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Abstract We investigate a quiet time event of magnetospheric Pc5 ultralow-frequency (ULF) waves and
their likely external drivers using multiple spacecraft observations. Enhancements of electric and magnetic
field perturbations in two narrow frequency bands, 1.5–2 mHz and 3.5–4 mHz, were observed over a large
radial distance range from r ~ 5 to 11 RE. During the first half of this event, perturbations were mainly
observed in the transverse components and only in the 3.5–4 mHz band. In comparison, enhancements were
stronger during the second half in both transverse and compressional components and in both frequency
bands. No indication of field line resonances was found for these magnetic field perturbations. Perturbations
in these two bands were also observed in the magnetosheath, but not in the solar wind dynamic pressure
perturbations. For the first interval, good correlations between the flow perturbations in the magnetosphere
and magnetosheath and an indirect signature for Kelvin-Helmholtz (K-H) vortices suggest K-H surface waves
as the driver. For the second interval, good correlations are found between the magnetosheath dynamic
pressure perturbations, magnetopause deformation, andmagnetospheric waves, all in good correspondence
to interplanetary magnetic field (IMF) discontinuities. The characteristics of these perturbations can be
explained by being driven by foreshock perturbations resulting from these IMF discontinuities. This event
shows that even during quiet periods, K-H-unstable magnetopause and ion foreshock perturbations can
combine to create a highly dynamic magnetospheric ULF wave environment.

1. Introduction

Ultralow-frequency (ULF) waves (~1 to 5000 mHz) in electric and magnetic fields are important to the
dynamics of ring current particles and relativistic electrons by affecting their three adiabatic invariants
[e.g., Elkington et al., 2003]. Studies have shown that there is a good correlation between relativistic electron
enhancements and magnetospheric ULF wave power [Rostoker et al., 1998]. Storms with a long duration of
elevated ULF wave activity in the inner magnetosphere are more likely to produce relativistic electrons than
those without [O’Brien et al., 2001; Reeves et al., 2003]. It is thus important to understand the processes driving
magnetospheric ULF waves. ULF waves in the near-Earth magnetosphere can be driven internally by night-
side disturbances, such as substorms, or instabilities associated with cyclotron resonances or drift-bounce
resonances [McPherron, 2005], or externally by magnetopause disturbances [e.g., Hwang, 2015]. ULF waves
driven by magnetopause disturbances should play an important role during quiet times when the ULF waves
driven by nightside disturbances and instabilities subside.

Magnetopause disturbances can be caused by mainly four different processes [Hwang and Sibeck, 2016]: (1)
The initial disturbances can be embedded within the solar wind, such as solar wind dynamic pressure pertur-
bations. (2) They can be created near the bow shock, such as density variations associated with foreshock
perturbations. (3) They can be created within the magnetosheath by instabilities, such as variations asso-
ciated with the mirror, cyclotron, and firehose instability. (4) They can be generated right at the magneto-
pause, such as flow perturbations associated with surface/Kelvin-Helmholtz (K-H) waves. There have been
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many observational studies showing that magnetospheric ULF waves can be driven by solar wind dynamic
pressure perturbations [e.g., Korotova and Sibeck, 1995; Kepko and Spence, 2003; Viall et al., 2009]. Even when
the solar wind dynamic pressure is steady, observations and simulations have shown that foreshock pertur-
bations, such as hot flow anomalies [e.g., Thomsen et al., 1986; Zhang et al., 2010] and foreshock bubbles [e.g.,
Omidi et al., 2010; Turner et al., 2013], can create magnetosheath dynamic pressure perturbations and drive
ULF waves in the magnetosphere [Hartinger et al., 2013; Archer et al., 2013]. Magnetosheath pressure aniso-
tropy can lead to mirror [e.g., Hasegawa, 1971] or cyclotron instabilities [e.g., Seough and Yoon, 2012] if
perpendicular pressure is larger, or to firehose instability if parallel pressure is larger [e.g., Erickson et al.,
2002]. Magnetosheath mirror mode waves have been observed to cause magnetopause undulations [e.g.,
Nowada et al., 2009]. Using multiple spacecraft observations with one spacecraft near the magnetopause,
Takahashi et al. [1991], Rae et al. [2005], and Agapitov et al. [2009] have shown ULF waves in the inner
magnetosphere being driven by surface/K-H waves [Chandrasekhar, 1961].

Our current understanding of magnetospheric ULF waves driven by surface/K-H waves or foreshock pertur-
bations remains very limited since only a few observational studies have been conducted (see references
listed above). In this paper we present a quiet time event of Pc5 (1.66–6.66 mHz, corresponding to periods
of 150–600 s) ULF waves observed by multiple spacecraft on 8 December 2013. The IMF was mostly north-
ward. The two reasons for choosing this event are (1) for good satellite conjunction that provides observa-
tions in both the magnetosphere and the magnetosheath at the dusk MLTs and (2) for relatively steady
solar wind conditions. Enhanced Pc5 perturbations were observed simultaneously in the inner magneto-
sphere, the plasma sheet, and the magnetosheath within the same narrow frequency ranges, suggesting that
thesemagnetospheric waves were externally driven. Additionally, observations from groundmagnetometers
are used to investigate dawn-dusk asymmetries of these ULF waves. This paper is organized as follows.
Instruments and measurements of these satellites are described in section 2. In section 3, we give an over-
view of the solar wind/IMF conditions and ULF waves observed in space and on the ground. In section 4,
we present analysis of these waves and investigate their likely external drivers.

2. Data

In this study, we use observations from different satellite missions, including Time History of Events and
Macroscale Interactions during Substorms (THEMIS), Van Allen Probes, Geotail, Cluster, Advanced
Composition Explore (ACE), Acceleration Reconnection Turbulence and Electrodynamics of Moon’s
Interaction with the Sun (ARTEMIS), and Geostationary Operational Environment Satellites (GOES). For obser-
vations inside the magnetosphere but outside the plasmasphere, we use plasma and electric and magnetic
field measurements from THEMIS E (TH-E for abbreviation) and from Van Allen Probes A and B (RBSP-A and
RBSP-B for abbreviation), and magnetic field data from GOES 13. THEMIS probes cover regions inside r ~ 12 RE
with a period of ~23 h. The spin-fit magnetic field vectors of 3 s resolution measured by the FluxGate
Magnetometer (FGM) instrument [Auster et al., 2008] and spin-fit electric field vectors (using E · B = 0) of
3 s resolution measured by the Electric Field Instrument (EFI) [Bonnell et al., 2008] are used. The procedure
of validating EFI data for ULF waves is described in Appendix A of Hartinger et al. [2012]. THEMIS provides
particles and plasma moments with 3 s resolution measured by the electrostatic analyzer (ESA,
0.006–20 keV/q for ions and 0.007–26 keV for electrons) [McFadden et al., 2008] and the Solid State
Telescope (SST, 35 keV–6 MeV for ions and 30 keV–6 MeV for electrons). Plasma pressure is a summation
of ion and electron pressures from both ESA and SST pressures. The apogee for the Van Allen Probes space-
craft is ~5.8 RE with orbit periods ~9 h. Magnetic field vectors of ~4 s resolution measured by the Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] and corotation frame
spin-fit electric field vectors (using E · B = 0) of ~10 s resolution measured by the Electric Field and Waves
Instrument (EFW) [Wygant et al., 2013] are used. For Van Allen Probes, valid E · B = 0 approximation requires
that the angle between spacecraft spin axis and magnetic field vector is less than 75° (detailed explanation is
described in the required reading page for EFW data, http://www.space.umn.edu/rbspefw-data-policy-the-
rules-of-the-road/). For the time interval we investigated, the angles for both RBSP-A and RBSP-B remained
smaller than 75°. Van Allen Probes provides particles and plasma moments [Spence et al., 2013] measured
by the Helium Oxygen Proton Electron (HOPE) instrument (0.001 to 50 keV for H+, He+, O+ ions, and electrons)
[Funsten et al., 2013] and the Magnetic Electron Ion Spectrometer (MagEIS) instrument (30 keV to 4 MeV for
electrons and 20 keV to 1 MeV for ions) [Blake et al., 2013]. Plasma pressure is a summation of ion and electron
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pressures from both HOPE and MagEIS pressures. Note that there is a small uncertainty in the ion plasma
pressure because all ions are assumed to be protons, but this uncertainty is not expected to affect the
analysis results in this study. GOES 13 magnetic field vectors with 1 min resolution measured by the fluxgate
magnetometer [Singer et al., 1996] are used.

Measurements from Geotail and Cluster are used for the observations in the magnetosheath. For Geotail,
particle and plasma moments with 12 s resolution measured by the low-energy particle (LEP) instrument
[Mukai et al., 1994] (0.021 to 44 keV/q for ions and 0.043 to 41 keV for electrons) and magnetic field
vectors with 12 s resolution measured by the magnetic field experiment [Kokubun et al., 1994] are used.
For Cluster, proton moments (0.05–32 keV) with 4 s resolution measured by the Cluster Ion
Spectrometry/Composition and Distribution Function Analyser (CIS/CODIF) [Rème et al., 2001] and magnetic
field vectors of 4 s resolution measured by the FluxGate Magnetometer (FGM) instrument [Balogh et al., 2001]
are used.

For the solar wind and IMF conditions, we use 1 min OMNI solar wind and IMF data [King and Papitashvili,
2005]. The data have been time shifted to the Earth’s bow shock nose. In addition, we also use 1 s resolution
IMF data measured by ACE [Smith et al., 1998] and solar wind/IMF observed by ARTEMIS. ARTEMIS instru-
ments are the same as THEMIS. For the ground magnetic field measurements, we use magnetic field
vectors with 1 min resolution provided by SuperMAG [Gjerloev, 2009]. SuperMAG generates validated
magnetic field perturbations from more than 300 ground magnetometers with all data being rotated into
the same geomagnetic coordinate system (north (H), east (D), and down (Z)) and with a common baseline
removal [Gjerloev, 2012].

3. ULF Waves in the Magnetosphere
3.1. Event Overview

We investigate a magnetospheric Pc5 ULF wave event observed at two radial distances. The event was during
a quiet period from 12:45 to 13:45 UT on 8 December 2013. Figure 1a shows the X-Y and Y-Z projections of
RBSP-A, TH-E, and GOES 13. RBSP-A was in the duskside inner magnetosphere at r ~ 5 RE and was outside
the plasmapause (the number density estimated from the spacecraft potentials was ~10–20 cm�3). TH-E

Figure 1. (a) X-Y (top) and Y-Z (bottom) projections of the trajectories of different satellites from 12:45 to 13:45 UT on 8
December 2013, with the square symbol indicating their locations at 12:45 UT. The thick black line is magnetopause
location predicted by the Roelof and Sibeck model [Roelof and Sibeck, 1993] for the solar wind dynamic pressure = 2 nPa
and IMF Bz = 2 nT. (b) IMF Bz from OMNI. (c) Unfiltered Ey component in GSE coordinates, (d) Ex perturbations in MFA
coordinates (the subscript “w” in this paper indicates perturbation), and (e) the real part of the Morlet wavelet spectrum of
the Ex perturbations observed by RBSP-A.
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was in duskside the plasma sheet at r ~ 11 RE. The Alfvén speed was ~900 km/s at RBSP-A and ~1700 km/s at
TH-E, and plasma beta at these two locations were ~0.1 to 0.2. GOES 13 was in the dawnside inner magneto-
sphere. This event was in the recovery phase of a moderate storm (its main phase started at ~03 UT and the
recovery phase started at ~0830 UT as determined from the Dstminimum of ~�70 nT). Dstwas ~�40 nT and
AE was < ~100 nT. Figure 1b shows that IMF Bz was mostly northward during this event. The solar wind
density, speed, and dynamic pressure all remained relatively steady. The solar wind speed (~620 km/s) was
high, which is within the fast solar wind regime.

Figure 1c shows unfiltered electric field observed in the inner magnetosphere by RBSP-A. In this event, we
focused on the large fluctuations of periods of a few to ~10 min seen in electric and magnetic fields. We thus
detrended the unfiltered data by subtracting 15min running averages and also filtered out perturbations with
frequencies higher than 8.3mHzby applying 1min smoothing. For thewaves observed in themagnetosphere,
we transformed field components to mean-field-aligned (MFA) coordinates. The ZMFA component is in the
direction of the background magnetic field determined from 15 min running averages, the YMFA component
is the cross product of the spacecraft’s position unit vector and ZMFA and it points azimuthally eastward (so the
positive YMFA is pointed eastward), and the XMFA component completes the orthogonal right-hand system (so
positive XMFA is pointed outward). Magnetic field perturbations in ZMFA indicate compressional waves.
Transverse magnetic perturbations in XMFA indicate poloidal or radial components, while those in YMFA indi-
cate toroidal or azimuthal components. Figure 1d shows RBSP-A electric field perturbations obtained from
the above processing and Figure 1e shows the real part of the Morlet wavelet spectrum of the perturbations.

Electric field fluctuations with amplitudes up to ~3 mV/m were observed by RBSP-A. From ~12:45 to 13:15 UT
(referred to as “the first interval”), both the unfiltered and detrended data show electric field fluctuations with
periods of ~4–5 min, which matches the enhancement in ~3.5 mHz shown in the wavelet spectrum. From
~13:15 to 13:45 UT (referred to as “the second interval”), fluctuations were enhanced and, in addition to
the 3.5 mHz fluctuations, enhancement in a second frequency of ~2 mHz also appeared. Power amplification
in magnetic fields were also seen in similar frequency ranges of ~3.5–4 mHz and ~1.5–2 mHz. Fluctuations in
these two frequency bands were also observed in the plasma sheet by TH-E. These two frequency bands are
within the Pc5 range. Wave amplification in these two separate frequency bands suggests that they might be
driven by different drivers. In the following we investigate the wave characteristics and their likely drivers
separately for the first and second intervals.

3.2. Waves During the First Interval

Pc5 waves observed in space and on the ground during the first interval are shown in Figure 2. Figure 2a
shows that electric field oscillations in the 3.5–4 mHz band were observed simultaneously by RBSP-A and
TH-E, and the Ex oscillations at RBSP-A (with the peaks indicated by the vertical purple lines) were approxi-
mately in phase with the Ey oscillations at TH-E. Electric field polarization at both RBSP-A and TH-E locations
were similar with a ~ 90° phase difference between Ex and Ey. RBSP-B, which was at a similar radial distance
as RBSP-A but ~2 RE away azimuthally, also observed electric field perturbations in the same frequency band
but with substantially smaller amplitudes (not shown). Figure 2b shows that for the perturbations in the trans-
versemagnetic field components Bx and By, the same counterclockwise polarization was observed at both the
RBSP-A and TH-E locations. These spatial differences suggest that the 3.5–4 mHz transverse electric and mag-
netic field perturbations have a large radial extent but a limited azimuthal extent. In contrast to the transverse
components, fluctuations in the compressionalmagnetic field shown in Figure 2c at these two radial distances
were irregular and not clearly correlated with each other. The E × B flow perturbations, as shown in Figures 2d
and 2e, were found to have the same counterclockwise rotations in both the inner magnetosphere (RBSP-A)
and the plasma sheet (TH-E) throughout this interval. Figure 2f shows GOES 13 magnetic field perturbations
on the dawnside; the 3.5–4 mHz fluctuations were seen in the transverse magnetic field but not in the
compressional magnetic field, similar to those observed by RBSP-A. Figure 2g shows that the 3.5–4 mHz band
fluctuations were observed on the ground on both the duskside and dawnside at lower auroral latitudes (the
equatorial location was X ~ 2 and Y ~ 5 RE for the SOD station and X ~ 1 and Y ~�5 RE for the ISL station based
on the Tsyganenko 01 (T01) magnetic field model [Tsyganenko, 2002a, 2002b]).

The above perturbation enhancements in the same frequency band observed at two different radial
distances with a large separation (at r ~ 5 and 11 RE) are not consistent with the excitation of field line
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resonances (FLRs) [Tamao, 1965]. The FLR mechanism predicts that transverse magnetic waves are excited at
a location where the field line shell eigenfrequency equals the frequency of compressional magnetic waves,
and radially across that location the phases of the toroidal (By) component are 180° out of phase and the
polarization directions are reversed [e.g., Nishida, 1978]. As shown in Figures 2a and 2b, this predicted FLR
polarization change is also not observed at the two locations. The transverse perturbations are unlikely
driven by a cavity mode [Kivelson and Southwood, 1986]; if that was the case, Ey and Bz would be ~90° out
of phase [e.g., Hartinger et al., 2012]. The transverse perturbations are also unlikely to be driven by a
waveguide mode [Samson et al., 1992]; in the presence of a waveguide mode, significant changes in
transverse magnetic field polarization are expected to change over small (on order of 1 RE) radial distance
[e.g., Rickard and Wright, 1995], whereas the same polarizations were observed across roughly 6 RE.
Furthermore, the low plasma beta values at the RBSP-A and TH-E locations (~0.1–0.2) were not favorable
for waves driven by plasma instabilities in high beta plasma, such as drift compressional instability
[Hasegawa, 1971]. As discussed in sections 4.1 and 5, the observed electric field and flow perturbations
can be explained by with large flow vortical structures driven by magnetopause surface waves.

3.3. Waves During the Second Interval

Figure 3 shows the perturbations observed during the second interval. Comparing with the perturbations
during the first interval, the perturbations during the second interval were stronger, but they were more
complicated as fluctuation amplitudes of the 1.5–2 and 3.5–4 mHz bands were comparable, making it more
difficult to discriminate between them in time series. Figure 3a shows that both RBSP-A and TH-E observed
large Bz perturbations starting at ~13:16 UT. The 1.5–2 mHz band fluctuations had substantially larger

Figure 2. Perturbations in (a) the Ex and Ey components, (b) Bx and By components, (c) Bz component, and (d) X and Y
components of E × B flows in MFA coordinates observed by RBSP-A and TH-E during the first interval. (e) Hodogram of
the flow perturbations from 12:55 (red squares) to 13:00 UT observed by RBSP-A (left) and TH-E (right). (f) Magnetic field
perturbations in MFA coordinates observed by GOES 13. (g) Ground magnetic field perturbations in the H component
observed at stations SOD and ISL.
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amplitudes than the 3.5–4 mHz band fluctuations throughout this interval. Figure 3b shows the transverse
magnetic field perturbations, and it can be seen that at both spacecraft locations the amplitudes of the
1.5–2 mHz band were substantially larger than those of the 3.5–4 mHz band. The magnetic field
polarization directions in the inner magnetosphere (RBSP-A) and the plasma sheet (TH-E) were both
counterclockwise. Figure 3c shows that the 1.5–2 mHz electric field perturbations were substantially
stronger than those of 3.5–4 mHz in the inner magnetosphere, while in the plasma sheet their amplitudes
were more comparable to each other. Comparing the amplitudes between these two frequency bands as a
function of radial distances shows that the enhancements in the 1.5–2 mHz band were similar in both the
plasma sheet and the inner magnetosphere, while enhancements in the 3.5–4 mHz band were larger in
the plasma sheet than the inner magnetosphere. As a result, the 1.5–2 mHz perturbations were larger than
the 3.5–4 mHz perturbations in the inner magnetosphere. Figures 3d and 3e show that the initial flow
perturbations rotated counterclockwise in both the inner magnetosphere and plasma sheet, but later the
flow pattern became complicated as the perturbation amplitudes from these two competing frequency
bands became comparable. Interestingly, in contrast to the strong enhancement in the Bz perturbations
seen on the duskside, Figure 3f shows that GOES 13 on the dawnside observed no such Bz enhancement.
Similar dawn-dusk asymmetry was also seen on the ground, as Figure 3g shows that enhancement in the
H component was much stronger on the duskside than on the dawnside. As discussed in section 4.2, the
dawn-dusk asymmetry can be explained by a dawn-dusk asymmetric external driver.

For the enhancement in the 1.5–2 mHz magnetic field perturbations during the second interval, Figure 3a
shows that compressional waves were seen from the plasma sheet to the inner magnetosphere and
Figure 3b shows that By at the RBSP-A location was ~180° out of phase with By at the TH-E location.

Figure 3. Perturbations in the (a) Bz component, (b) Bx and By components, (c) Ex and Ey components, and (d) Vx and Vy
components in MFA coordinates observed by RBSP-A and TH-E during the second interval. (e) Hodogram of the flow
perturbations from 13:19 (red squares) to 13:25 UT observed by RBSP-A (left) and TH-E (right). (f) Magnetic field perturba-
tions in MFA coordinates observed by GOES 13. (g) Ground magnetic field perturbations in the H component observed at
stations SOD and ISL.
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However, the polarization directions at these two locations were the same and the enhancement was
observed over such a large radial distance range that it cannot be explained by FLRs. On the other hand,
for many of these Bz perturbations observed by RBSP-A, there was a phase difference close to 90° from the
Ey perturbations. This phase difference may suggest standing compressional waves trapped between the
magnetopause and the plasmapause that are associated with the cavity/waveguide modes.

4. External Drivers

In this section we investigate the solar wind and magnetosheath observations for likely external drivers for
the magnetospheric ULF waves observed during the two intervals. Figure 4 shows observations from
ARTEMIS P2 in the solar wind, and from Cluster C4 and Geotail in the magnetosheath. As shown in
Figure 4a, both Cluster and Geotail were on the duskside with Cluster at high latitudes in the Southern
Hemisphere and Geotail at low latitudes. Geotail later encountered plasma sheet plasma in magnetopause
boundary layer from ~13:17 to 13:33 UT as indicated by appearance of hot (> 1 keV) and tenuous
(< 1 cm�3) plasma. All of these satellites observed a brief and sharp magnetic field change to southward,

Figure 4. (a) X-Y (top) and Y-Z (bottom) projections of the trajectories of different satellites, with the square symbol indicat-
ing their locations at 12:45 UT. The thick black line is magnetopause location at Z = 0 predicted by the Roelof and Sibeck
model [Roelof and Sibeck, 1993] for the solar wind dynamic pressure = 2 nPa and IMF Bz = 2 nT. The thick purple line is bow
shock location at Z = 0 predicted by the model of Peredo et al. [1995] for observed Mach number = 9. The thin black line
crossing ARTEMIS indicates the IMF discontinuity discussed in section 4.2. Magnetic field components, number density,
flow velocities, and dynamic pressure observed by (b) ARTEMIS P2, (c) Cluster C4, and (d) Geotail. The magnetic field and
velocities are in GSM coordinates. The ARTEMIS data have been time shifted (see text). The vertical dotted lines in Figure 4b
indicate IMF discontinuities. Ion temperature observed by Geotail is overplotted on top of Geotail number density.
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indicating the observed pristine solar wind/IMF structures indeed impacted the Earth. For better
comparisons, we shifted the ARTEMIS time series by shifting the time of Bz changing from positive to
negative to 13:21 UT as observed by Cluster in the magnetosheath. In the solar wind, IMF strength,
density, speed, and dynamic pressure were all relatively steady with variations less than 10% and most
importantly the solar wind dynamic pressure showed no strong fluctuations in the 1.5–2 mHz and
3.5–4 mHz bands. This suggests that the magnetospheric ULF waves were not driven by the solar wind
dynamic pressure perturbations. The magnetosheath pressure was higher in the parallel than in the
perpendicular direction by a factor of <1.5 during most of the first interval, which was not a favorable
condition for mirror and proton cyclotron instabilities. The MHD firehose parameter, 1–0.5(β||–β⊥) [e.g.,
Siscoe, 1983] was found to be larger than 0, so it was also unfavorable to firehose instability. Despite that
the density and flows were steady in the solar wind, there were clear Pc5 perturbations in
magnetosheath density, magnetic field, and flows during the second interval. The magnetosheath
pressure anisotropy was weak at the time. Even though mirror and cyclotron modes could produce large
density and magnetic field variations, they are normally observed in the Pc3 (22–100 mHz) range. Also,
the anticorrelation between density and magnetic field variations for mirror mode waves was not
observed in our event. This suggests that the density perturbations may be generated near the foreshock
region. We further investigate these magnetosheath perturbations in detail and their connection with the
magnetospheric ULF waves during the two intervals.

4.1. External Driver During the First Interval

Figure 5a shows the real part of Morlet wavelet spectrum of magnetosheath flow perturbations observed by
Geotail during the first interval. The flow fluctuated in ~3.5 mHz, the same as the magnetospheric waves
observed during the first interval. Figures 5b and 5c compare the flow perturbations observed by Geotail
and TH-E in GSM coordinates (Geotail spacecraft speed was less than 1 km/s). The flow rotated clockwise
in the magnetosheath but counterclockwise inside the magnetosphere. This flow rotation pattern on the
opposite sides of the magnetopause shown in Figure 5e suggests that the flow perturbations were likely
caused by tailward propagating surface waves [Plaschke et al., 2014]. Cluster C4 in higher-latitude magne-
tosheath observed flow perturbations in a slightly higher frequency of ~4.5 mHz. However, as shown in
Figure 5d, comparing with the Geotail flows, the Cluster flow fluctuations were weaker and did not have
coherent flow rotation. This suggests that the surface waves were excited near the equatorial

Figure 5. (a) The real part of Morlet wavelet spectrum of Vy perturbations in GEM coordinates observed by Geotail. Vx and
Vy perturbations in GSM coordinates observed by (b) Geotail, (c) TH-E, and (d) Cluster C4. (e) Hodogram of the flow
perturbations from 12:55 (red squares) to 12:58 UT observed by Geotail (left) and TH-E (right). (f) Ion number density versus
velocity in the X direction observed by Geotail from 13:14 to 13:26 UT during the encounter of magnetopause boundary
layer. The green (red) dotted rectangle indicates the lower-density and higher-velocity feature in plasma of plasma
depletion layer (plasma sheet).
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magnetopause. Considering that the northward IMF and high solar wind speed during this interval should
provide favorable conditions for unstable K-H waves, we use the measurements of Cluster C4 (at XGSM ~ 0)
in the magnetosheath side and TH-E (at XGSM ~ 2 RE) in the magnetosphere side to make a crude evaluation
of the K-H instability condition [Chandrasekhar, 1961]:

V1 � V2ð Þ�kð Þ2 > 1
μ0mi

1
n1

þ 1
n2

� �
k�B1ð Þ2 þ k�B2ð Þ2

h i
(1)

where V is velocity vector, k is the wave vector, n is number density, B is magnetic field vector, mi is proton
mass, and subscripts 1 and 2 refer to magnetosheath and magnetosphere quantities, respectively. To obtain
better estimation of the magnetosheath values along the magnetopause surface, we transferred Cluster
magnetic field and velocity components to local magnetopause coordinates, LMN, in which N is pointed
outward along the normal to the magnetopause (determined from the Roelof and Sibeck model [Roelof
and Sibeck, 1993], as shown in Figure 4a), M is determined by zGSM × N (positive M is tailward), and L is
determined by N × M. With the assumption of axisymmetric magnetosheath distributions, the observations
suggest that the conditions across the equatorial magnetopause, for example, at 12:43 UT, were
V1M = �313 km/s, n1 = 6.2 cm�3, B1L = 15.4 nT, B1M = 6.4 nT, V2M = �17 km/s, n2 = 0.53 cm�3, B2L = 36 nT,
and B2M = 0. Because magnetic field was not zero along the shear, the k for maximum growth phase is
expected to be tilted from the flow shear plane [Nakamura et al., 2006; Eriksson et al., 2016], and its direction
at the time was kL = �0.05, kM = �0.998, and kN = 0 as estimated by using equation (4) of Nakamura et al.
[2006]. The unstable condition in equation (1) was satisfied with these values. We examined the observations
at different times from ~12:40 to 12:44 UT before the wave enhancement and found that the
cross-magnetopause conditions were K-H unstable; therefore, the surface waves could possibly be driven
by K-H instability.

At this time Geotail was not right at themagnetopause so there is no direct evidence for K-H waves. However,
as shown in Figure 4d, Geotail later encountered the magnetopause boundary layer between ~13:17 and
13:33 UT and observed plasma from the plasma depletion layer [Sibeck et al., 1990] as well as from the plasma
sheet. Plasma depletion layer is outside the magnetopause and is characterized by decreased density and
increased magnetic field strength compared to the magnetosheath. Figure 5f shows Geotail density versus
flow in the XGSM direction during the encounter of themagnetopause boundary layer. Besides observing typi-
cal low-density and low-velocity magnetosphere plasma and high-density and high-velocity magnetosheath
plasma, Geotail also observed a lower-density and higher-velocity feature in plasma of the plasma depletion
layer (the plasma of this feature is approximately indicated by the green dotted rectangle) and also in plasma
sheet plasma (as indicated by the red dotted rectangle). This feature in the plasma depletion layer can be
explained by plasma being accelerated by surface waves that may or may not be driven by K-H instability
[Plaschke et al., 2014]. But this feature seen in plasma sheet plasma has been shown in simulations [Takagi
et al., 2006] to be accelerated exclusively by a rolled-up vortex of K-H-driven surface waves. This feature
has been commonly used in many studies with single-satellite observations as an indication for the occur-
rence of a K-H vortex [e.g., Hasegawa et al., 2006; Hwang et al., 2011; Taylor et al., 2012]. With this additional
indirect evidence, K-H surface waves are plausibly the external driver for the 3.5–4 Hz magnetospheric ULF
waves observed during the first interval. In section 5, we compare the observed ULF perturbations with
predicted ULF wave signatures from a MHD simulation of K-H surface wave [Claudepierre et al., 2008].

4.2. External Driver During the Second Interval

Figure 6 shows the magnetosheath observed by Cluster and Geotail. Figure 6a shows that for each dip in the
magnetosheath dynamic pressure observed by Cluster, as indicated by red arrows, there was a correspond-
ing decrease in the density observed by Geotail, as indicated by blue arrows. From the appearance of keV
electrons, the first four Geotail density decreases were due to encounters of plasma sheet plasma in the mag-
netopause boundary layer. The last density decrease at ~1340 UT was accompanied by an increase of mag-
netic field strength but no hot plasma sheet electrons, indicating an encounter with only the plasma
depletion layer. The good correspondence with the deceases in the magnetosheath dynamic pressure thus
suggests that these encounters are due to outward deformation of the magnetopause. Figure 6b shows
filtered magnetosheath dynamic pressure fluctuations in the 1.5–2 mHz (band 1) and 3.5–4 mHz (band 2)
bands observed by Cluster in comparison with electric and magnetic field perturbations in the
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magnetosphere (note that the magnitudes of pressure perturbations have been scaled for better
visualization of the comparison). The 1.5–2 mHz band, which corresponded to the dynamic pressure dips,
were out of phase with the Bz perturbations in the inner magnetosphere observed by RBSP-A (see Figure 3a).
On the other hand, the 3.5–4 mHz band, which corresponded to the pressure peaks, were approximately
in phase with the Ey perturbations in the plasma sheet observed by TH-E (see Figure 3c) before 13:30 UT
(note that the Bz perturbations at the TH-E location were dominated by the 1.5–2 mHz band). The above
direct correspondences indicate that it was the external forcing of magnetosheath dynamic pressure
perturbations on the magnetopause that drove those ULF waves in the magnetosphere during the
second interval.

As shown in Figure 4b, in comparison with the first interval, during the second interval the IMF magnitude,
the solar wind density and speed, and the solar wind dynamic pressure remained similar and also relatively
steady, but there were a few changes in the IMF direction. Several of these IMF direction changes were
associated with IMF discontinuities as indicated by vertical dotted lines (these IMF discontinuities were also
observed by ACE at (233, 42, 12) RE, not shown). The discontinuity normal is determined using minimum
variance analysis [Sonnerup and Scheible, 1998] requiring that the minimum-to-intermediate eigenvalue ratio
be less than 0.1 [Liu et al., 2015] and checked with the cross product method [Schwartz, 1998] if magnetic field
along the discontinuity normal is close to zero. A discontinuity is defined here to have a direction change
larger than 20° within 1 min. A chain of discontinuities were observed by both ACE and ARTEMIS and they
were clustered in three bunches as indicated by shaded light blue in Figure 4b. Figure 6d shows the magne-
tosheathmagnetic field and plasma parameters observed by Cluster. It can be seen that there were also three
bunches of substantial magnetic field direction changes in the magnetosheath (shaded light blue), and they

Figure 6. (a) From top to bottom: dynamic pressure perturbations observed by Cluster C4, density and electron energy flux
(1/(s sr cm2)) observed by Geotail. (b) Comparison of Bz perturbations observed by RBSP-A with the dynamic pressure
perturbations at the 1.5–2 mHz band (band 1) observed by Cluster C4 (Pd,w is multiplied by a factor of 5 for better
visualization). (c) Comparison of Ey perturbations observed by TH-E with the dynamic pressure perturbations at the
3.5–4 mHz band (band 2) observed by Cluster C4 (Pd,w is multiplied by a factor of 2). (d) From top to bottom: magnetic field
components in GSM coordinates, angles between By and Bz (θyz) and between Bx and By (ϕxy), and fluctuations of magnetic
field strength, density, and flows in LMN coordinates observed by Cluster C4.
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matched the three bunches of IMF discontinuities with reasonable timing uncertainty from the solar wind to
the magnetosheath, indicating that those IMF discontinuities have crossed the bow shock. Note that an IMF
discontinuity may become less sharp in the magnetosheath so that the magnetosheath magnetic field
direction change may no longer be qualified as a discontinuity.

In contrast to the approximately constant (variations <10%) IMF strength and number density across those
IMF discontinuities observed by ARTEMIS, in the magnetosheath Cluster observed significant drops (up to
~50%) in both the magnetic field strength and number density and enhanced flows corresponding to the
three bunches of magnetic field direction changes. As discussed at the beginning of section 4, these pertur-
bations were not consistent with being generated by magnetosheath instabilities; we thus focus the investi-
gation on perturbations originated around the bow shock. Their direct correspondences with IMF
discontinuities thus suggest that they may be a result of transient ion foreshock perturbations generated
by the kinetic interaction of IMF discontinuities with the quasi-parallel bow shock, such as hot flow anomalies
(HFAs) [e.g., Schwartz et al., 1985; Thomsen et al., 1986; Lucek et al., 2004; Omidi and Sibeck, 2007; Zhang et al.,
2010] and foreshock bubbles (FBs) [e.g., Omidi et al., 2010; Turner et al., 2013; Liu et al., 2015]. As these
perturbations propagate into the magnetosheath and move tailward, they can cause magnetopause
deformation and enhanced ULF waves in the magnetosphere, and these geoeffects may be dawn-dusk
asymmetric depending on the discontinuity normal direction [e.g., Sibeck et al., 1999; Jacobsen et al., 2009;
Archer et al., 2014, 2015]. Unfortunately, there was no spacecraft in the foreshock during this interval to
provide direct evidence for foreshock perturbations being the cause of the observed magnetosheath
perturbations. But as we show in the following, characteristics of the fluctuations in the magnetosheath
and magnetosphere provide some supporting evidence. Figure 7a shows the observed changes in magnetic
field and plasma parameters in LMN coordinates associated with the first magnetosheath perturbation
shown in Figure 6d, and Figure 7b shows a schematic interpretation of the structure of that perturbation.
There was a magnetic field direction change across this perturbation. This perturbation consisted of a core

Figure 7. (a) A magnetosheath perturbation observed by Cluster C4. From top to bottom: magnetic field in LMN
coordinates, number density, magnetic field strength, flow in the M direction, flow in the N direction, electric field in the
L and M directions, ion temperature, and electron temperature (electron temperature from Cluster C2). (b) Schematic
interpretation of the structure of the perturbation shown in Figure 7a.
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region (shaded in light blue in both Figures 7a and 7b) with lower density and magnetic field strength
enclosed by two edges of higher density and magnetic field strength (shaded in light purple). Flow speed
decreased in theM direction (along the magnetopause), while the flow in the N direction (normal to the mag-
netopause) changed signs, indicating that the tailward magnetosheath flow was diverted around the pertur-
bation. Themotional electric field (E =�V × B) was pointed toward the center of themagnetic field change at
13:17 UT. There were increases in both ion and electron temperatures across the perturbation with the elec-
tron temperature increase more confined within the core region (the electron temperature was from Cluster
C2 which was ~0.5 RE from Cluster C4 because at the time electron temperature from C4 was not available).
These changes resemble characteristically the features of HFAs and FBs observed in the foreshock region
[Schwartz et al., 1985; Lucek et al., 2004; Turner et al., 2013].

There was a delay from Cluster to Geotail in observing the first perturbation. Cluster at (0.29, 13, �14.5) RE
observed the peak of flow enhancement associated with the first perturbation at ~13:14:30 UT, while
Geotail at (�8.6, 22.3, 0.9) RE observed it ~3 min later at ~13:17:30 UT. This delay may be explained by a
HFA perturbation propagating downstream with a speed determined by the solar wind speed parallel to
the discontinuity normal. The solar wind velocity observed by ARTEMIS P2 at the time was (�596, 19,
�33) km/s, and the normal direction for the IMF discontinuity at 13:18:20 UT was ~(�0.75, 0.21, 0.62) with
10% uncertainty as estimated from minimum variance analysis (similar values were also obtained from the
ACE IMF). If we consider this discontinuity to be the driver of the first magnetosheath perturbation and we
assume that it has the same discontinuity normal direction extending from ARTEMIS’s location to outside
the bow shock (see the black line in Figure 4a), then a delay of ~4 min from Cluster to Geotail is expected.
This is reasonably consistent with the observed delay considering the uncertainties due to the estimation
of normal direction.

In addition, typical scale sizes are a few RE for HFAs and 5–10 RE for FBs [Facskó et al., 2009; Turner et al., 2013],
and they may have a stronger impact on ULF waves on one side of the magnetosphere than the other
[Hartinger et al., 2013] depending on the discontinuity normal direction. During the second interval the IMF
was dominantly radial but was leanedmore toward the duskside as indicated by the IMF Bx and IMF By shown
in Figure 4b, and the normal directions of those IMF discontinuities were pointed duskward. These orienta-
tions should guide foreshock perturbations to move along the duskside, in agreement with the wave
enhancement being observed on the duskside magnetosphere shown in Figure 3. Based on the above con-
sistencies, a plausible interpretation for the ULF wave enhancement during the second interval is that a chain
of IMF discontinuities as observed by ARTEMIS interacted with the foreshock and created transient foreshock
perturbations, and as these perturbations propagated downstream along the duskside with their driver
discontinuities they subsequently caused the magnetosheath dynamic pressure perturbations (observed
by Cluster), which deformed the magnetopause (observed by Geotail) and thus generated ULF waves inside
the duskside magnetosphere (observed by THEMIS, Van Allen Probes, and ground magnetometers).

5. Discussion

Repetitive or quasiperiodic magnetopause surface waves can be either caused by the solar wind disturbances
with corresponding periods, by foreshock origin perturbations, by instabilities in the magnetosheath, or by
instabilities at the magnetopause with periods determined by the instability growth rates [e.g., Hwang and
Sibeck, 2016]. For the 3.5–4 mHz perturbations observed during the first interval, this characteristic period
was only observed in low-latitude magnetosheath (Geotail) and magnetosphere (RBSP-A and TH-E) but not
in the solar wind (ARTEMIS P2). There were only very weak broadband ULF fluctuations in the solar wind at
the time. No strong density and magnetic field fluctuations in the magnetosheath during the first interval
to suggest foreshock perturbations and the magnetosheath conditions were found to be unfavorable to
magnetosheath instabilities. These suggest that the 3.5–4 mHz waves were more likely generated by an
instability at the low-latitude magnetopause than directly by the solar wind or magnetosheath fluctuations.
But any small perturbations in the solar wind or magnetosheath can become a seed fluctuation for the
magnetopause instability [Hwang and Sibeck, 2016].

Considering the K-H surface waves for the driver of ULF waves inside the magnetosphere, previous observa-
tional studies suggested that the magnetospheric ULF waves can result from coupling K-H waves with either
waveguidemode [Rae et al., 2005] or FLRmode [Agapitov et al., 2009]. However, in our event no compressional
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waves in the 3.5–4 mHz band and no waveguide and FLR modes were observed in the magnetosphere. Here
we discuss another mechanism that attributes the magnetospheric ULF waves to the inner mode of the two
K-H modes [Lee et al., 1981]. In the presence of a boundary layer extending inward from the magnetopause,
two K-H modes can be generated: the outer mode is centered at the magnetopause and the inner mode is
centered at the inner edge of boundary layer inside themagnetosphere. Perturbations in the magnetosheath
and magnetosphere associated with these two K-H modes have been investigated in many studies using
global MHD simulations with focuses on either flows [Li et al., 2012, 2013, Merkin et al., 2013] or electric and
magnetic fields [e.g., Claudepierre et al., 2008; McGregor et al., 2014]. Despite that the simulation setups and
the specified solar wind/IMF conditions were not the same in these simulations, all these studies show gen-
eration of the two K-H modes. McGregor et al. [2014] study showed that such K-H modes can be excited in
the same frequency under either very weak or strong broadband ULF solar wind fluctuations. The observed
ULF perturbations in electric field and flowbut not in Bz shown in Figure 2 are characteristically consistent with
the model predictions of the Claudepierre et al. and McGregor et al. studies. In their simulations, the vortical
flow structure associated with the inner mode causes monochromatic electric field perturbations several RE
inside themagnetopause, while Bz perturbations of the same frequency aremainly created by the outer mode
and are confined within a much narrower radial extent. This offers an explanation why in our event no com-
pressional waves in the same frequency band as electric field and flow perturbations were observed in the
inner magnetosphere. In this scenario, it is the inner flow vortices, not fast mode waves, that play the role
of transporting energy inward. The Merkin et al. study indicated generation of field-aligned currents by the
velocity shear [Southwood and Kivelson, 1991] of the vortices, which could explain the observed transverse
magnetic field perturbations in the same 3.5–4 mHz band. In addition, while electric field perturbations can
be driven deeper inside themagnetosphere, they have limited azimuthal extent that may depend on the spa-
tial scale of individual K-H vortices. This may explain why the well-structured flow perturbations observed by
RBSP-Awere not observed by RBSP-B nearby. Furthermore, Li et al. [2013] showed that the simulated flow per-
turbations associated with the outer mode become weaker with increasing Z distances from the equatorial
plane. This may explain the weaker flow perturbations and less coherent flow rotations observed by Cluster
in high-latitude magnetosheath. However, the simulations did not investigate how the K-H frequency might
vary in the Z direction and it remains to be understood why Cluster observed higher frequency of ~4.5 mHz.

On the other hand, global hybrid simulations of ion foreshock perturbations and their impact on the magne-
tosheath and magnetopause remain very limited [e.g., Omidi et al., 2016], and these simulations have not
investigated the responses inside the magnetosphere. Therefore, no simulation results are available for com-
paring with the observed ULF waves during the second interval. In addition to HFAs and FBs, there exist many
other types of perturbations initially generated near the foreshock, such as spontaneous HFAs [Zhang et al.,
2013; Omidi et al., 2016], magnetosheath filamentary structures [Omidi et al., 2014], transient flux enhance-
ments or jets [e.g., Něme�cek et al., 1998; Hietala et al., 2012], or large-scale low-frequency electromagnetic
wavefronts [Karimabadi et al., 2014]. But these perturbations are less likely to be the cause of the magne-
tosheath perturbations during the second interval since their formation do not require IMF discontinuities
and their associated variations are not consistent with those observed by Cluster. In the future more observa-
tion and simulation studies are needed to better understand how these foreshock perturbations evolve and
interact in the magnetosheath as they propagate tailward to the nightside, as well as how they interact with
other magnetopause perturbations such as K-H surface waves.

6. Summary

In this event study we use multiple spacecraft observations to investigate magnetospheric Pc5 ULF waves
under steady solar wind and quiet geomagnetic conditions and their likely external drivers. Our key findings
are the following:

1. Electric andmagnetic field perturbations in two narrow frequency bands, 1.5–2 mHz and 3.5–4 mHz, were
observed in the magnetosphere over a large radial distance range from r ~ 5 to 11 RE. Perturbations in
these two bands were also observed in the magnetosheath, but these perturbations were not driven
by solar wind dynamic pressure perturbations.

2. During the first interval of this event, enhanced perturbations in the 3.5–4mHz band were observed in the
transverse electric and magnetic field components, and plasma flows. The enhancement occurred over a
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large radial distance range but within a limited azimuthal region. The magnetic field polarization direc-
tions at r = 5 and 11 RE were the same. No compressional waves in the 3.5–4 mHz band were observed,
and the transverse magnetic field perturbations are not consistent with being excited by FLRs or
cavity/waveguide modes. The flow oscillations in the magnetosheath and the magnetosphere were well
correlated, and their rotation directions were opposite to each other. In addition, the hot and tenuous
plasma sheet plasma in the magnetopause boundary layer had a flow signature associated with rolled-
up K-H vortices. From qualitative comparisons with global MHD simulations of K-H waves, these electric
field and flow ULF perturbations inside the magnetosphere during the first interval can be plausibly
explained by the vortical flow perturbations associated with the inner mode of K-H surface waves.

3. In comparison with the first interval, during the second interval stronger enhancement was observed in
both transverse and compressional components, in both the 1.5–2 and 3.5–4 mHz bands, and over a
wider azimuthal range, but the enhancement was much stronger on the duskside than the dawnside.
The magnetic field perturbations were not entirely consistent with FLRs, and some characteristics
suggested cavity/waveguide resonance. Good correlations are found between the magnetosheath
dynamic pressure perturbations, magnetopause deformation, and magnetospheric waves, and all were
in good correspondence to IMF discontinuities. We surmise that during the second interval of this event,
the perturbations were initially generated at the ion foreshock by these IMF discontinuities. As these
foreshock perturbations extended into the magnetosheath and propagated tailward, they likely created
transient magnetosheath dynamic pressure perturbations and their forcing on the magnetopause drove
the 1.5–2 mHz ULF waves inside the magnetosphere. Concurrently, K-H surface waves continued to drive
the 3.5–4 mHz waves.
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