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[1] Poloidal standing Alfvén waves observed by spacecraft usually have a second harmonic
standing wave structure. On very rare occasions, fundamental poloidal waves have been
observed in association with giant pulsations observed on the ground. In this paper, we
report multisatellite observations of fundamental poloidal waves that did not produce any
clearly associated magnetic pulsations on the ground. The waves were observed on 10
November 2008, at ~1830 Universal Time (UT) at THEMIS-A and THEMIS-D and at
~2010 UT at THEMIS-E as these spacecraft passed L ~ 11 and magnetic local time (MLT)
~ 0900. The GOES-11 geostationary satellite (L ~ 7) also observed poloidal waves at ~1730
UT when it was at ~0900 MLT. The poloidal waves at THEMIS were characterized by
narrow-band oscillations (frequency ~4 mHz) of the ion bulk velocity and magnetic field in
the radial direction. We identify the waves at THEMIS to be the fundamental mode on the
basis of the wave properties observed slightly south of the magnetic equator: large velocity
amplitude, small magnetic field amplitude, and ~90° phase delay of the magnetic field
relative to the velocity. The azimuthal wave number is found to be ~70 (if we assume
westward propagation) or ~200 (if we assume eastward propagation) from the phase delay
between THEMIS-A and THEMIS-D. This wave number explains why there were no
corresponding magnetic field oscillations on the ground. These observations imply that only
a subset of fundamental poloidal waves excited in the magnetosphere is observed on the
ground as giant pulsations.
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1. Introduction

[2] The drift-bounce resonance mechanism is a very com-
mon process in the terrestrial magnetosphere causing the
generation of ultralow frequency (ULF) waves [Southwood
et al., 1969; Hughes et al., 1978]. Depending on the actual
energy of the resonant particle, this mechanism gives rise to
ULF waves with a broad range of azimuthal wave numbers,

m values [e.g., Ozeke and Mann, 2001]. At the ground, so-
called giant pulsations (Pgs) have been suggested to be a
witness of this resonant excitation process [Glassmeier,
1980; Takahashi et al., 1992]. Because of the ionospheric
screening effect, only those resonant waves with not too large
m values can be seen on the ground [e.g., Hughes and
Southwood, 1976]. Accordingly, Pgs appear to be a subclass
of the more general class of ULF waves generated by the
drift-bounce mechanism. Here we analyze in more detail
one of the members of large m ULF waves and demonstrate
that its ground signature is absent. Thereby, we provide
further evidence for the ionosphere acting as a filter for mag-
netospheric dynamics. The remainder of this section provides
a brief historical background and a more specific description
of the physical processes relevant to the waves.

1.1. Poloidal Standing Alfvén Waves

[3] Long-to-medium-period ULF waves in the magneto-
sphere, or Pc3–5 waves (period 10–600 s ), are routinely
observed and many of them are identified as standing
Alfvén waves. The basic properties of the observed waves
such as frequency and perturbations in the electric and
magnetic fields are consistent with theoretical predictions
for standing Alfvén waves [Dungey, 1954]. Currently, a
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major goal in studying these waves is to understand how they
are excited and interact with magnetospheric particles. In
general, standing Alfvén waves can be excited either by
disturbances external to the magnetosphere (such as solar
dynamic pressure variations) or by plasma instabilities within
the magnetosphere. In this paper, we are concerned with
internal mechanisms.
[4] Internally excited standing Alfvén waves are charac-

terized by strong magnetic field perturbations in the
radial (poloidal) direction. Compared with toroidal waves
[Radoski and Carovillano, 1966], which have strong azi-
muthal magnetic field perturbations and are usually attributed
to external source mechanisms [Chen and Hasegawa, 1974;
Southwood, 1974], poloidal waves have a large value of m
(with minus sign indicating westward propagation), which
can be on the order of 100. In the limit of |m| =∞, the cold
plasma magnetohydrodynamic (MHD) wave equations for
a dipole magnetic field yield a solution called the guided
poloidal mode [Radoski, 1967]. The frequency and variation
of the electric and magnetic field perturbations along the
field line facilitate the harmonic mode identification of the

observed poloidal ULF waves. When the plasma pressure is
high, the poloidal waves are accompanied by a strong
magnetic field compressional component, which tends to be
balanced with the plasma pressure oscillations [Southwood,
1976; Chen and Hasegawa, 1991; Cheng and Qian, 1994].
Note that compressional poloidal waves with low |m| values
are also observed and are known as global modes [e.g.,
Kivelson et al., 1984; Hartinger et al., 2013]. Global mode
waves have a strong fast mode component and their proper-
ties are determined by the radial structure of the plasma mass
density and Alfvén speed. Global poloidal waves are outside
the scope of the present paper.

1.2. Field Line Harmonic Mode and
Excitation Mechanism

[5] One property that is important in understanding the
excitation mechanism of poloidal waves is the field line
harmonic mode. Because much of the present paper is
devoted to describing observational evidence of fundamental
poloidal waves, we show in Figure 1 an illustration of key
observable features of the waves and contrast them with
those of the second harmonic waves. The figure uses a
straight equilibrium magnetic field line for the sake of sim-
plicity [e.g., Sugiura and Wilson, 1964], which is adequate
for qualitative description of field line mode structure and
the phase relation between the plasma bulk velocity (V)
and magnetic field (B). For the V and B vectors, the coordi-
nate axes are taken along the direction of the unperturbed
magnetic field (μ), radially outward (ν), and eastward (ϕ).
The figure is similar to those used previously in studies of
standing Alfvén waves [Cummings et al., 1978; Singer
et al., 1982; Takahashi et al., 2011].
[6] The fundamental (Figure 1a) and second harmonic

(Figure 1b) modes can be distinguished in various ways.
For example, one can rely on the fact that the magnetic
equator is the location of the antinode (maximum amplitude)
of field line displacement for the fundamental mode, whereas
it is the location of the node (zero amplitude) for the second
harmonic. Therefore, if we observe a large (small) Vν oscilla-
tion near the magnetic equator, the oscillation probably has a
fundamental (second harmonic) mode structure. This is the
reverse for the Bν oscillation (note that the Bν amplitude is
proportional to the tilt angle of the field line). Also, the phase
delay between Vν and Bν differs between the fundamental and
second harmonic modes. For the fundamental (second
harmonic) mode measured slightly south of the magnetic
equator (indicated by the horizontal dashed line), Vν leads
(lags) Bν by 90°.
[7] Observations indicate that poloidal waves are excited

mostly at the second harmonic [Cummings et al., 1969;
Hughes et al., 1978; Arthur and McPherron, 1981; Singer
et al., 1982; Takahashi and McPherron, 1984; Engebretson
et al., 1988]. Second harmonic poloidal waves are common
even when there is a strong compressional component in
the magnetic field [Takahashi et al., 1987; Haerendel et al.,
1999; Vaivads et al., 2001; Sibeck et al., 2012]. Theory offers
explanations for the preferential excitation of the second
harmonic mode in the ring current environment
[Southwood, 1976; Chen and Hasegawa, 1991; Cheng and
Qian, 1994; Chan et al., 1994]. A popular scenario is that
ring current ions forming a bump-on-tail energy distribution
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Figure 1. Illustration of poloidal standing Alfvén waves.
Field lines are tied to the ionosphere at the southern and
northern ends. In the upper part of each panel, field line dis-
placement (blue line) and the associated plasma bulk speed
(red arrow) are shown at four phases of an oscillation cycle.
The coordinate axes are defined on the right. The horizontal
dashed line, drawn slightly south of the magnetic equator,
represents the location of the THEMIS spacecraft for the ob-
servations described in the main text. In the lower part, the
temporal variations of Vν and Bν are shown for one oscillation
cycle to explain the phase lag between them. (a) Fundamental
mode. (b) Second harmonic mode.
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(usually in the 5–50 keV energy range) feed energy to the
waves through the drift-bounce resonance

ω� mωd ¼ Nωb: (1)

[8] Here ω is wave frequency, ωd and ωb are the guiding
center drift and bounce frequencies of the ions, and N is an
integer that we call bounce harmonic number [Southwood
et al., 1969; Southwood, 1976; Hughes et al., 1978;
Chisham, 1996; Baddeley et al., 2004, 2005; Wilson et al.,
2006]. The symmetry (odd or even) of the standing wave
about the magnetic equator dictates which bounce harmonic
is relevant [Southwood and Kivelson, 1982]. For odd mode
(e.g., fundamental) waves, N is even, and for even mode
(e.g., second harmonic) waves, N is odd. For the case of the
second harmonic standing waves, N= ± 1 is the most likely
bounce harmonic that channels energy between particles
and waves [Southwood, 1976].
[9] Although very rare, fundamental poloidal waves have

been reported. Yang et al. [2010] reported a storm-time tran-
sient event observed by CLUSTER satellites. Eriksson et al.
[2005] reported three high-m odd-mode poloidal wave
events, also observed by CLUSTER, and the authors
discussed the possibility of the waves being either the funda-
mental or the third harmonic standing waves. Besides these,
satellite observations of fundamental poloidal waves are
limited to those associated with Pgs observed on the ground,
usually in the Pc4 band (period = 45–150 s ). Pgs are rare
phenomena that occur approximately 20 times a year in the
late declining phase of the solar activity but are essentially
nonexistent at the peak of the solar activity [Brekke et al.,
1987]. Other unique features of Pgs include a highly mono-
chromatic waveform, a strong east-west ground magnetic
field perturbation, localization around dawn and at L ~ 6,
and peak occurrence at the equinoxes under quiet geomag-
netic conditions [Rostoker et al., 1979; Glassmeier, 1980;
Hillebrand et al., 1982; Poulter et al., 1983; Chisham and
Orr, 1991]. Because Pgs are uniquely identified only on the
ground, studies of magnetospheric source waves for Pgs need
to start from event identification on the ground.
[10] In a recent study, Takahashi et al. [2011] combined

electric and magnetic field data from a THEMIS spacecraft
and magnetic field data from four GOES geostationary
spacecraft to demonstrate that 100-s poloidal waves associ-
ated with Pgs on the ground had a fundamental mode
structure. This result confirmed earlier studies that used
single-satellite observations [Kokubun, 1980; Hillebrand
et al., 1982; Kokubun et al., 1989; Takahashi et al., 1992;
Glassmeier et al., 1999].

1.3. Ionospheric Screening

[11] We are intrigued by the fact that Pgs are well-defined
phenomena yet they occur so infrequently. Why are they so
rare? What special magnetospheric condition is required for
their excitation? To answer these questions, it is necessary
to improve our understanding of the occurrence morphology
of fundamental poloidal waves in the magnetosphere. This is
because Alfvén waves with a small latitudinal scale [e.g.,
Glassmeier and Stellmacher, 2000] or a high |m| value
[Wright and Yeoman, 1999; Yeoman and Wright, 2001] are
screened by the ionosphere and do not produce detectable
magnetic pulsations on the ground. According to Hughes

and Southwood [1976] and Glassmeier [1984], the attenua-
tion factor A of Alfvén wave amplitude through the iono-
sphere is given by

Ae ΣH=ΣPð Þ exp �2πh=λϕ
� �

; (2)

where ΣH and ΣP are the height-integrated Hall and Pedersen
conductivities, respectively, h is the effective height
(~120 km) of the ionosphere, and λϕ is the azimuthal wave-
length at the ionospheric height. If ΣH ~ΣP and the wave-
length is comparable to or shorter than the ionospheric
height, λϕ < h, then there will be a very strong attenuation,
A< 10�3.
[12] Previously reported Pgs had |m| values smaller than

35 [Rostoker et al., 1979], but there is no a priori reason that
the same mechanism that generates Pgs cannot generate
high-m (|m| > 35) poloidal waves that are screened out by
the ionosphere. Namely, Pgs may be a manifestation of a
small subset of fundamental poloidal waves excited in the mag-
netosphere. This possibility is well founded in view of simulta-
neous high-frequency (HF) radar and ground magnetometer
observations of ULF pulsations [Yeoman and Wright, 2001].

1.4. Organization of the Paper

[13] This paper combines data from three THEMIS space-
craft, one GOES satellite, and ground magnetometers close
to the magnetic field foot points of the satellites to demon-
strate that fundamental poloidal waves occurred in the
magnetosphere without producing any corresponding
magnetic pulsations on the ground. The overall data analysis
approach is quite similar to that used by Takahashi et al.
[2011] for a Pg event except that in the present study, we
have two THEMIS spacecraft very close to each other, which
allows us to determine the azimuthal wave number. As
expected, we find that the azimuthal wave number of the
poloidal waves is high, with |m| ~ 70 or ~200. Although such
events are very rare, this result nevertheless indicates that
fundamental poloidal waves occur in the magnetosphere
without producing Pg signals on the ground. In this paper,
we focus on wave mode analysis and leave examination of
particle distribution functions for future studies.
[14] The remainder of the paper is organized as follows.

Section 2 describes the experiments used to acquire data used
for this study. Section 3 presents an overview of the observa-
tions. Section 4 presents THEMIS data. Section 5 examines
GOES data. Section 6 compares waves in the magnetosphere
and magnetic field variations on the ground. Section 7
presents discussion. Section 8 presents the conclusions.

2. Experiments

[15] The THEMIS-A, THEMIS-D, and THEMIS-E space-
craft are the main source of data used in the present study. At
the time of the wave event reported here, the spacecraft
were in nearly identical orbits with apogees around 12 RE

geocentric. To study ULF waves, we use the ion bulk
velocity vector V calculated on board at the cadence of the
spacecraft spin period (~3 s) from the ion flux measured by
the electrostatic analyzer (ESA) in the energy range 5 eV
–25 keV [McFadden et al., 2008] and the magnetic field
vector B measured by the fluxgate magnetometer [Auster
et al., 2008], also processed into the spin period time
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resolution. We have evaluated the contribution of ions with
energy higher than 25 keV, measured by the solid state
telescope (SST) [Angelopoulos, 2008], to the bulk velocity
and found that it is negligible. We do not use the electric field

data [Bonnell et al., 2008] because the satellite wake and
asymmetric boom illumination strongly affected the mea-
surement. The THEMIS data are supplemented by magnetic
field data from the GOES-11 geostationary satellite [Singer
et al., 1996] and the CARISMA [Mann et al., 2008] and
THEMIS-Ground Based Observatory (GBO) [Russell et al.,
2008] ground magnetometer arrays. Because the GOES and
ground magnetometer data had an original time resolution
of 1 s or higher, we reduced the resolution to 10 s (GOES)
or 5 s (ground magnetometers) after taking running averages
of the original data. In spectral analyses, we applied the
Fourier transform [Bendat and Piersol, 1971] to the time
series from which the best-fit second-order polynomial has
been subtracted.
[16] To separate the toroidal and poloidal components

of oscillations in V and B, we express these vectors in
a model-field-aligned coordinate system. In this system,
the compressional component eμ is along the magnetic
field given by combining the International Geomagnetic
Reference Field (IGRF) (http://www.ngdc.noaa.gov/IAGA)
and the T89c [Tsyganenko, 1989] models, the eastward
component eϕ is given by eμ×R where R is the radial vector
pointing from the center of the Earth toward the satellite, and
the radial component eν= eϕ × eμ completes the right-handed
system ν�ϕ�μ. During the poloidal wave event at each
THEMIS spacecraft, the direction of the observed field was
within 4° of the model field (the magnitude differs by up to
20%). Therefore, the model is satisfactory for the purpose
of separating directions parallel and perpendicular to the
background magnetic field.

3. Observational Background

[17] The waves were observed in the dayside magneto-
sphere between 1700 and 2100 UT on 10 November
(day of year 315) 2008. This time was near the solar mini-
mum. This section provides some background information
for the wave event.

3.1. Solar Wind and Geomagnetic Condition

[18] Figure 2 shows the 1min OMNI solar wind data
[http://omniweb.gsfc.nasa.gov/ow_min.html] for the second
half of 10 November 2008. The data have been time shifted
to the bow shock. During the 4 h interval 1700–2100 UT
(highlighted), which includes the poloidal wave activity at
the THEMIS and GOES satellites, the solar wind velocity
was steady at ~400 km/s (Figure 2a), the density varied
between 1.3 and 2.1 cm�3 (Figure 2b), and the dynamic
pressure calculated from the velocity and density was in the
range of 0.4–0.7 Pa (Figure 2c). The interplanetary magnetic
field (IMF) had a magnitude of 1–3 nT (Figure 2g), and its z
component in the geocentric solar magnetospheric (GSM)
coordinates was mostly near zero or positive (Figure 2f).
The IMF cone angle, θxB = cos� 1(|BxGSM|/Bt), varied signifi-
cantly between ~30° and ~90° (Figure 2h), and the frequency
of upstream waves fuw, calculated using the formula of
Takahashi et al. [1984] and shown only when θxB < 45°,
was in the range of 10–20 mHz (Figure 2i).
[19] Figure 3 shows geomagnetic activity indices pro-

vided by the World Data Center for Geomagnetism, Kyoto
[http://wdc.kugi.kyoto-u.ac.jp] covering the poloidal wave
event. In each panel, the shading indicates the 4 h period

Figure 2. Time-shifted OMNI solar wind data in 1min
resolution covering the second half of 10 November 2008.
Poloidal waves were observed by the THEMIS and GOES
spacecraft during the 4 h period highlighted by shading.
The (c) dynamic pressure Psw was calculated from the (a)
flow speed Vsw and (b) density Nsw. The (h) IMF cone angle
θxB was calculated from the (d–g) measured magnetic field.
The (i) upstream wave frequency fuw was calculated using
the measured magnetic field and the theoretical formula of
Takahashi et al. [1984].
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of interest. Figure 3a shows that there was a minor develop-
ment in ring current intensity leading to a Dst minimum of
�32 nT on day 313 (8 November). The waves occurred dur-
ing the recovery phase of this very small geomagnetic
storm. Figures 3b and 3c show that there were substorms
on day 315. The AL index shows a sharp decrease at
~1200 UT to the minimum of�326 nT and a less abrupt de-
crease at ~1500 UT to the minimum of�231 nT. During the
time period of the poloidal waves, there was no
substorm activation.

3.2. Spacecraft Orbits

[20] Figure 4a shows the orbits of the THEMIS-A,
THEMIS-D, and THEMIS-E spacecraft and the geostation-
ary GOES-11 satellite for the whole day of 10 November
2008, projected on the geocentric solar ecliptic (GSE) X–Y
plane. The THEMIS spacecraft were on nearly identical
orbits but with a time delay: THEMIS-D trailed THEMIS-A
by ~40min and THEMIS-E trailed THEMIS-D by ~90min.
The thick portions of the orbits indicate where the waves
were observed. At the THEMIS spacecraft, the poloidal
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Figure 5. Dynamic spectra of (top) Vν and (middle) Vϕ and (bottom) the Vν-to-Vϕ power ratio at THEMIS
spacecraft for 10 November 2008. The power ratio is color coded such that stronger Vν (Vϕ) power appears
red (blue). The short horizontal bars indicate the poloidal waves described in the text. (a) THEMIS-A. (b)
THEMIS-D. (c) THEMIS-E.
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wave activity was limited to a small domain in the L versus
magnetic local time (MLT) space centered at L ~11 and
MLT~0900. At GOES 11 (L ~ 7), the wave activity occurred
also at ~0900 MLT.
[21] Included in Figure 4a are the model magnetopause by

Shue et al. [1998] and the model bow shock by Fairfield
[1971]. As input to the Shue et al. [1998] magnetopause
model, we used the maximum solar wind dynamic pressure
0.7 Pa and the minimum Bz �2 nT during the selected 4 h
interval (Figure 1). These values give an estimate of the
smallest magnetopause standoff distance during the 4 h inter-
val. According to the model, THEMIS-A, THEMIS-D, and

THEMIS-E were approximately 2 RE Earthward of the magne-
topause. Therefore, we argue that our poloidal waves do not
belong to the class of ULF waves reported by Plaschke et al.
[2009], which are localized to the magnetopause.
[22] Figures 4b, 4c, and 4d show dipole-based magnetic

coordinates of the four spacecraft as a function of time. As
in Figure 4a, the thick line segments indicate poloidal wave
activity. Important features to be noted here are that during
the wave observations, THEMIS-A and THEMIS-D had
nearly identical L values (Figure 4b) and a finite separation in
MLT (Figure 4d), and THEMIS-D was closer to the magnetic
equator than THEMIS-A (Figure 4c). GOES-11 was in the
northernmagnetosphere at a magnetic latitude (MLAT) of ~5°.

4. THEMIS Data

4.1. Bulk Velocity Dynamic Spectra

[23] The poloidal waves discussed in this paper were iden-
tified by visually surveying dynamic spectra of V, displayed
in the format of Figure 5. The figure shows dynamic spectra
for THEMIS-A, THEMIS-D, and THEMIS-E computed for
the whole day of 10 November 2008. For each spacecraft,
Figures 5a–5c show, from top to bottom, the power spectral
density (PSD) of Vν, the PSD of Vϕ, and the Vν-to-Vϕ PSD
ratio. The PSD is first calculated from the Fourier transform
of the time series (described in section 2) in the positive
frequency domain. This PSD is then multiplied by a factor
of 2 to account for the power coming from the negative
frequency [e.g., Brautigam et al., 2005]. The satellite posi-
tion is given at the bottom using dipole-based coordinates.
[24] The Vν and Vϕ spectra at each THEMIS spacecraft

exhibit continuous narrow-band enhancements at 3–5 mHz
in the region outside of L ~ 8. In the daily dynamic spectra
generated from the THEMIS-A data for the entire year of
2008, we find that this spectral feature is very common on
the dayside. We attribute the narrow-band oscillations to
fundamental standing Alfvén waves on the basis of previous
satellite studies [e.g., Singer and Kivelson, 1979; Anderson
et al., 1990; Takahashi et al., 2002] and also on the basis of
comparison of the measured V and B oscillations at the
THEMIS spacecraft. The waves are classified as toroidal
waves, because they usually exhibit higher power in the Vϕ
component. In the example shown here, the dominance of
toroidal waves is evident in the bottom panel because the
Vν-to-Vϕ PSD ratio appears in blue in the 3–5 mHz band.
[25] For a short-time period ~1800–1900 UT, however, the

PSD at THEMIS-A and THEMIS-D is higher in the Vν
component, indicating that the polarization of the Alfvén
waves switched from toroidal to poloidal. In the bottom panel
for each spacecraft, the vertical structure in red occupies
a wide frequency band, but the top panel indicates that
the wave power is concentrated in a narrow band around
4mHz (period ~6min, Pc5 band), similar to the toroidal waves
that preceded the poloidal waves. A similar poloidal wave
signature is seen at THEMIS-E when it was at ~0900 MLT.
At this spacecraft, the occurrence of the wave is delayed by
~2h relative to THEMIS-A and THEMIS-D, and the spectral
intensity is lower.

4.2. Waveform

[26] Figure 6 presents time series plots of all components
of the V and B vectors at the THEMIS spacecraft for
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are detected by THEMIS spacecraft. (a) Ion bulk velocity at
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subtracting 101 point (~303 s) running averages.
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1700–2100 UT. To suppress random variations, both vectors
have been smoothed by 7-point (~21 s) running averages. In
addition, slow variations of B have been removed by
subtracting 101 point (~303 s) running averages from the
original 3 s time series. The heavy horizontal bars indicate
intervals of poloidal waves: 1745–1900 UT at THEMIS-A
and THEMIS-D and 1945–2030 UT at THEMIS-E.
[27] The poloidal waves at THEMIS-A and THEMIS-D

exhibit very similar waveforms in bothV andB. The maximum
peak-to-peak amplitude of Vν is 70 km/s, roughly 2 to 3 times
larger than that of Vϕ. The amplitude of Vμ is very small.
Assuming that the electric field E is given by E=�V×B
and using the observed B with a magnitude of ~40 nT (data
not shown), we estimate the peak-to-peak amplitude of the
azimuthal component of the electric field to be ~3mV/m. This
amplitude is comparable tomore commonly observed Pc5-band
waves at THEMIS in the outer magnetosphere [Sarris et al.,
2009] but is much larger than the amplitude 0.2–0.5mV/m of
toroidal waves observed at geosynchronous orbit [Junginger
et al., 1984]. The peak-to-peak amplitude of the radial displace-
ment of the magnetic field line is estimated to be ~4000 km.
[28] The magnetic field also exhibits a much larger

oscillation in the radial (Bν) component than in the

azimuthal (Bϕ) component. At THEMIS-A, the maximum
peak-to-peak amplitude of Bν is ~2 nT, which is ~5% of
the background magnetic field (~40 nT). At THEMIS-D,
the maximum peak-to-peak amplitude is ~1 nT. The higher
Bν amplitude at the spacecraft at larger distance from the
magnetic equator (THEMIS-A, see Figure 4c) is consistent
with odd-mode standing waves (see Figure 1). There is
also a substantial compressional (Bμ) component in the B
field oscillations, which is expected for waves excited in
finite-β plasmas.
[29] The poloidal waves at THEMIS-E were observed with

~2 h delay from those at THEMIS-A and THEMIS-D. This
delay is comparable to the orbital time delay (the universal
time difference of the perigee passage) between the two
spacecraft, which implies that the poloidal waves lasted
long but were highly localized in local time. An alternative
explanation is that the waves occupied a large MLT domain
but were short lived; they were activated twice, first at
~1800 UT and then at ~2000 UT.

4.3. Power Spectrum

[30] Figure 7 shows the power spectra of the V and B
vector components computed for the poloidal waves
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identified in Figure 6. Vertical lines are drawn at 4.4 mHz,
the location of the highest Vν spectral peak at THEMIS-A
and THEMIS-D. Spectral peaks at THEMIS-D occur at a
slightly lower frequency, 4.0 mHz.
[31] In the velocity spectra (Figures 7a, 7c, and 7e), the Vν

component exhibits the highest power in the band occupied
by the poloidal waves, as expected. The second highest is
the Vϕ component, but its peak occurs at a lower frequency.
This means that toroidal and poloidal waves coexisted but
were not coupled. Uncoupled fundamental poloidal and
toroidal modes can have different frequencies if their m num-
bers differ according to theoretical models [e.g., Cummings
et al., 1969; Ozeke and Mann, 2005]. However, the models
indicate that the fundamental poloidal mode has a lower
frequency than the fundamental toroidal mode if excited on
the same field line, opposite to our observations. Possible rea-
sons for the higher poloidal frequency include excitation of the
modes on slightly different L shells, Doppler shift of the high-
m poloidal waves, and a finite pressure effect on the poloidal
mode frequency. Finally, the Vμ component exhibits a peak
at the frequency of the Vν spectral peak, but the Vμ power is
1.5 to 2 orders of magnitude lower than the Vν power.
[32] In the magnetic field spectra (Figures 7b, 7d, and 7f),

the radial component Bν exhibits the highest spectral peak,
at the frequency of the Vν spectral peak. This confirms that

the designation of poloidal mode is appropriate from the
magnetic field point of view also. Unlike the velocity spectra,
however, the magnetic field spectra exhibit substantial power
in the component along the ambient magnetic field, Bμ. The
Bν/Bμ power ratio is 1.5 at THEMIS-D (MLAT~�2°),
whereas the ratio is 3.3 at THEMIS-A (MLAT~�7°). The
higher Bν/Bμ power ratio at the spacecraft farther away from
the magnetic equator is consistent with the model of the fun-
damental standing wave illustrated in Figure 1a. According
to that model, the ratio is an increasing function of |MLAT|
because the Bν component of the fundamental mode has a
node at the equator where field line tilt is zero, and because
the Bμ component has an antinode at the equator where field
line displacement is maximum. Qualitatively the same |MLAT|
dependence of the Bν/Bμ power ratio was obtained for the
Pg-related poloidal waves reported by Takahashi et al. [2011].
Note that the latitude dependence of wave amplitude near
the magnetic equator alone cannot eliminate the possibility
that the waves are the third or fifth harmonic instead of
the fundamental.
[33] There is another interesting feature that the poloidal

waves share with Pg waves. In Figure 7, both Vν and Bν
exhibit a spectral peak at the second and possibly the third
harmonics of the frequency of the main peak, which is
located at ~4mHz. In the time series plots of these

Figure 8. Hodographs showing the ion bulk velocity perturbations in the ϕ� ν plane at three THEMIS
spacecraft. Seven-point (~21 s) running averages of the original 3 s data are used for the hodographs. (a)
L versus MLT location of THEMIS-A, THEMIS-D, and THEMIS-E for 1810–1840 UT on 10
November (day 315) 2008. The dot for each spacecraft indicates the position at 1810 UT. (b) Hodograph
for THEMIS-A. (c) Hodograph for THEMIS-D. (d) Hodograph for THEMIS-E.
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components (shown later in Figure 9a), we find that the
waveform is not exactly sinusoidal with a tendency to be tri-
angular. This waveform distortion explains the higher har-
monics in the spectra. A similar behavior was found in the
Bμ component observed near the magnetic equator during
the Pg event reported by Takahashi et al. [2011,
Figure 10]. We speculate that the same mechanism is causing
the waveform distortion. Also, we note that equatorially con-
fined waveform distortion (called frequency doubling) oc-
curs in the Bμ component during antisymmetric
compressional Pc5 wave events [e.g., Takahashi et al.,
1987] and that models have been proposed for this phenom-
enon [Southwood and Kivelson, 1997; Mann et al., 1999;
Sibeck et al., 2012]. Testing whether any of these models
can be used to explain the waveform distortion of the funda-
mental poloidal waves reported here is beyond the scope of
this paper.

4.4. Velocity Hodograph

[34] Hodograph plots are helpful for intuitively under-
standing wave polarization and the spatial variation of wave

properties. Figure 8 shows the Vν versus Vϕ hodographs at
the three THEMIS spacecraft for 1810–1840 UT, the center
of the poloidal wave activity observed by THEMIS-A and
THEMIS-D. The tracks of the spacecraft in the L versus
MLT plane are shown in Figure 8a. THEMIS-A and
THEMIS-D had virtually identical L values as they moved
inward but were separated in MLT.
[35] The hodographs at THEMIS-A (Figure 8b) and

THEMIS-D (Figure 8c) are highly elongated in the radial
direction and have comparable amplitudes. At THEMIS-E
(Figure 8d), located just 0.6 RE outward in the radial direction
and 0.5 h earlier in MLT, the Vν amplitude is small and the
hodograph does not show radial elongation. This observation
implies that the poloidal waves at THEMIS-A and THEMIS-D
were not directly driven by sources located in the solar wind
(i.e., solar wind pressure pulses) or on the magnetopause
(i.e., the Kelvin-Helmholtz instability).
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Figure 10. Phase delay analysis of the poloidal waves
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of the Vν waveforms at the two spacecraft. (b–d) Results
of cross-spectral analysis of the Vν oscillations shown
in Figure 10a.

TAKAHASHI ET AL.: FUNDAMENTAL POLOIDAL WAVES

4328



4.5. Phase Delay Between Velocity and Magnetic Field

[36] We can determine the standing wave mode of the
poloidal waves by examining the phase delay between
oscillations in the velocity and magnetic field. Figure 9a
shows Vν and Bν data from THEMIS-A for a 30min period
during the poloidal wave event. From visual examination of
the plots, it is obvious that the peaks of Bν lag behind
the peaks of Vν by a fraction of the wave period. Spectral
analysis of the time series yields spectral peaks centered
at the identical frequency of 4.4 mHz (Figure 9b), high coher-
ence at this frequency (Figure 9b), and a cross phase of�90°
(the Bν phase is delayed from the Vν phase by 90°). The cross
phase is exactly what we expect for a fundamental poloidal
wave observed south of the magnetic equator, as illustrated
in Figure 1a.

4.6. Azimuthal Wave Number

[37] The relative position of the THEMIS-A and THEMIS-D,
shown in Figures 4 and 8, allows us to determine the azimuthal
wave number of the poloidal waves by cross spectral analysis.
Figure 10 shows the results obtained for 1800–1830 UT. At
the midpoint of this time interval, the two spacecraft were
separated by 0.02 RE in the radial (L) direction and by 0.25 RE
in the azimuthal (MLT) direction. Therefore, it is reasonable
to attribute the phase delay between the spacecraft to

azimuthal propagation of the waves. In Figure 10a, it is
obvious that the two spacecraft detected very similar Vν
oscillations but with a finite time delay. The spectral analysis
of the time series indicates that the Vν oscillations had an
identical frequency of 4.4 mHz (Figure 10b), high coherence
at this frequency (Figure 10c), and a cross phase value
of �92° (THEMIS-D lagged behind THEMIS-A by 92°)
(Figure 10d). Because 2nπ ambiguity is intrinsic in two-point
phase delay measurement, we consider another possibility. By
adding 2π (360°) to the nominal �92° phase delay, we get a
phase delay of 268°.
[38] We have estimated the wave properties for each of

the two cross phase values as follows. If the cross phase
value is�92°, the waves propagated westward (or tailward)
at a speed of ~30 km/s, had an azimuthal wave number of
approximately �70, and had an azimuthal wavelength of
~6000 km. The corresponding ionospheric attenuation
factor (equation (2)) is found to be ~10�2. If the cross phase
value is 268°, the waves propagated eastward (or sunward)
at a velocity of ~10 km/s, had an azimuthal wave number of
~200, and had an azimuthal wavelength of ~2000 km. The
ionospheric attenuation factor is found to be ~10�6. In
either case, the |m| value was too large for the waves to reach
the ground through the ionosphere [Hughes and
Southwood, 1976]. We will confirm this prediction in
section 6.
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5. GOES-11 Data

5.1. Dynamic Spectra

[39] Compressional magnetic field oscillations possibly
related to the poloidal waves at the THEMIS spacecraft were
observed at GOES-11. As shown in Figure 4, GOES-11 was
located in the same local time sector as THEMIS-A and
THEMIS-D but approximately 2 RE inward. Figure 11 shows
dynamic spectra of the GOES-11 magnetic field for 10
November 2008. The compressional oscillations appear
between 1700 and 1800 UT (a horizontal bar at the top indi-
cates this time period) at ~6 mHz as an enhancement in the Bμ
spectra. This spectral enhancement accompanies a similar but
weaker spectral feature in the Bν component. The universal
time of the wave activity at GOES-11 is ~1 h earlier than that
at THEMIS-A and THEMIS-D, but the local times match
well (see Figure 4).

5.2. Waveform and Power Spectrum

[40] Figure 12 compares magnetic field data from the
THEMIS and GOES spacecraft for 1700–1800 UT, during
which GOES-11 detected compressional waves. For this
period, GOES-11 was located at the thick portion of the orbit
trace shown in Figure 4, and the THEMIS spacecraft were
close to their apogees. The spacecraft were all located at
~0900 MLT. The Bμ components at the THEMIS spacecraft
(Figure 12a) are all similar, exhibiting oscillations with both
long (~30min) and short (~5min) periods. The overall
similarity among the three spacecraft implies that much of
the variations originated from solar wind sources, such as
changes in the solar wind dynamic pressure. Disturbances
or upstream waves associated with quasi-parallel shock are
unlikely to be the cause of the oscillations because the IMF
cone angle was large (Figure 2h). The Bν and Bμ components
at GOES-11 (Figure 12b) also show slow (~30min) oscilla-
tions, with waveform similar to that at THEMIS. By contrast,
the regular 3min oscillations seen at GOES-11 at 1715–1750
UT in the Bν and Bμ components are not seen at THEMIS.
The power spectra (Figure 12c) of the GOES-11 magnetic
field for the 1 h interval show a spectral peak in the Bμ and
Bν components at 6 mHz. The Bν-to-Bμ power ratio at the
peak is 0.12, corresponding to a Bν-to-Bμ amplitude ratio
of 0.34.
[41] The 6mHz waves at GOES-11 have similarities to

the previously reported poloidal waves that were associated
with Pgs. During Pg events observed on the ground, space-
craft located at magnetic latitudes below ~5° observe
compressional (Bμ>Bν, Bϕ) oscillations with amplitude
on the order of 1 nT [Kokubun, 1980; Hillebrand et al.,
1982; Kokubun et al., 1989; Takahashi et al., 1992;
Takahashi et al., 2011]. The compressional oscillations
are attributed to fundamental poloidal waves. The Bν-to-Bμ
amplitude ratio increases with magnetic latitude, which is
consistent with field line displacement associated with the
fundamental mode.
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Figure 12. Multisatellite magnetic field data for the time
period of compressional poloidal waves at GOES-11. (a)
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magnetic field at GOES-11. (c) Power spectra of the
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Figure 13. Northern foot points of THEMIS-A for
1800–1900 UT and GOES-11 for 1700–1800 UT on
2008 day 315, shown in geographic coordinates. The foot
points were given using the combined IGRF and T89c
magnetic field models for each 1 h interval. The small solid
circles indicate the location of CARISMA and THEMIS
GBO magnetometers from which data are available for the
time interval of the ULF waves observed from the spacecraft.
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6. Ground Magnetic Field Data

[42] Alfvén waves propagate along the field line to the
ionosphere, but whether or not they reach the ground
depends on the wavelength in the plane of the ionosphere,
as mentioned in section 1.3. We examined magnetic field
data from stations near the magnetic field foot points of the
spacecraft to determine whether the poloidal waves propa-
gated to the ground. Figure 13 shows the location of the
CARISMA and THEMIS-GBO magnetometers that were in
operation at the time of the poloidal wave event. The track
with an arrowhead indicates the magnetic field foot point of
THEMIS-A for 1800–1900 UT calculated using the com-
bined IGRF and T89c models. The IOPT input parameter,
which is an integer in the range from 1 to 7, required for
the T89c model was set equal to 1 considering the low geo-
magnetic activity, Kp< 1. The large filled circle is the
GOES-11 foot point for 1700–1800 UT. We examined data
from all stations in the map, but only show data from the sta-
tions closest to the spacecraft foot points.
[43] Figure 14 compares the Vν component at THEMIS-A

(Figure 14a) and the northward (H) and eastward (D) compo-
nents of the magnetic field at the Inuvik (INUV) station
(Figure 14b). Oscillations are present at both locations, but
they are not the same. At THEMIS-A, the velocity oscillation
is very regular although it is amplitude modulated and
consists of two wave packets. On the ground, the oscillation
is very irregular with comparable amplitudes inH and D. We
do not see any wave packet structure in the ground data
resembling that at THEMIS-A.
[44] Figure 15 compares the compressional magnetic field

oscillation at GOES-11 with magnetic field variations in the
X (northward) and Y (eastward) components at Fort
Simpson (FSIM) and Fort Smith (FSMI). Here again, we

do not see any evidence that the Bμ oscillation (Figure 15a)
propagated to the ground (Figure 15b). The implication is
that the compressional poloidal waves at GOES-11 had a
large azimuthal wave number similar to that at THEMIS.

7. Discussion

7.1. Summary of the Observations

[45] We can summarize the above observations of funda-
mental poloidal waves as follows.
[46] 1. The waves were observed when the geomagnetic

activity was low.
[47] 2. The poloidal nature of the waves is evident in the

strong radial perturbations of the ion bulk velocity and the
magnetic field.
[48] 3. The waves were observed by three THEMIS space-

craft in the prenoon sector (MLT~ 0900) of the outer (L ~ 11)
magnetosphere. GOES-11, located in the same local time
sector but at L ~ 7, also observed waves with magnetic field
polarization consistent with that at THEMIS.
[49] 4. The poloidal waves exhibited strong evidence of a

fundamental mode structure along the background magnetic
field. The evidence includes: similarity of the frequency (~4
mHz at THEMIS) to the frequency of fundamental toroidal
waves documented in section 4.3; large velocity perturba-
tions and small transverse magnetic field perturbations near
the equator; and phase delay between velocity and magnetic
field that matches the theoretical prediction.
[50] 5. The poloidal waves had an azimuthal wave number

of large magnitude, either approximately �70 (westward
propagation) or ~200 (eastward propagation). The corre-
sponding azimuthal phase velocity was either ~30 km/s or
~7 km/s, and azimuthal wavelength was either ~6000 km
or ~2000 km.
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[51] 6. Near the foot points of the spacecraft, there were no
monochromatic magnetic field pulsations corresponding to
the poloidal waves. This result is consistent with the large
|m| value of the poloidal waves for which ionospheric
screening is very effective.

7.2. Theoretical Model of the Fundamental
Poloidal Mode

[52] To confirm that the observed poloidal waves were
excited at the fundamental mode, we estimated the frequency
and amplitudes of the mode using a theoretical model. To
compare with the THEMIS-A observations at ~1815 UT,
we selected a dipole field line at L= 10.8, specified the mass
density (ρ) variation along the field line using a simple model
ρ= ρeq(LRE/R)

1 [e.g., Denton et al., 2006], and numerically
solved the poloidal wave equation [Cummings et al., 1969].
Here ρeq is the equatorial mass density and R is geocentric
distance to the field line. The value of ρeq was chosen to be
0.5 amu.cm�3 from the ion moments calculated from the
ESA data. We assumed all-hydrogen plasma, which is
appropriate for 2008, because heavy ions make little
contribution to the mass density near the solar minimum
[Denton et al., 2011].
[53] The theoretical frequency for the fundamental

poloidal wave is 2.5 mHz. This is lower than the observed
frequency 4.4 mHz. However, the discrepancy is reduced
when we note that the dipole field at the equator (23 nT)
is weaker than the measured field (40 nT). A stronger
magnetic field means a higher Alfvén velocity (∝ B=

ffiffiffi
ρ

p
)

and thus a higher standing wave frequency. The equatorial
Alfvén velocity, the lowest along a field line, largely
determines the frequency of standing Alfvén waves.
Therefore, for a better estimate of the mode frequency,
we multiply the theoretical frequency by the magnetic
field ratio (= 40/23) and obtain a corrected theoretical
frequency of 4.3 mHz. This last frequency is very close to
the observed frequency.
[54] We used the same dipole calculation to estimate the Bν

(nT)-to-Eϕ (mV/m) amplitude ratio for the fundamental
poloidal mode. The theoretical ratio, evaluated at the
magnetic latitude of �7°, the location of THEMIS-A at the
middle of the wave event, is 0.24. This is substantially lower
than the ratio ~0.7 obtained from the Bν amplitude of ~2 nT
and the Eϕ amplitude of ~3mV/m described in section 4.2.
However, this discrepancy can also be attributed to the dipole
field being weaker than the measured magnetic field.
For Alfvén waves, the phase velocity is proportional to the
E-to-B amplitude ratio, so the ratio from the dipole calcula-
tion should be multiplied by the same factor (40/23) to be
compared with the observation. After this correction, the
theoretical ratio becomes ~0.4, which is closer to the obser-
vational ratio. Possible contributing factors to the remaining
discrepancy include a slight shift of the Bν node from the
magnetic equator and inaccuracy of the model for the field
line mass distribution.

7.3. Possible Generation Mechanisms

[55] We briefly discuss possible excitation mechanisms of
the observed poloidal waves based on the ion and electron
moments derived from the ESA data. During the poloidal
wave event at THEMIS-A, we find that the plasma density
was ~0.5 cm� 3, the ion and electron temperatures were

both ~1 keV, and the corresponding value of the plasma β
was ~0.2.
[56] When the β value is low (<1), energetic particles

can excite Alfvén waves through drift-bounce resonance
[e.g., Southwood, 1976]. For example, studies of Pgs
[Thompson and Kivelson, 2001; Takahashi et al., 2011]
suggested that fundamental poloidal waves are driven by
ring current ions through the drift resonance

ω� mωd ¼ 0: (3)

[57] This is a special case, N= 0, of the general drift-
bounce resonance given in equation (1). Because the
magnetic field gradient and curvature drift of ions is west-
ward, them number must be negative (westward-propagating
wave) for this resonance to occur. This is indeed the case for
Pgs [e.g., Poulter et al., 1983].
[58] The same resonance is possible for the poloidal waves

studied here. Adopting m ~�70, one of the options for m
described in section 4.6 and using the guiding center velocity
for the dipole magnetic field [Hamlin et al., 1961], we find
that the ion resonance energy is ~15 keV.
[59] However, this is not the only possibility. During the

wave event, which was observed at L ~ 11, the electron
temperature was about the same as the ion temperature,
which means that the particle energy density was about the
same for the two species. Therefore, it is also possible that
electrons contributed to wave excitation. This situation is
different from L ~ 6, the location of Pgs, where the energy
density is generally higher for ions [Daglis et al., 1999].
Noting that the electron drift is eastward, we adopt the other
option described in section 4.6,m ~ 200 (eastward-propagating
wave), and find that the electron resonance energy is ~5 keV,
not too far from the electron thermal energy.
[60] The drift resonance condition only describes the chan-

nel through which energy is exchanged between waves and
particles. Whether or not waves are excited by the resonant
particles depends on the availability of particle free energy.
A possible free energy for fundamental poloidal waves,
previously discussed for Pgs, is an inward gradient of the
ion phase space density that is steeper than the gradient of
ions with the first two adiabatic invariants, μ (not to be
confused with the coordinate axis along the magnetic field)
and J, conserved [Southwood, 1976; Chen and Hasegawa,
1991]. The formation of such a gradient would imply
processes to violate μ or J, so higher frequency waves are
probably involved. We plan to conduct an analysis of the
phase space density in a separate study.
[61] Another mechanism suggested for fundamental poloidal

waves is the drift wave instability of the compressional
Alfvén wave [Hasegawa, 1971; Green, 1979, 1985].
Because this instability requires high concentration of
cold plasma (the plasmasphere), it is not likely that the
mechanism was responsible for the poloidal waves observed
by THEMIS at L~ 11.

8. Conclusions

[62] In conclusion, we have presented multispacecraft
observations of fundamental poloidal waves in the prenoon
sector of the outer magnetosphere. By examining ion bulk
velocity and magnetic field data from three THEMIS space-
craft, we concluded that the poloidal mode had a fundamental
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(odd mode) standing wave structure along the background
magnetic field. Furthermore, using data from a pair of
THEMIS spacecraft that had a separation vector in the
azimuthal direction, we were able to determine the azimuthal
phase delay and possible values of the azimuthal wave
number. The wave number was such that the ionosphere
screening effect renders the waves undetectable on the
ground. Although the present study is limited to waves
observed on a single day, it nevertheless demonstrates that
fundamental poloidal waves occur in the magnetosphere
without clearly associated ground magnetic pulsations (e.g.,
Pgs). A systematic event survey is required to establish the
spatial occurrence pattern of fundamental poloidal waves
and the factor controlling their occurrence. Also, the particle
distribution function associated with the poloidal waves need
to be examined to identify the generation mechanism of
the waves.
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