during Orbit 1 than during orbits 3 and 4 (1 nPa and 4 nT). To check this hypothesis, we used the magnetic field observations and the plasma
densities extracted from Van Allen Probe Electric Field and
Waves (EFW) instrument potentials to compute the Alfvén
velocities. From top to bottom, Fig. 13 shows densities, total
magnetic field strengths and Alfvén velocities vs. universal
time for Van Allen Probes A (plotted in red) and B (plotted
in blue) from 01:00 UT on 1 May 2014 to 12:00 UT on 2 May
2014. Black bars show intervals when the magnetic field Pc4
pulsations were observed on orbits 1, 3 and 4. Ticks above the
panels show spacecraft L values for the corresponding intervals. Alfvén velocities near apogee on orbits 3 and 4 ranged
from 300 to 600 km s−1 , but from 900 to 1500 km s−1 on
Orbit 1. Since magnetospheric magnetic field strengths this
deep in the magnetosphere do not vary greatly (see middle
panels A and B), the different Alfvén velocities result primarily from changes in the plasma density (see upper panels A
and B). Indeed, the density increased from ∼ 10 cm−3 on Orbit 1 to ∼ 30 and 45 cm−3 on orbits 3 and 4, respectively, consistent with ionospheric plasma refilling the eroded plasmasphere during the late recovery phase. Higher-density plasmas
result in lower Alfvén speeds and longer pulsation periods.
We should note that the waves must exist over a broad range
of densities and wave frequencies.
Finally, we tested the hypothesis that the pulsations are
generated in close proximity to the plasmapause. The top
panels (a) and (b) of Fig. 13 indicate that the pulsations
Ann. Geophys., 34, 985–998, 2016
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Figure 7. Phase relations between Bx (plotted in red and blue) and Ey (plotted in black) on Orbit 4 of Van Allen Probes A and B, during
1, 2 and 3 intervals (left panel). Locations of the spacecraft relative to the equator (right panel). During the first (third) intervals, Ey lags
(leads) Bx by 90◦ when the spacecraft were south (north) of the equator, in agreement with what is expected for second-harmonic waves.
Observations during the second intervals when the spacecraft crossed the equator indicate mixed-phase relationships and double-frequency
pulsations in Ey . Ey and Bx are displayed in mV m−1 and nT, respectively.
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Figure 8. Four successive Van Allen Probes A and B orbits in the SM X–Z plane from 1 00:00 UT on 1 May 2014 to 12:00 UT on 2 May
2014. Colored lines show the locations of the spacecraft where Pc4 pulsations occurred on orbits 1, 2, 3 and 4. The pulsations were limited
to −1.1 RE < ZSM < 0.7 RE (the region bounded by two dashed black lines). No magnetic field pulsations were observed during the thick
dotted line segment in the Van Allen Probes A and B orbits 2 despite the spacecraft being at the appropriate local time and radial distance.
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Figure 9. Van Allen Probes A (plotted in red) and B (plotted in
blue) observations of electric field from 11:50 to 17:00 UT on 1 May
2014. The electric field pulsations were indeed observed during the
second orbit (larger at Van Allen Probe B) though the magnetic field
pulsations were absent. We suggest that the spacecraft were near a
magnetic field null when at the appropriate local times on this orbit.

Figure 10. Dynamic spectra calculated for the radial, azimuthal and
compressional components of the Van Allen Probe A magnetic field
during the Orbit 3 from 21:30 to 02:30 UT on 1–2 May 2014. The
location of the satellite is shown in the bottom where R is the radius
of Earth, MLAT is magnetic latitude in degrees and MLT is the
magnetic local time in hours.

observed on orbits 1 and 3 occurred outside the plasmasphere, in regions with low density and definitely outside any
steep plasmapause density gradient. On Orbit 4, some pulsations were observed within or close to a plasmapause that
exhibited a very gradual change in density. Since our pulsations were observed over a broad range of L shells beyond
www.ann-geophys.net/34/985/2016/
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Figure 11. Fourier spectra calculated for the radial, azimuthal and
compressional components of the Van Allen Probe A magnetic field
in 5 min sliding averaged mean field-aligned coordinates during Orbit 3 from 23:00 to 23:30 UT on 1 May 2014 (a) and from 01:00 to
01:30 UT on 2 May 2014 (b). Vertical lines indicate the frequencies
of dominant spectral peaks at 12 and 15 mHz.

(a)

(b)

Figure 12. Dominant periods in the spectra of the radial component
of the magnetic field observed by Van Allen Probes A (red symbols), B (blue symbols), THEMIS D (black symbols) and E (purple
symbols), and GOES 15 (green symbols) as a function of the 30 min
averaged magnetic field strength (a) and L shells (b). Dashed curves
represent polynomial fit with three terms.

the plasmapause and did not reach peak amplitudes at the
plasmapause, we do not believe that there is any direct relationship between the location of plasmapause and the longlasting Pc4 magnetic field pulsations. But as the mechanism
for generating the Pc4 pulsations takes place for a long time,
we suppose that the ion population in the ring current remains
unstable throughout this time and slow plasmasphere refilling following the storm could contribute to the longevity of
the pulsations. There is some evidence that the periods of the
pulsations increased during the plasmasphere refilling. FurAnn. Geophys., 34, 985–998, 2016
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Figure 13. From top to bottom densities, total magnetic field
strengths and Alfvén velocities vs. universal time for Van Allen
Probes A (plotted in red) and B (plotted in blue) from 01:00 UT on 1
May 2014 to 12:00 UT on 2 May 2014. Solid black bars show intervals when Pc4 pulsations were observed on orbits 1, 3 and 4. Ticks
above the panels show spacecraft L values for the corresponding
intervals.

ther study comparing model and experimental data will be
useful to give a better insight into the structure of poloidal
pulsations associated with geomagnetic storm and their possibility to monitor the time evolution of plasma environment
in the magnetosphere.
4

Conclusions

We studied long-lasting poloidal Pc4 pulsations observed
by multi-spacecraft in the dayside magnetosphere. The most
striking feature of the Pc4 magnetic field pulsations was their
occurrence at similar locations during three of four successive orbits of Van Allen Probes, each 9 h apart.
They were observed after the main phase of the moderate
storm during low geomagnetic activity. The pulsations occurred for a wide range of solar wind conditions and did not
appear to respond to any particular solar wind parameter. We
found no direct relationship between the plasmapause and
the long-lasting Pc4 pulsations.
We showed that the Pc4 pulsations were radially polarized and are second-mode harmonic waves. We found that
a phase shift between the azimuthal and radial components
of the electric and magnetic fields occurred in the range of
ZSM between 0.30 and −0.16 RE . We demonstrated that the
latitudinal nodal extent of the magnetic field pulsations did
not exceed 2 RE . We suggest that the spacecraft were near a
magnetic field null during the second orbit when at the local times where pulsations were observed on previous and
successive orbits.

Ann. Geophys., 34, 985–998, 2016

We investigated the spectral structure of the Pc4 pulsations. We found that the dominant periods in the spectra
depended on orbit and radial distance. Each spacecraft observed a decrease of the dominant period as it moved to a
smaller L (stronger magnetic field strength). On Orbit 1 periods decreased from 76 to 48 s, on Orbit 3 from 149 to 59 s,
and on Orbit 4 from 166 to 77 s. The differences between
the ranges of periods of the Pc4 pulsations observed by Van
Allen Probes on orbits 1, 3 and 4 may originate from external sources such as different interplanetary input parameters
or from internal sources such as changes of plasma density
distribution along the field lines or at the equator. We showed
that higher frequencies occurred at times and locations where
Alfvén velocities were greater, i.e., on Orbit 1. There is some
evidence that the periods of the pulsations increased during
the plasmasphere refilling following the storm. Though the
excitation mechanism for these events is not completely clear
at this point, we attribute the source of pulsations to bounce
resonance oscillations. We will address this statement in a
follow-up paper.
5

Data availability

Data used in the paper are available publicly at http://cdaweb.
gsfc.nasa.gov/istp_public/ (Coordinated Data Analysis Web,
2016).
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