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Abstract. In this study we investigate the spectral structure
of Pc3–4 pulsations observed at low and midlatitudes. For
this purpose, ground-based magnetometer data recorded at
the MM100 stations in Europe and at two low latitude sta-
tions in South Africa were used. In addition, fluxgate magne-
tometer data from the CHAMP (CHAllenging Minisatellite
Payload) low Earth orbit satellite were used. The results of
our analysis suggest that at least three mechanisms contribute
to the spectral content of Pc3–4 pulsations typically observed
at these latitudes. We confirm that a typical Pc3–4 pulsation
contains a field line resonance (FLR) contribution, with lati-
tude dependent frequency, and an upstream wave (UW) con-
tribution, with frequency proportional to the IMF (interplan-
etary magnetic field) magnitudeBIMF . Besides the FLR and
UW contributions, the Pc3–4 pulsations consistently contain
signals at other frequencies that are independent of latitude
andBIMF . We suggest that the most likely explanation for
these additional frequency contributions is that they are fast
mode resonances (FMRs) related to cavity, waveguide, or vir-
tual modes. Although the above contributions to the pulsation
spectral structure have been reported previously, we believe
that this is the first time where evidence is presented showing
that they are all present simultaneously in both ground-based
and satellite data.

Keywords. Magnetospheric physics (Magnetosphere–
ionosphere interactions)

1 Introduction

The geomagnetic pulsations most commonly observed at low
to middle latitudes during local daytime are Pc3 and Pc4
quasi-sinusoidal continuous pulsations, with periods ranging

from 10–150 s. These pulsations are most commonly associ-
ated with field line resonances (FLRs) in the plasmasphere
(e.g. Waters et al., 1991, 1994; Verõ et al., 1998; Vellante et
al., 2004; Ndiitwani and Sutcliffe, 2009). It is also commonly
suggested that the energy source which drives the FLRs are
upstream waves (UWs) generated in the Earth’s foreshock
(e.g. Russel and Hoppe, 1981; Yumoto et al., 1984; Taka-
hashi et al., 1984; Engebretson et al., 1986, 1987). Contrar-
ily, a number of investigations using numerical modelling
have suggested that cavity or waveguide modes in the mag-
netosphere are the drivers of the FLRs (Allan et al., 1985;
Samson et al., 1995; Waters et al., 2000). A few studies have
also presented results in support of the observation of these
fast mode resonances (FMRs) in ground-based data (Samson
et al., 1995; Menk et al., 2000). However, direct observa-
tional evidence for FMRs in satellite data is sparse (Waters
et al., 2002). Ver̃o et al. (1998) investigated the relationship
between FLRs and UWs but alluded to the possible presence
of signals from another unidentified source.

The objective of this study is to show that Pc3–4 pulsations
at low and midlatitudes contain signals arising from at least
three different sources or mechanisms. In order to achieve
this, we investigate the spectral structure of pulsations ob-
served at low and midlatitudes in an attempt to clarify their
make-up. In particular, we wish to show that Pc3–4 pulsa-
tions comprise an UW contribution, FLR harmonics, plus
other structure, which is most likely due to cavity, waveg-
uide, or virtual modes. We show that each of these contri-
butions can be isolated in the spectra of pulsation signals
observed on the ground and at low Earth orbit satellite al-
titudes. Although the above contributions to Pc3–4 pulsation
structure have all been reported previously, we believe that
this is the first time where evidence is presented showing that
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they are all present simultaneously in both ground-based and
satellite data.

Since the earliest observations of the near-Earth solar
wind in the 1960s and 1970s, the possibility of extra-
magnetospheric sources of pulsation activity had been pro-
posed, due to the correlation between solar wind parameters
and pulsation observations. Troitskaya (1994) reviews much
of the work by Soviet scientists conducted during this pe-
riod. Particularly, power in the Pc3–4 band increases with
solar wind speed (Saito, 1964) and the frequency of pul-
sations observed on the Earth’s surface is linearly related
to the magnitude of the interplanetary magnetic field (IMF)
(Bol’shakova and Troitskaya, 1968; Troitskaya et al., 1971).
Later, Russell and Hoppe (1981) showed that the linear re-
lationship between IMF magnitude and pulsation frequency
also holds between IMF magnitude and the frequency of the
upstream waves, suggesting that UWs act as a source of Pc3s
in the magnetosphere. The linear relationship between fre-
quency and field magnitude suggests that waves are gener-
ated by cyclotron motion of charged particles around mag-
netic field lines. Fairfield (1969) first reported observations
of low frequency waves (10–50 mHz) in the region upstream
of the bow shock and noted that waves are only observed on
field lines that intersect the bow shock. Barnes (1970) and
Gary (1991) explained that these waves may be generated by
an ion-cyclotron instability set up due the solar wind counter-
streaming with ions reflected upstream off the bow shock.
The upstream propagating waves are convected downstream
by the solar wind and converted from fairly monochromatic
to lower frequency waves that steepen into shocklets near the
bow shock (Le and Russell, 1992). UWs propagate into the
magnetosphere when the IMF orientation (quantified by the
cone angleθxB between the sun–Earth line and the IMF di-
rection) is nearly parallel to the sun–Earth line (e.g. Yumoto
et al., 1984; Le and Russell, 1992). Engebretson et al. (1986)
noted the IMF control of Pc3–4 pulsations when activity
at low L shells (L ∼ 3) suddenly resumed upon IMF ori-
entation changing from quasi-perpendicular (large cone an-
gle) to quasi-parallel (small cone angle). Heilig et al. (2010)
showed that the intensity of UW-related Pc3s is dependent
on the density of the solar wind, and density-related pa-
rameters like the dynamic pressure and distance from the
magnetopause to the Earth. A pause in Pc3 activity was ob-
served while the bulk density of protons in the upstream so-
lar wind was extremely low. After the low density anomaly
(LDA) the proton density returned to normal and pulsation
activity resumed. The dependence of Pc3 activity on solar
wind density suggests that UWs are the predominant source
of midlatitude Pc3s. A multi-instrument study by Clausen
et al. (2009) clearly illustrates the transfer of ULF energy
from an upstream source. Simultaneous observations made
aboard spacecraft in the solar wind (Geotail) and in the mag-
netosphere (Cluster), and by magnetometers on the ground
showed (i) the excitation of ULF waves in the magnetome-
ters 10 min after the IMF direction changed to a parallel ori-

entation, and (ii) a broad, unstructured band of frequencies
in the poloidal and compressional field components, driving
multiple harmonics of FLRs in the toroidal field component.

FLR-related pulsations observed at lowL values require
that waves be sustained to propagate severalRE to the in-
ner magnetosphere where coupling to field line resonances
occur. Yumoto (1985) used ISEE 3 (International Sun/Earth
Explorer) and GOES 2 (Geostationary Operational Envi-
ronmental Satellites) observations and measurements from
two ground stations to relate solar wind data to Pc3s on
the ground and suggested that compressional waves from a
broadband source near the magnetopause couples to FLRs
near the Earth. Engebretson et al. (1986) cited the same
mechanism to explain simultaneous observations of multiple
harmonics of toroidal mode FLR’s and an increase in broad-
band compressional wave power. Heilig et al. (2007) com-
puted the latitudinal distribution of dayside Pc3 amplitudes
and concluded that UWs enter near the subsolar point as
compressional waves where they couple to the Alfvén mode
resulting in field line oscillations. High latitude pulsations
did not show the same dependence on solar wind parameters
(Vsw, θxB , BIMF) as low latitude Pc3s did, possibly indicat-
ing different generation mechanisms for high and low/middle
latitude pulsations.

Since its launch, observations from the low Earth orbit-
ing CHAMP (CHAllenging Minisatellite Payload) space-
craft, in conjunction with ground based measurements, have
been used to directly test the theory of FLR excitation. In
similar investigations Vellante et al. (2004) and Ndiitwani
and Sutcliffe (2009) observed narrow band compressional
wave activity aboard CHAMP coinciding with Pc3 activ-
ity on the ground. The fast mode wave frequency struc-
ture matches the toroidal component observed by CHAMP,
which in turn matches FLR frequencies in the horizontal
(H ) field component, suggesting FLR excitation by com-
pressional waves. This suggests that narrow and broad band-
width activity matching the field line eigenfrequencies set up
resonances to drive Pc3s (Engebretson et al., 1986). The si-
multaneous observation of driving (compressional), forced
(toroidal) and resultant (H , D component of ground field)
oscillations in the generation of a Pc3 pulsation was demon-
strated by Ndiitwani and Sutcliffe (2009). Recently Ndiit-
wani and Sutcliffe (2010) described events with FLRs ex-
cited by broadband compressional wave activity. Standing
Alfv én waves in the toroidal mode was observed simulta-
neously with Pc3s on the ground, at a middle latitude sta-
tion pair (L ∼ 1.8). Vellante et al. (2004) showed for the
first time (and this was confirmed by Ndiitwani and Sutcliffe,
2009) observations demonstrating the 90◦ rotation of polari-
sation by the ionosphere. At field line footpoints in the iono-
sphere the standing waves excited by the FLR are rotated
by the ionospheric Hall currents so that they are observed in
theH component on the ground (Vellante et al., 2004). The
observed rotation by 90◦ might be regarded as exceptional
since it is only expected to occur for a uniform distribution
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of ionospheric conductivity; the assumption of uniform iono-
spheric conductivity distribution is not realistic in general
and arbitrary rotation is expected (Glassmeier, 1984). Vel-
lante et al. (2004), Ndiitwani and Sutcliffe (2009), and more
recently Heilig et al. (2013) demonstrated the apparent shift
in frequency of the shear Alfv́en wave component of the pul-
sations due to rapid motion of CHAMP with respect to the
ground stations.

Waters et al. (1991) introduced the cross-phase method to
identify field line resonant frequencies from phase spectra
from a pair of meridional ground stations. The phase dif-
ference is computed and the frequency corresponding to the
maximum phase difference is identified as the resonant fre-
quency. Waters et al. (1994) used the cross-phase method to
study the temporal behaviour of the resonant structure at two
latitudes (L = 1.8 andL = 2.8). Multiple harmonics are ex-
hibited at the higher latitude station pair, whereas a single
frequency is observed at the low latitude station pair, indica-
tive of reduced power at higher frequencies in the magneto-
sphere. An investigation by Verõ et al. (1998) showed alter-
nating observations of pulsations driven by FLRs, and those
driven directly by UWs, within short (∼ 1 min) intervals. A
third component was observed whose period does not depend
on IMF magnitude and does not match the FLR frequency.
They noted that the third component was observed about four
minutes before an active period in the solar wind, relating its
cause to the vicinity of disturbed solar wind plasma.

Kivelson and Southwood (1985) first proposed that the
magnetospheric cavity or waveguide mode (Samson et al.,
1992) may act as a resonator of ULF waves. An analysis by
Samson et al. (1995) of power spectra observed at a num-
ber of low latitude stations (L < 3) revealed the presence of
peaks in power at closely separated frequencies, about 3–
5 mHz apart. The fine structure was explained as the observa-
tion of multiple waveguide mode harmonics by the ground-
based magnetometers. An approximate model (based on the
Wentzel–Kramers–Brillouin method) of the waveguide mode
predicted a similar close separation between peaks in Pc3
power. The model describes a cavity enclosed by the mag-
netopause, with turning points in the plasmasphere; this type
of waveguide mode is further motivated by their observation
that the fine structure seen atL < 3 latitudes is not present for
a high latitude (L = 6.7, i.e. beyond the plasmapause) event.
Field line resonant Pc3s are also observed at low latitudes,
up to a certain low latitude limit (L ∼ 1.4 in Menk et al.,
2000) as power diminishes due to ion mass loading in the
ionosphere, where much of the low latitude field lines reside.
Menk et al. (2000) investigated low latitude FLRs (L ∼ 1.3–
2) and observed similar peaks in power spectra, separated by
3–5 mHz. A low frequency component (< 40 mHz) exhibit-
ing phase delays between stations was observed. The delay
could not be explained by the propagation time of incoming
fast mode waves from higherL shells, and it is suggested that
waveguide mode waves driving FLRs are responsible for the
low frequency oscillation.

The continuous buffeting of the dayside magnetosphere by
the incoming solar wind results in the excitation of surface
waves on the magnetopause. Pressure enhancements may act
as an impulse exerted on the magnetospheric cavity provid-
ing the broadband signal that excites cavity/waveguide mode
waves. Following enhancements in the solar wind dynamic
pressure Eriksson et al. (2006) observed fast mode compres-
sional waves at two frequencies (6.8 and 27 mHz), which
were converted to toroidal and poloidal modes at the same
frequencies. This was interpreted as two harmonics of the
waveguide mode being excited by a pressure pulse on the
magnetopause that eventually coupled to FLRs at the same
eigenfrequencies of the field lines. Plaschke et al. (2009) in-
vestigated the dependence of magnetopause surface oscil-
lations on different solar wind conditions, using THEMIS
(Time History of Events and Macroscale Interactions dur-
ing Substorms) measurements and OMNI data. They pro-
posed that oscillations of the magnetopause are due to Alfvén
waves on the magnetopause surface that develop into stand-
ing Alfv én waves, reflecting at field line footpoints in the
ionosphere. The magnetopause was found to preferentially
oscillate during intervals of northward and quasi-parallel
IMF and low solar wind speed.

Recently, Stephenson and Walker (2010) gave evidence
of ULF oscillations at 2.1 mHz (in the Pc5 band) originat-
ing in the upstream solar wind, which excite compressional
waveguide modes in the outer magnetosphere and which,
in turn, set up FLRs in near earth space, beyond the wave-
guide reflection point. Using ACE (Advanced Composition
Explorer) and Wind spacecraft measurements of solar wind
plasma and magnetic field parameters, and HF radar (Super-
DARN, Super Dual Auroral Radar Network) observations
to measure FLR activity at a high latitude station (SANAE
(South African National Antarctic Expedition), Antarctica)
they found high coherence between the amplitude and phase
of the two (SW and FLR) signals. Although the study by
Stephenson and Walker (2010) concerns Pc5s at high lat-
itude, ULF oscillations in the solar wind directly driving
magnetospheric ULF activity is an interesting possibility and
must be kept in mind when studying other bands of continu-
ous pulsation.

2 Data selection and analysis

In this study we use spectral analysis techniques to show that
Pc3–4 pulsations observed at low and midlatitude ground sta-
tions and at F region satellite altitudes contain signals arising
from at least three different sources. In particular, we show
that besides an UW component and FLR harmonics, Pc3–4
pulsations also contain other structure, which is most likely
due to cavity, waveguide or virtual modes. To achieve this,
it is necessary to clearly isolate each of these constituents in
the spectra of pulsation signals observed on the ground and
at low Earth orbit. Since the methodology to identify cavity,
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Table 1. Geographic and altitude adjusted corrected geomagnetic coordinates for 2004, 100 km reference height, for stations used in this
study.

Station
Geographic coordinates AACGM coordinates

L shell
Latitude Longitude Latitude Longitude

THY 46.90◦ N 17.89◦ E 42.41◦ 92.33◦ 1.83
NCK 47.63◦ N 16.72◦ E 43.24◦ 91.46◦ 1.88
BEL 51.83◦ N 20.80◦ E 48.01◦ 96.07◦ 2.23
TAR 58.26◦ N 26.46◦ E 54.85◦ 102.93◦ 3.02
NUR 60.52◦ N 24.65◦ E 57.26◦ 102.21◦ 3.42
HAN 62.30◦ N 26.65◦ E 59.04◦ 104.64◦ 3.78
SOD 67.37◦ N 26.63◦ E 64.20◦ 107.26◦ 5.28
KIL 69.02◦ N 20.79◦ E 66.14◦ 103.75◦ 6.11
SUT 32.40◦ S 20.67◦ E −41.31◦ 85.32◦ 1.77
HER 34.43◦ S 19.22◦ E −42.64◦ 82.89◦ 1.85

waveguide or virtual modes in pulsation signals is not well
established, we place significant emphasis on the identifica-
tion of the UW and FLR components in order to isolate the
third component.

The ground-based observations used consisted of fluxgate
magnetometer data recorded at the MM100 stations in Eu-
rope (Heilig et al., 2007) and induction magnetometer data
from two low latitude stations in South Africa (see Table 1
for the station coordinates). The Hermanus station (HER)
in South Africa is roughly conjugate to the lowest latitude
MM100 station Tihany (THY) in Hungary. The induction
magnetometer data were converted to nT units by correct-
ing for the frequency dependent amplitude and phase re-
sponse of the system. In addition, fluxgate magnetometer
data from the CHAMP low Earth orbit (LEO) satellite (Reig-
ber et al., 2002), which had a near polar circular orbit, were
used. The magnetic field measurements from CHAMP are of
unprecedented accuracy and resolution, which has enabled
clearly resolved observations of Pc3–4 pulsations (Vellante
et al., 2004; Heilig et al., 2007; Ndiitwani and Sutcliffe,
2009, 2010). An advantage of CHAMP data over ground-
based data for pulsation studies is the ability to easily dis-
criminate between shear Alfvén and fast mode waves. Data
selection for this study was made for times when CHAMP
was traversing ground-based stations in South Africa or the
MM100 stations in Europe. All data were sampled at 1 s in-
tervals and filtered in the Pc3–4 frequency band, i.e. 6.7–
100 mHz. Various Fourier auto- and cross-spectral analysis
and maximum entropy spectral analysis (MESA) techniques
were then used to analyse the data. The time series were nu-
merically differentiated prior to computation of the spectra
in order to reduce their slope. When computing geomagnetic
pulsation spectra from filtered data, a peak sometimes ap-
pears at the low frequency end of the spectrum, which is not
real but rather an artefact of the filtering process. The ex-
act location of the peak may depend on the properties of the
filter and the nature of the pulsation signal, which typically

has a power-law type background spectrum. Since most of
the events used in this study exhibited peaks at the low fre-
quency end of the spectrum, particularly around 20 mHz, we
checked these to confirm that the peaks were real. This was
done by recomputing the spectra with different filter cut-off
frequencies and by plotting spectra of unfiltered data on log-
log scales; examples of the latter are shown in some of the
figures.

In this study we also utilised certain solar wind parame-
ters such as solar wind speed and IMF magnitude and cone
angle. For this purpose, we used the one-minute OMNI high
resolution solar wind data, which are provided after being
time-shifted to the magnetosphere’s bow-shock nose from
the original locations of the observations and available on
the OMNI website:http://omniweb.gsfc.nasa.gov.

2.1 Ground-based data

In the first part of this study, ground-based data alone were
used. In this case, it is not straightforward to discriminate be-
tween fast mode and shear Alfvén waves, since both manifest
themselves in theH (magnetic north) component, due to the
effects of the ionosphere. Consequently, it was necessary to
utilise special techniques to separate the UW component and
the shear Alfv́en FLR harmonics from any other fast mode
components in the data. We used two approaches to identify
the presence of UWs in the pulsation spectra and thus sepa-
rate them from other fast mode power; the first relies on the
way in which the events studied were selected and the sec-
ond, used by Heilig et al. (2007), is based on determining the
cross power from a meridian chain of stations.

Events were selected for days where the IMF totalB field
varied significantly, the solar wind velocity was relatively
stable, and the average cone angle was sufficiently small to
allow the occurrence of significant Pc3–4 activity. Since the
frequency of the UW component of Pc3–4 pulsations is de-
pendent on the IMF intensity, one can expect the frequency
to vary significantly on days where IMF intensity varied.

Ann. Geophys., 31, 725–743, 2013 www.ann-geophys.net/31/725/2013/
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The approach used by Heilig et al. (2007) for identifying
the UW component supposes that the UW signal is coher-
ent over large areas extending up to thousands of kilometers
on the ground (Tanaka et al., 1998), whereas the FLR signal
of a particular frequency dominates over a limited latitudinal
range. The UW activity and other fast mode power should
then become evident by calculating the cross-spectral power
from theH component data recorded at a meridional chain of
stations spanning a range of geomagnetic latitudes while, at
the same time, weakening the latitude dependent FLR contri-
butions. The cross-spectral density (CSDP n(ω)) of n signals
is defined as:

P n (ω) = n

√√√√ n∏
i=1

∣∣∣X̂i (ω)

∣∣∣2,
whereX̂i (ω) is the Fourier transform ofxi(t) time series,t
is the time, andω is the angular frequency.

Baransky et al. (1985) initially proposed a method for the
direct measurement of the eigenfrequency of magnetic field
lines using ground-based magnetometer data. They demon-
strated that either the difference or ratio of Pc3–4 pulsation
amplitude spectra observed at two closely spaced meridional
ground stations can be used to determine the eigenfrequency
associated with the field lines between the two stations. Wa-
ters et al. (1991) proposed a more reliable technique of de-
termining the presence of a field line resonance (FLR) by
the use of the cross-phase spectrum. With this method the
peak in the cross-phase difference of theH components from
two closely spaced stations identifies the resonant frequency.
Consequently, we used the cross-phase method to determine
the presence of field line resonances.

2.2 CHAMP data

The CHAMP data used for this study were the preprocessed
data from the fluxgate vector magnetometer (product iden-
tifier CH-ME-2-FGM-FGM). The data were rotated into a
field-aligned coordinate system determined from the low
pass filtered data. In this coordinate system the compres-
sional component (Bcom) is aligned with the ambient mag-
netic field direction (positive north), the toroidal compo-
nent (Btor) represents the azimuthal perturbation (positive
east), and the poloidal component (Bpol) lies in the mag-
netic meridian plane (positive inward). Due to CHAMP’s low
orbit it traverses theL shell structure of geomagnetic field
lines very rapidly. Consequently, when the spectral structure
of FLRs is studied, standard spectral analysis techniques,
such as those based on the FFT (Fourier transformation), are
not suitable. Vellante et al. (2004) and Ndiitwani and Sut-
cliffe (2009) found that maximum entropy spectral analy-
sis (MESA) produces acceptable results under these circum-
stances. However, Heilig et al. (2007) found that Fourier and
wavelet analysis techniques are suitable for the study of fast

mode waves, such as UWs, in CHAMP magnetometer data,
since their frequencies are not latitude dependent.

Although theoretical and numerical studies have predicted
the existence of cavity/waveguide resonance modes in the
magnetosphere, experimental evidence is sparse. Conse-
quently, Waters et al. (2002) investigated experimental meth-
ods for the detection of ultralow-frequency cavity modes us-
ing spacecraft data. They suggested four methods for the
detection of fast mode resonances (FMRs) in satellite data,
based on an MHD (magnetohydrodynamic) numerical simu-
lation study, namely:

1. Average the compressional component amplitude spec-
tra as the satellite traverses a region in order to identify
any dominant peaks.

2. Look for constant tones with radial (L shell) distance in
compressional component dynamic spectra.

3. Observe 90◦ phase difference between the compres-
sional magnetic and azimuthal electric field data to con-
firm standing wave structure.

4. If two satellites are closely separated radially, exam-
ine the phase difference properties of the compressional
components’ data to reveal FMR nodal structure.

Using maximum entropy (MESA) and FFT spectral analy-
sis techniques, we used the first two of the above methods to
show that signals with quasi-constant frequency often persist
in the fast mode components as CHAMP rapidly traversesL

shells. Note, however, that these two conditions alone are in-
sufficient to identify the signals as resonances, since they are
not able to confirm standing wave structure. Unfortunately,
the Waters et al. (2002) methods (3 and 4), which are able to
confirm standing wave structure, could not be applied, since
they require either dual satellites or a single satellite with
magnetic and electric field data, neither of which is applica-
ble in CHAMP’s case.

2.3 Statistical reliability and band width of spectral es-
timates

It is necessary to briefly discuss the trade-off between the sta-
tistical reliability and bandwidth of FFT spectral estimates,
since this is the key to the difference between some previ-
ously published results on cavity modes and the results pre-
sented in this paper. The statistical reliability of a spectral
estimate can be expressed in terms of a confidence interval
where use is made of the chi-square distribution (Otnes and
Enochson, 1972). This quantity is determined by the number
of degrees of freedomn of a spectral estimate. For an individ-
ual FFT spectral estimate, Otnes and Enochson (1972) show
that in the case of uncorrelated Gaussian noise the stability
of the estimate is that of a chi-square distribution withn = 2,
which in the words of Tukey (1967) is “horribly unstable.”
In order to improve stability, raw FFT spectral estimates are

www.ann-geophys.net/31/725/2013/ Ann. Geophys., 31, 725–743, 2013
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Fig. 1. Dynamic FFT cross phase and power spectra for the Pc3–4
pulsation activity observed during the interval 06:00–18:00 UTC on
12 February 2004. The cross power spectra were computed from all
eight of the MM100 stations listed in Table 1.

usually averaged to yieldn = 2M whereM is the number
of contiguous estimates averaged. Most authorities (Tukey,
1967; Bendat and Piersol, 1966; Otnes and Enochson, 1972)
advise that at least 10–20 degrees of freedom are required
in order to obtain a statistically reliable spectral estimate.
For values ofn less than this, the variance of the estimates
becomes excessive and the spectrum increasingly unstable
(Jenkins and Watts, 1968). The bandwidth of an FFT spec-
tral estimate is given byB = M1f = M/N1t , whereN is
the number of data points in the time series and1t is the
sampling interval. The above expressions show that there is
of necessity a trade-off between bandwidth and statistical re-
liability when computing spectral estimates.

When using MESA, the spectral resolution is greatly in-
fluenced by the number of terms or order of the prediction
error filter (PEF); consequently, it is important to determine
and use the correct PEF order (Chen and Stegen, 1974). A
PEF order that is too small results in a highly smoothed
spectrum where some peaks may not be resolved, thus pre-
cluding the advantages of MESA. An excessive PEF order
introduces spurious peaks and peak splitting into the spec-
trum. In Ndiitwani and Sutcliffe’s (2009) study of Pc3 pul-
sations using MESA, the PEF order was established by ex-

perimenting with artificially generated signals, consisting of
a number of sinusoids and random noise, intended to simu-
late a Pc3 event. They found that as more random noise was
added to the synthetic signal, it was necessary to increase the
PEF order to resolve the spectral peaks. A greater PEF order
is also required if one of the amplitudes is very much less
than the other others. Since the prime objective of Ndiitwani
and Sutcliffe’s (2009) study was to identify FLRs, which if
present, are generally one of the more intense spectral com-
ponents, they regarded PEF orders of 15 and 20, respectively,
for 90 s ground-based and satellite data time series, as ad-
equate. However, they stated that if one were interested in
studying the fast mode fine structure in more detail, as is the
case for the current study, then a larger PEF order than the
above would probably be required.

3 Ground-based observations

3.1 Event of 12 February 2004

The first event considered occurred on 12 February 2004,
when the IMF totalB field decreased by about 6 nT over a
period of 7 h. Figure 1 shows dynamic cross phase and power
spectra for the Pc3–4 pulsation activity observed on the
ground for the interval 06:00–18:00 UTC (Universal Time
Coordinated). The dynamic spectra were computed using an
FFT with a 10 min data window, which was progressively
shifted by 5 min. The first and last 10 % of data in each data
window were tapered by rising and falling cosine bells prior
to computing the spectra. Each cross phase (power) spectrum
was smoothed using five (nine) spectral estimates averaged
under an exponentially tapered window.

The top panel (Fig. 1) shows the phase difference between
the low latitude stations SUT and HER; it clearly indicates
the occurrence of a field line resonance centered on a fre-
quency of 60 mHz, which decreased slightly through the day.
The second panel shows the phase difference between the
midlatitude stations NUR and HAN and indicates the occur-
rence of a field line resonance with harmonic structure. The
fundamental frequency decreased from about 20 to 15 mHz
through the day. The 3rd and 4th harmonics are the clearest
and rather spread in frequency. The lower two panels show
the cross power for theH andD components, respectively,
computed from all eight of the MM100 stations listed in Ta-
ble 1. As mentioned previously, the objective of computing
the cross power from a meridian chain of stations is that it
should accentuate any latitude independent activity, such as
UW or other fast mode activity, and suppress the FLR activ-
ity. The superimposed black curves on theH andD com-
ponent panels show how the estimated UW frequencyfUW
(mHz)= 6·BIMF (nT) (Yumoto et al., 1984) varied due to the
variation of IMF total field intensityB. The reliability of this
estimate was illustrated by Yumoto et al. (1984), who showed
that at geosynchronous orbit the frequencies of all Pc3–4
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compressional waves considered as functions ofBIMF are
confined to the region betweenf (mHz)= 4.5·BIMF (nT) and
f (mHz)= 7.5 ·BIMF (nT). The general decrease in UW fre-
quency was due to a decrease inB from about 13 nT around
08:00 UTC to about 7 nT after 15:00 UTC. A broad band of
power at the estimated UW frequencies, i.e. which straddles
the black curve, is clearly evident, particularly between 06:00
and 13:00 UTC.

The cross power spectra also clearly show oscillations at
other frequencies, e.g. there is a broad band of power of vari-
able intensity around 20 mHz and a band of power between
40 and 50 mHz from about 09:00 to 11:00 UTC, which we
suggest might be evidence of fast mode resonances (FMR)
related to cavity, waveguide or virtual modes. Clearly, these
signals are not directly related to UW activity; in particular,
the broad 20 mHz signal is evident throughout the day and
does not follow the trend of the varying UW frequency. It
might be suspected that the signal at 20 mHz is due to FLRs,
since this frequency lies close to the fundamental FLR fre-
quency at latitudes aroundL = 3. The MM100 stations are
not equally distributed in latitude; consequently, too many
stations from this range may over-represent any FLR signals
close to 20 mHz in the cross power spectra. We thus repeated
the cross power spectral analysis excluding the stations TAR,
NUR and HAN, which lie in this latitude range, i.e. the cross
power spectra for theH andD components were recomputed
from the MM100 stations THY, NCK, BEL, SOD, and KIL.
The cross power spectra computed in this way (not shown)
were very similar to those in Fig. 1 and still clearly showed
power at lower frequencies, especially around 20 mHz in the
D component, thus confirming that it is not related to a FLR.

We next consider more detailed spectra for two shorter
time intervals, one before the decrease and one following the
decrease inBIMF , at one of the low latitude stations, HER.
The MESA dynamic spectra for the 20 min interval 08:50–
09:10 UTC for theH andD components observed at Her-
manus are plotted in Fig. 2a. Each individual spectrum was
computed using a prediction error filter of order 30 with a
90 s data window, which was progressively shifted by 10 s
(see Ndiitwani and Sutcliffe, 2009, for computational de-
tails). The MESA dynamic spectra have an effective time
resolution (90 s) that is much higher than that of the FFT
dynamic spectra (10 min). This allows the finer structure of
the various signals to be seen and shows that they actually
have an intermittent nature and variable frequency; this type
of fine structure was previously reported for UWs and FLRs
by Verõ et al. (1998) using a different method of analysis.
In Fig. 2b the FFT amplitude spectra for the 5 min subin-
terval 08:55–09:00 UTC are plotted. These and other similar
spectra were smoothed using five spectral estimates, i.e. com-
puted with 10 degrees of freedom. The reason for selecting
such a short time interval is that, due to the variable nature
of the signals, FFT amplitude spectra computed over longer
intervals resulted in smoothed spectra, which did not nec-
essarily clearly show the presence of signals from the three

12 Feb 2004

H

0
20

40

60

80
100

F
re

qu
en

cy
 (

m
H

z)

0

15

29

44

58

73

87

Lo
g 

P
ow

er
 (

dB
)

D

0850 0900 0910
Universal Time

0
20

40

60

80
100

F
re

qu
en

cy
 (

m
H

z)

0

11

22

34

45

56

67

Lo
g 

P
ow

er
 (

dB
)

(a)

(b)

0.00

0.02

0.04

H
 (

nT
/s

)

0.00 0.02 0.04 0.06 0.08 0.10
Frequency

0.00

0.02

0.04

D
 (

nT
/s

)

Fig. 2. (a) MESA dynamic spectra for the 20 min interval 08:50–
09:10 UTC for theH and D components observed at Hermanus
prior to the decrease inBIMF and(b) the FFT amplitude spectra for
the 5 min subinterval 08:55–09:00 UTC.

sources. Furthermore, the particular 5 min interval was se-
lected for a time when signals from all three of the sources
appeared to be present in the MESA spectra. Thus, for ex-
ample, the signal close to 20 mHz is not clear in the MESA
spectra during the interval 09:00–09:05 UTC and was conse-
quently not clearly evident in the FFT amplitude spectra for
this interval. The dotted curves in the upperH component
panel show the 80 % confidence limits, i.e. with 80 % con-
fidence the true spectral estimates lie in the region between
dotted curves. Since the maxima of the lower and minima
of the upper dotted curves lie above and below the valleys
and peaks in the amplitude spectrum, the three spectral peaks
can be regarded as statistically significant. The FLR identi-
fied in the top panel of Fig. 1 is observed close to 58 mHz in
bothH component spectra. Note, however, that in the MESA
spectrum the signal is intermittent with slightly variable fre-
quency, which is typical of the packet structure of Pc3–4
FLRs (Ver̃o and Miletits, 1994). During this interval the com-
puted UW frequency 6· BIMF ∼ 75 mHz. The UW signal is
seen as intermittent power between 75 and 85 mHz in the
MESA spectra and as a peak at 85 mHz in the FFTH com-
ponent spectrum. Oscillations at lower frequencies, although
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Fig. 3. (a) MESA dynamic spectra for the 20 min interval 15:00–
15:20 UTC for theH and D components observed at Hermanus
following to the decrease inBIMF and(b) the FFT amplitude spectra
for the 5 min subinterval 15:00–15:05 UTC.

variable and intermittent, are also clear in the MESA spectra
and tend to repeat close to certain frequencies, particularly
around 20 mHz in theH component. An intermittent sig-
nal is observed close to 40 mHz in theD component spec-
trum at 08:53–08:55, 09:00–09:02, and 09:05–09:07 UTC.
The 20 mHz peak is also clear in the FFTH component
spectrum. Clearly, these signals are not directly related to the
higher frequency FLR or UW signals; consequently, we sug-
gest that they provide possible evidence of FMRs as observed
in Fig. 1.

MESA and FFT spectra similar to those in Fig. 2 are plot-
ted in Fig. 3 for an interval following the decrease inBIMF .
Figure 3a shows the MESA dynamic spectra for the 20 min
interval 15:00–15:20 UTC for theH andD components at
HER. Figure 3b shows the FFT amplitude spectra for the
5 min subinterval 15:00–15:05 UTC, when signals from the
three sources appear to be present. The previously identi-
fied FLR is again evident in bothH component spectra; it
is seen as an intermittent and variable signal between 55
and 60 mHz in the MESA spectrum and as a broad peak be-
tween 57 and 60 mHz in the FFT amplitude spectrum. Dur-
ing this interval the computed UW frequency had decreased

to 6· BIMF ∼ 43 mHz, thus power at higher frequencies is
significantly less than in Fig. 2. The UW signal appears as
intermittent power between 45 and 52 mHz in the MESA
spectra and as a peak at 46 mHz in theH component FFT
spectrum. Although the separation between the two peaks
in the latter spectrum is not statistically significant, we be-
lieve them to be real based on the physics of the situation.
Since the FLR and UW frequencies were very close together
at this time, some further comments on the MESAH com-
ponent spectrum are in order. During the first few minutes
the two frequencies are clearly resolved. During the interval
15:05–15:10 UTC they appear to have merged into a single
peak in the dynamic spectrum. During the interval 15:10–
15:20 UTC there appears to be some alternation between the
two signals, similar to that reported for FLRs and UWs by
Verõ et al. (1998). Oscillations at lower frequencies are again
observed. In the MESA spectra they vary between 10 and
30 mHz while power in this frequency band is also evident in
the FFTH component spectrum. We suggest that this might
again be indicative of an FMR.

Figure 4a shows theH component FFT spectra, smoothed
using 10 spectral estimates, for all eight MM100 stations for
the interval 15:00–15:20 UTC, i.e. the same interval as the
Hermanus MESA dynamic spectra in Fig. 3a. The motiva-
tion for Fig. 4a is different from that of Figs. 2 and 3. The
objective is to show the ubiquitous presence of clear peaks at
the previously inferred FMR frequencies in the spectra at all
the MM100 stations. The figure furthermore illustrates the
latitude independence of the peaks and that they lie far from
the expected UW frequency. The clearest peak is observed
at ∼ 27 mHz. Other peaks are evident at around 10 mHz,
and 20–23 mHz. The UW related peak is less clear at 45–
50 mHz in each individual spectrum. The relative spectral
peak heights are influenced by local field line resonances
(e.g. the highest peak at BEL is at∼ 27 mHz, at TAR at
∼ 20 mHz, at NUR at∼ 10 mHz and at HAN at∼ 8 mHz),
and possibly also by the spatial structure of the resonance
as discussed later in the discussion section. FFTD compo-
nent spectra for the same event (not shown) were computed
in the same way. These show the largest and clearest peak
at ∼ 27 mHz at all stations. The other peaks observed in the
H component are not as evident in theD component spec-
tra. We believe that these observations suggest that the FMR
should play a role in redistributing the ULF wave energy in
the magnetosphere. Figure 4b shows theH component spec-
trum for NUR, computed without any filtering or time differ-
encing, plotted on a log-log scale. The low frequency peaks
identified in Fig. 4a are clearly evident in Fig. 4b, thus con-
firming that they are real and not an artefact of the filtering
process.

The results presented above indicate that the Pc3–4 pul-
sation spectra contain an UW contribution with frequency
related toBIMF , an FLR contribution with latitude depen-
dent frequency, plus other structure. In the past, a number
of researchers have shown that the FLR peaks in Pc3 spectra
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Fig. 4. (a) FFT amplitude spectra for theH component at the
MM100 stations for the 20 min interval 15:00–15:20 UTC and
(b) H component spectrum for NUR, computed without any fil-
tering or time differencing.

contain a fine structure and suggested that these FLRs are
coupled to compressional cavity or waveguide modes (Sam-
son et al., 1995; Menk et al., 2000). Samson et al. (1995)
pointed out that this fine structure will be easily missed if
the spectra are computed with an inappropriate choice of pa-
rameters, such as a spectral smoothing window that is too
wide (e.g. greater than 1or 2 mHz) or where the power spec-
tra are plotted on a logarithmic scale. However, as pointed out
in Sect. 2.3 above, spectra computed in this way are highly
unstable and the individual peaks unlikely to be statistically
significant. Menk et al. (2000) state that their spectra, com-
puted from time series of length 20 min and1t = 2 s, had a
resolution of∼ 0.8 mHz. This implies that the spectra were
computed without any averaging and thus withn = 2 degrees
of freedom. In order to test whether we could observe similar
fine structure in our data, we recomputed some of the FFT
spectra with greater spectral resolution in a manner similar
to Menk et al. (2000). This was achieved by computing FFT
spectra for the 20 min intervals used in Figs. 2a and 3a for
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Fig. 5.High resolution FFTH component amplitude spectra for the
20 min intervals(a) 08:50–09:10 UTC and(b) 15:00–15:20 UTC
prior to and following the decrease inBIMF , respectively, on
12 February 2004 at THY, HER, and NCK. The dotted curves show
the 80 % confidence limits for the HER spectra.

three of the low latitude stations with no averaging of spec-
tral estimates. TheH component spectra for THY, HER, and
NCK for the two 20 min intervals are plotted as solid curves
in Figs. 5a and b, respectively. The dashed curves indicate the
80 % confidence limits for the HER spectra, i.e. centre solid
curve. As was the case with the spectra presented by Menk
et al. (2000), the most striking aspect of the spectra is the
appearance of common peaks across stations and the narrow
and consistent spacing between many of these peaks, particu-
larly in Fig. 5b. However, it is also clear that very few of these
peaks are statistically significant. The only individual peaks
for HER in Fig. 5a that might be regarded as statistically sig-
nificant are those at 42 and 58 mHz, the former close to the
FMR frequency in theH componnent cross power panel in
Fig. 1 and the latter equal to the FLR frequency in Figs. 2a
and b. In Fig. 5b none of the individual peaks are statistically
significant; however, the frequencies of the larger peaks at
27 and 46 mHz agree with those of the FMR and FLR in the
averaged FFT spectrum in Fig. 3b.

In the experiments carried out by Ndiitwani and Sutcliffe
(2009) on synthetic signals using MESA, they found that it is
necessary to increase the PEF order as more noise was added
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Fig. 6. Dynamic FFT cross phase and power spectra for the Pc3–
4 pulsation activity observed during the interval 06:00–18:00 UTC
on 6 March 2003. The cross power spectra were computed from all
eight of the MM100 stations listed in Table 1.

or if one of the signal amplitudes was very much smaller than
the others. Consequently, in order to determine whether we
could identify any fine structure in Pc3–4 pulsations using
MESA, we repeated the analyses shown in Figs. 2a and 3a
with increased PEF order. We increased the order in steps
of 5 from 30 to 85. (Note that an order of 90 or greater,
i.e. equal to the number of data points in the time series, is
not possible since this leads to singularities when solving the
PEF matrix equations.) We found that the main structures in
the dynamic spectra remained essentially the same and there
was no evidence of any fine structure. We also inspected in-
dividual MESA spectra and found that for the larger orders,
the most intense peak in the spectrum, e.g. the 58 mHz peak
seen in Fig. 2a, split into two. In addition, one or two ad-
ditional peaks developed at the low or high frequency ends
of the spectrum; however, there was no evidence of any fine
structure.

3.2 Event of 6 March 2003

The second event that we consider occurred on
6 March 2003, when the IMF totalB field increased
by about 3 nT within 5 min. Dynamic cross phase and
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Fig. 7. (a) MESA dynamic spectra for the 20 min interval 10:00–
10:20 UTC for theH and D components observed at Hermanus
shortly before increase inBIMF and(b) the FFT amplitude spectra
for the 5 min subinterval 10:00–10:05 UTC.

power spectra for the ground-based Pc3–4 pulsation activity
observed during the interval 06:00–18:00 UTC are presented
in Fig. 6 in the same format as Fig. 1. The top panel shows
the occurrence of a field line resonance for the SUT–HER
station pair, which decreased from 55 to 50 mHz through
the day. The second panel indicates the occurrence of a field
line resonance with harmonic structure for the NUR–HAN
station pair, in which the fundamental frequency decreased
from about 20 to 15 mHz through the day.

The lower two panels show the cross power for theH and
D components, respectively, computed from all eight of the
MM100 stations listed in Table 1. Power around the esti-
mated UW frequencies, i.e. which tends to straddle the su-
perimposed black curves in theH andD component panels,
is evident and clearly increased in frequency when the es-
timated UW frequency increased. The cross power spectra
also clearly show oscillations at other frequencies, which are
not directly related to UW activity or FLR structure. A broad
band of activity around 20 mHz is very clear throughout the
day. We again repeated the cross power spectral analysis ex-
cluding the stations in theL = 3 range, whose fundamental
FLR frequency lies around 20 mHz. The cross power spectra
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Fig. 8. (a) MESA dynamic spectra for the 20 min interval 10:40–
11:00 UTC for theH and D components observed at Hermanus
immediately following the increase inBIMF and(b) the FFT ampli-
tude spectra for the 5 min subinterval 10:40–10:45 UTC.

for the H andD components computed from the MM100
stations THY, NCK, BEL, SOD, and KIL (not shown) were
very similar to those in Fig. 6, confirming that these frequen-
cies are common to all stations and which we ascribe to an
FMR.

We next consider more detailed spectra for two shorter
time intervals, one shortly before and one shortly after the in-
crease inBIMF , at one of the low latitude stations. The MESA
dynamic spectra for the 20 min interval 10:00–10:20 UTC for
the H and D components observed at HER are presented
in Fig. 7a. The FFT amplitude spectra for the 5 min subin-
terval 10:00–10:05 UTC are presented in Fig. 7b. The pre-
viously identified FLR at 50 mHz is clear in bothH com-
ponent spectra. During this interval the computed UW fre-
quency 6·BIMF ∼ 39 mHz. The UW signal is clearly evident
at 33 mHz in bothH component spectra; it manifests itself
as intermittent power in the MESA spectrum and as a peak
in the FFT spectrum. It also appears in the MESAD compo-
nent spectrum for a short time from 10:08–10:11 UTC, when
it is most intense in the MESAH component spectrum. Os-
cillations at other frequencies also occur in the spectra. A
signal around 20 mHz, which is variable and intermittent,

is evident in the MESAD component and manifests itself
as small peaks, although not statistically significant, in both
theH andD component FFT spectra. An oscillation around
45 mHz is also observed as a variable and intermittent sig-
nal in the MESAD component spectrum and as a peak in
the FFTD component spectrum. We again suggest that these
additional signals provide possible evidence of FMRs.

Spectra similar to those in Fig. 7 are presented in Fig. 8
for an interval immediately following the increase inBIMF .
The MESA dynamic spectra for the 20 min interval 10:40–
11:00 UTC for theH andD components at HER are shown
in Fig. 8a. Figure 8b shows the FFT amplitude spectra for
the 5 min subinterval 10:40–10:45 UTC. The 50 mHz FLR
is again evident in bothH component spectra. During this
interval the estimated UW frequency had increased to 6·

BIMF ∼ 57 mHz. The UW signal manifests itself as variable
power between 70 and 80 mHz in the MESAH andD com-
ponent spectra and as a broad peak in the FFTH andD com-
ponent spectrum. Although these frequencies appear to be
substantially higher than the estimated UW frequency, they
fall within the range of UW frequencies expected for the ob-
servedBIMF as determined by Yumoto et al. (1984). Oscilla-
tions at lower frequencies are again observed. In both of the
MESA components and in the FFTH component spectra,
weak signals occur at 40 and 20 mHz, which we ascribe to
FMRs. The dotted curves in the upperH component panels
in Figs. 7b and 8b show the 80 % confidence limits. It is seen
that the spectral peaks associated with the FLR and UW ac-
tivity are statistically significant. However, the peaks that we
ascribe to FMR activity are not statistically significant in this
example; this may be as a result of the variable frequency and
intermittent nature of the signals.

For this event we again present a stacked plot of spec-
tra for the MM100 stations computed for the 30 min inter-
val 08:50–09:20 UTC when significant power was observed
around 20 mHz in the dynamic cross power spectra in Fig. 6.
The FFT amplitude spectra for theD component plotted in
Fig. 9a show clear latitude independent peaks at∼ 15,∼ 23,
∼ 40, and∼ 48 mHz at all stations, although the latter two
are less evident belowL = 2. Each of the peaks had its max-
imum at the highest latitude station. The peak at∼ 40 mHz
corresponds to the UW related activity. At all stations the
strongest peaks are those at∼ 15 mHz and∼ 23 mHz, which
are clearly not related to UWs or FLRs. TheH component
spectra (not shown) tend to be dominated by local FLR sig-
nals. Figure 9b shows theD component spectrum for THY,
computed without any filtering or time differencing, plotted
on a log-log scale. Figure 9b serves as confirmation that the
low frequency peaks in Fig. 9a are real and not an artefact of
the filtering process.

We again did a test to determine whether we observe fine
structure in FLR peaks as reported by Samson et al. (1995)
and Menk et al. (2000). We computed the FFT spectra for
the 20 min intervals used in Figs. 7a and 8a for the three low
latitude stations THY, HER, and NCK with greater spectral
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Fig. 9. (a) FFT amplitude spectra for theD component at the
MM100 stations for the 30 min interval 08:50–09:20 UTC and
(b) D component spectrum for THY, computed without any filtering
or time differencing.

resolution, i.e. with no averaging of spectral estimates, in a
manner similar to that in Fig. 5. TheH component spectra
(not shown) again exhibited common peaks across stations
with narrow spacing between many of the peaks; however,
the fine structure within the broader FLR peaks was not sta-
tistically significant for any of the peaks.

4 CHAMP observations

We next consider the spectral structure of three events ob-
served in magnetic field data from the fluxgate magnetome-
ter onboard CHAMP and simultaneously at ground stations
closely traversed by CHAMP.

4.1 Event of 14 March 2003

The first event utilising satellite data occurred on
14 March 2003, when the estimated UW frequency
6 · BIMF ∼ 83 mHz and the CHAMP orbit crossed the
HermanusL shell within 2◦ of longitude. MESA dynamic
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Fig. 10. (a) MESA dynamic spectra and(b) FFT averaged spec-
tra for the CHAMP compressional (Bcom), toroidal (Btor), and
poloidal (Bpol) components observed on 14 March 2003 during
the interval 08:49–08:59 UTC when the estimated UW frequency
6 · BIMF ∼ 83 mHz.

spectra and FFT averaged spectra are shown in Figs. 10a
and b, respectively, for the CHAMP compressional (Bcom),
toroidal (Btor), and poloidal (Bpol) components observed
during the interval 08:49–08:59 UTC. The MESA dynamic
spectra were computed in a manner similar to that used
for the ground-based data in Sect. 3.1 (see Ndiitwani and
Sutcliffe, 2009, for computational details). The dynamic
spectra enable both shear Alfvén and fast mode waves to be

Ann. Geophys., 31, 725–743, 2013 www.ann-geophys.net/31/725/2013/



P. R. Sutcliffe et al.: Spectral structure of Pc3–4 pulsations: possible signatures of cavity modes 737

(a)

(b)

HER 14 Mar 2003
H

0
20

40

60

80
100

F
re

qu
en

cy
 (

m
H

z)

0

12

23

35

47

58

70

Lo
g 

P
ow

er
 (

dB
)

D

0849 0851 0853 0855 0857 0859
Universal Time

0
20

40

60

80
100

F
re

qu
en

cy
 (

m
H

z)

0

13

27

40

53

66

80

Lo
g 

P
ow

er
 (

dB
)

HER

0.00

0.01

0.02

H
 (

nT
/s

)

0.00 0.02 0.04 0.06 0.08 0.10
Frequency

0.00

0.01

0.02

D
 (

nT
/s

)

Fig. 11. (a)MESA dynamic spectra and(b) FFT averaged spectra
for the HERH andD components observed on the ground at the
same time as the CHAMP data in Fig. 10.

observed; however, as explained by Vellante et al. (2004),
FLRs observed on the satellite will undergo a Doppler shift
relative to the resonance frequency observed on the ground
as a result of the rapid motion of the satellite across the
resonance region. The FFT averaged spectra in Fig. 10b
were computed as previously described in Sect. 3.1 with
smoothing over five spectral estimates. MESA dynamic
spectra and FFT averaged spectra for the HER ground
station for the same time interval are shown in Figs. 11a and
b, respectively.

There is evidence of an FLR in the CHAMPBtor com-
ponent dynamic spectrum in Fig. 10a, e.g. the 33 mHz sig-
nal at 08:55 UTC is a Doppler shifted FLR associated with
the intense 40 mHz FLR observed in the HER ground data
in Fig. 11. The FLR frequency increases toward lower lat-
itudes. The latitude dependent frequency (55–40 mHz) ob-
served between 08:56–08:58 UTC is likely the second har-
monic of an FLR at higher latitudes. The dynamic spectra for
Bcom andBpol show that a number of signals, which vary in
frequency and intensity, tend to persist in the fast mode com-
ponents as CHAMP rapidly moves acrossL shells. Besides
the peak at∼ 86 mHz, close to the computed UW frequency,
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Fig. 12. (a) FFT amplitude spectra for theD component at
the MM100 stations for the 7 min interval 08:21–08:28 UTC on
16 March 2003 and(b) FFT averaged spectra for the CHAMP com-
pressional (Bcom), toroidal (Btor), and poloidal (Bpol) components
for the same interval.

the FFT averaged spectra forBcom andBpol have clear peaks
at ∼ 50, ∼ 62, ∼ 70, ∼ 77 mHz, some of which may arise
due to the variability of the signal frequencies seen in the
dynamic spectra. In other events (not shown) we also noted
a tendency for there to be a greater number of peaks in the
FFT averaged spectra than in the MESA dynamic spectra,
where the signals appeared to vary in frequency and inten-
sity. Some of these peaks are also observed in theBtor com-
ponent. However, we again suggest that these signals may be
due to FMRs. Peaks with frequencies close to those in the
CHAMP averaged spectra are also observed on the ground,
particularly in the HERD component. We also note that the
fast mode signals in the high frequency part of the spectra,
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Fig. 13. (a) FFT amplitude spectra for theD component at
the MM100 stations for the 7 min interval 10:39–10:46 UTC on
6 November 2003 and(b) FFT averaged spectra for the CHAMP
compressional (Bcom), toroidal (Btor), and poloidal (Bpol) compo-
nents for the same interval.

i.e. those closer to the UW frequency (see black dashed lines
at 6· BIMF ∼ 83 mHz), tend to be more prominent.

4.2 Event of 16 March 2003

The second of the events utilising CHAMP data with
simultaneous ground magnetometer data occurred on
16 March 2003. FFT amplitude spectra, with averaging over
five spectral estimates, were computed for the 7 min time in-
terval 08:21–08:28 UTC when CHAMP was crossing over
the MM100 chain within 10◦ of longitude.

The D component spectra for all MM100 stations are
presented in Fig. 12a. The peaks at∼ 36 mHz observed at
all stations except TAR, when the estimated UW frequency

6 ·BIMF ∼ 40 mHz, are ascribed to UWs. We believe that the
clear, sharp peaks at∼ 24 mHz, which are observed at all
stations except TAR, to be due to an FMR. It is not clear
whether the small peaks close to 12 mHz are real or whether
they arise due to the filter cut-off; spectra of unfiltered data
plotted on log-log scales did not show clear peaks at all sta-
tions. In addition, a broad peak is observed close to 62 mHz
at the three lower latitude stations and a clear peak around
51 mHz is observed at the five higher latitude stations.

The CHAMP compressional (Bcom), toroidal (Btor), and
poloidal (Bpol) component spectra are presented in Fig. 12b;
note the more sensitive amplitude scale forBcom. The low
frequency peaks at∼ 10 mHz inBcom andBtor are probably
due to the satellite rapidly traversing lithospheric anomalies,
which results in an apparent signal in the Pc4 and Pi2 fre-
quency bands (Sutcliffe and Lühr, 2003). The CHAMP com-
pressional and poloidal component FFT spectra both show
clear peaks, which are statistically significant, at∼ 24 mHz,
that is, at the same frequency as the largest peaks in the
ground station spectra, which we ascribe to an FMR. The
small peaks between 36–38 mHz are probably of upstream
origin. The compressional component also shows a broad
peak around 62 mHz, which is not statistically significant, as
was observed at the lower latitude ground stations.

4.3 Event of 6 November 2003

The third event that we consider utilising CHAMP data oc-
curred on 6 November 2003, 10:39–10:46 UTC, when the
estimated UW frequency 6· BIMF ∼ 27 mHz. Spectra for the
MM100 stations and CHAMP for this event are presented in
Fig. 13 in the same format as in Fig. 12; note the different
amplitude scales used in the CHAMP component spectra.

The peaks around 30 mHz in the MM100 ground sta-
tion D component spectra and in the spectra of all compo-
nents on CHAMP lie close to the computed UW frequency
and can thus be ascribed to UWs. Clear peaks are observed
at ∼ 22 mHz in theD component spectra of all MM100
ground stations and in the spectra of the compressional and
poloidal components on CHAMP. The compressional com-
ponent peak, although weaker than the poloidal component
peak, is statistically significant. We believe the 22 mHz sig-
nal to provide convincing evidence of an FMR signature.

5 Conclusions and discussion

It is commonly accepted that field line resonances (FLRs) ex-
cited by fast mode waves in the plasmasphere are the prime
source of Pc3–4 pulsations observed at low and middle lat-
itudes during local daytime (Menk et al., 1994). It is also
widely accepted that the source of the fast mode waves re-
sponsible for driving the FLRs are upstream waves gener-
ated by an ion cyclotron instability driven by ion beams re-
flected from the bow shock region (Le and Russell, 1994).
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Contrarily, a number of investigators have suggested that
FMRs due to cavity or waveguide modes in the plasmasphere
are the drivers of the FLRs (Allan et al., 1985; Samson et al.,
1995; Waters et al., 2000; Menk et al., 2000). However, clear
observational evidence for FMRs is rather limited (Waters et
al., 2002).

In this study we investigated the spectral structure of Pc3–
4 pulsations observed at low and midlatitudes. In order to
do this, fluxgate magnetometer data recorded at the MM100
stations in Europe (Heilig et al., 2007) and induction mag-
netometer data recorded at two low latitude stations in South
Africa were used. In addition, fluxgate magnetometer data
from the CHAMP low Earth orbit (LEO) satellite (Reigber et
al., 2002) were used. The results of our analysis suggest that
at least three mechanisms contribute to the spectral content of
Pc3–4 pulsations typically observed at low and midlatitudes.
We confirmed that a typical Pc3–4 pulsation contains a field
line resonance (FLR) contribution with latitude dependent
frequency. For ground-based data, the cross-phase method
(Waters et al., 1991) was used to isolate the presence of
FLRs. In the CHAMP data, the FLR could be identified in the
toroidal component as an oscillation that is Doppler shifted
relative to the FLR observed when crossing the ground sta-
tion. The Pc3–4 pulsations also typically contain an upstream
wave (UW) contribution with frequency proportional to the
IMF magnitudeBIMF . We used two approaches to identify
the presence of UWs in the ground station data; the first was
to select data for days where the IMF totalB field varied
significantly while the second was based on determining the
cross power from a meridian chain of stations as used by
Heilig et al. (2007). In the CHAMP data, the UW contri-
bution could be identified as peaks in the spectra close to
the computed frequency 6· BIMF mHz. Besides the FLR and
UW contributions, the Pc3–4 pulsations consistently contain
signals at other frequencies. In particular, we presented ex-
amples which show the ubiquitous presence of clear peaks in
the spectra at all the MM100 stations and at CHAMP. We fur-
thermore showed that these peaks are independent of latitude
and that they differ from the expected UW frequency. We
suggest that the most likely explanation for these additional
frequency contributions is that they are fast mode resonances
(FMRs) related to cavity, waveguide, or virtual modes. Al-
though the above contributions to Pc3–4 spectral structure
have been reported previously, we believe that this is the first
time where evidence of their simultaneous presence in both
ground-based and satellite data has been presented.

Verõ et al. (1998) made a detailed study of UWs and FLRs
in Pc3 pulsation events at a ground station array between
L = 1.5 and 3 in central Europe. They separated the UW
and FLR contributions using the frequency structure of the
pulsations across the stations, i.e. the UW frequency was sta-
tionary over short time intervals while the FLR frequency de-
creased with increasingL value. Ver̃o et al. (1998) found that
UW events were imbedded in intervals of strong pulsation
activity, even if the activity was mostly of FLR origin. The

two types, FLR and UW activity, may alternate quite quickly,
i.e. within a few minutes, but they may also appear simulta-
neously. UW events are strong, but are of short duration with
variable period, while FLR activity is nearly always present
to a certain degree. There are some similarities between the
results of Ver̃o et al. (1998) and our results. For example, our
MESA dynamic spectra for both ground station and CHAMP
data show multiple frequency structures that vary with time.
These variations resemble the intermittent nature and varia-
tions in period observed by Verõ et al. (1998) in their ground
array pulsations.

We discuss our observations of suggested FMRs in the
light of theoretical models and observations previously re-
ported in the literature. A number of models have been de-
veloped showing that the fast compressional mode can drive
resonant cavities, which form between a reflecting outer
boundary, such as the magnetopause or plasmapause, and
the surface of the turning points deeper within the magne-
tosphere where the radial wave-number becomes zero. En-
ergy from the compressional wave-guide modes can also
tunnel to field lines earthward of the turning point to drive
discrete shear Alfv́en mode resonances where their eigen-
frequencies match those of the fast modes (Samson et al.,
1995). Some of the earlier models were those of Kivelson
and Southwood (1985), who used a simple box model of the
magnetosphere, Allan et al. (1985, 1986a, b), who used an in-
finitely long half-cylinder magnetosphere model, while Sam-
son et al. (1995) used a WKB (Wentzel–Kramers–Brillouin)
analysis of a wave-guide mode to show that damped, fast
eigenmode solutions with quantized frequency are produced.
The model of Allan et al. (1986b) showed that the com-
pressional component periods are virtually constant over the
whole range of radial distance, which they interpreted as
standing-wave harmonics in the magnetospheric cavity. The
periods of the first four cavity resonance harmonics in the
Allan et al. (1986b) model were 90, 46, 31, and 24 s, i.e.
11.1, 21.7, 32.3, and 41.7 mHz, respectively. We suggest that
the signals in our spectra, which have latitude independent
frequencies similar to those above at the MM100 stations
and which tend to persist in the fast mode components as
CHAMP rapidly moves acrossL shells, could also be in-
terpreted as similar standing-wave harmonics. The models
of Allan et al. (1985, 1986b) also showed that the trans-
verse mode consists of two components. The one has a pe-
riod which varies with radial distance and is virtually the
same as the uncoupled toroidal mode period; this is what
we observe as a FLR. The other has virtually constant pe-
riod with radial distance, which they call the monochromatic
transverse component, and whose period is identical to that
of the fundamental fast eigenmode. The signals in theBtor
component of our dynamic spectra with quasi-constant fre-
quency as CHAMP rapidly moves acrossL shells may be ev-
idence of this monochromatic transverse component. Allan et
al. (1986a) extended their model to include a plasmapause in
the magnetospheric cavity. They found that the plasmapause
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plays a pivotal role in determining which compressional cav-
ity resonances are dominant. The critical factor is whether
a node of a particular cavity resonance lies on or near the
plasmapause, in which case the resonance is enhanced; other-
wise, it is attenuated. In particular, they found that the funda-
mental cavity resonance, which does not have a node within
the magnetospheric cavity, is always suppressed relative to its
dominance in the case with no plasmapause. Consequently,
the introduction of a plasmapause results in the second har-
monic, with frequency close to 20 mHz having the largest
amplitude. In most of our examples, the fast mode signal with
frequency close to 20 mHz was the clearest.

Theoretical studies in the past have shown that the plasma-
pause cannot be treated as a perfect reflector of compres-
sional waves. The properties of the resonances are strongly
controlled by both the radial Alfv́en speed profile and the
ionospheric conditions. The plasmaspheric virtual mode res-
onance (VMR) was found to be a better description of the re-
sults of theoretical models using a realistic plasmapause. Ac-
cording to Lee and Takahashi (2006) the fundamental mode
frequency of a VMR could range from a few mHz to several
10’s of mHz. The spacing between the adjacent harmonics
is also very variable (∼ 6–15 mHz in their examples), and
strongly depends on the properties of the medium.

Lee and Takahashi (2006) also presented the spatial struc-
ture of the VMR (see their Plates 3 and 4). Based on their
results the fundamental mode of a VMR is not expected to
be observed in the compressional (parallel) component near
the plasmapause. Most of the wave energy in the compres-
sional component is concentrated to lower latitudes. Contrar-
ily, the VMR has a node in the radial (poloidal) component
at the equator, and peaks near the plasmapause. The VMR
poloidal component extends beyond the plasmapause. The
nodal structure of the VMR may explain why some of the
resonant peaks could not be observed in the compressional
component in CHAMP’s dynamic spectra, while they ap-
peared clearly in the poloidal component (e.g. Fig. 10a). The
same spatial structure cannot be observed in the FFT spectra
of the CHAMP components, since these are averaged over a
wide range of latitudes. However, the ratio of these averaged
amplitudes seems to be fairly stable (Bpol being typically 2–3
times larger thanBcom), as expected for a resonant structure.

The plasmapause positions for the events considered were
calculated based on the Carpenter and Anderson (1992)
model, i.e.Lpp = 5.6–0.46·Kpmax, whereKpmax is the max-
imum of Kp in the preceding 24 h interval. We first briefly
comment on the effect of plasmapause position for the
ground-based events. For the 12 February 2004 eventKpmax
was 5 corresponding toLpp = 3.3 (i.e. between NUR and
TAR in Fig. 4a) and for the 6 March 2003 eventKpmax was
4+ corresponding toLpp = 3.6 (between HAN and NUR
in Fig. 9a). The latitude-independentH component peak at
10 mHz between 15:00–15:20 UTC on 12 February 2004 and
the peaks observed in theD component on 6 March 2003
are larger and/or sharper toward higher latitudes, even be-

yond the plasmapause. These features of the observed Pc3–
4 waves are consistent with the spatial structure of a plas-
maspheric virtual mode resonance (VMR) as modelled by
Lee and Takahashi (2006). They found that resonant frequen-
cies of the VMR observed in the radial (poloidal) component
peak near the plasmapause. The VMR also extends beyond
the plasmapause. Moreover, the radial component amplitudes
are larger in the plasmatrough than deep in the plasmasphere.

The relationship between plasmapause position and the
spectral structure of the events incorporating satellite data
is more difficult to interpret. On 6 November 2003, the
nominal plasmapause positionLpp = 4.1, i.e. between SOD
and HAN. The peak at 22 mHz, which we believe may
be the signature of an FMR, was clearly observed in the
CHAMP poloidal and compressional components, the latter
with smaller amplitude. This peak was also observed at all
MM100 stations with nearly equal amplitudes, thus this com-
ponent seems to be hardly affected by the plasmapause. We
believe that the peaks close to 30 mHz, where the CHAMP
toroidal component has the largest amplitude, correspond to
the UW activity (estimatedfUW = 27 mHz).

The 16 March 2003 event was the most complex of the
events presented. During the eventLpp was about 3.6, i.e.
between HAN and NUR stations. The most intense peak at
24 mHz, which we ascribe to an FMR, had a clear mini-
mum at HAN, NUR and TAR, i.e. at the plasmapause. This
event was also clearly observable in the poloidal and com-
pressional components of CHAMP. The 36 mHz peak, which
is most likely related to UW activity, showed a similar struc-
ture at the ground stations; however, the corresponding peaks
in CHAMP components are not significant. The observed
features of these two components correspond to the FMR
modelled by Allan et al. (1986a) with a node on the plasma-
pause. We also note that for this event the plasmapause seems
to influence the spatial structure of other frequency compo-
nents. The 51 mHz component was observed only outside
the plasmapause, while the 62 mHz component, on the other
hand, was observable only inside the plasmapause.

The radial component of a compressional mode is ex-
pected to be observed in theH component and not in theD
component on the ground. Due to coupling, however, these
waves can also appear in theD component. Actually, we
found that the FMR related constant tones show up more
clearly in theD component in most cases. In theH compo-
nent the resonant structure is overwhelmed by the local field
line resonances. That is why we used cross spectra computed
from several stations to identify FMRs/VMRs in theH com-
ponent.

In Sects. 3.1 and 3.2 we mentioned and briefly discussed
the results of Samson et al. (1995) and Menk et al. (2000),
who reported on the power spectra of ULF waves observed in
magnetometer data recorded at low latitudes in the latitudinal
range 1.3 < L < 2.0. Their studies showed that the spectral
bands of individual harmonics of the FLRs seen by ground-
based magnetometers have envelopes that are typically 10’s
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of mHz wide, as seen in our spectra presented above. How-
ever, their spectra also exhibited a fine scale structure of
multiple, closely spaced, spectral peaks with separations of
about 3 to 5 mHz, which they ascribed to compressional cav-
ity or waveguide modes. Samson et al. (1995) and Waters et
al. (2000) developed models that could reproduce the impor-
tant features of these low-latitude ULF wave power spectra
in terms of the interaction between waveguide and field line
resonance modes. The separations of spectral peaks that we
observed in fast mode waves on CHAMP differed signifi-
cantly from the above; the spacing typically observed in our
dynamic spectra was approximately 20 mHz and roughly half
this in averaged FFT spectra. We ascribe the smaller spacing
in the averaged spectra to the intermittent nature and asso-
ciated variable frequency of the signals. In order to deter-
mine whether we could observe fine structure in FLR peaks
as reported by Samson et al. (1995) and Menk et al. (2000),
we recomputed the FFT spectra for some of our events with
greater spectral resolution, i.e. with no averaging of spectral
estimates, in a manner similar to Menk et al. (2000). As was
the case with the spectra presented by Menk et al. (2000),
the most striking aspect of the spectra was the appearance
of common peaks across stations and the narrow and con-
sistent spacing between many of these peaks. However, it
was also clear that the fine structure within the broader FLR
peaks is not statistically significant. We also did tests to deter-
mine whether we could identify any fine structure in Pc3–4
pulsation spectra using MESA by increasing the PEF order
in steps to the maximum possible value. We found that the
main structures in the dynamic spectra remained essentially
the same and there was no evidence of any fine structure.
Consequently, we are obliged to assume that the fine struc-
ture reported by Samson et al. (1995) and Menk et al. (2000)
is not real but rather an artefact of the parameters used in the
data processing.

There have been a few other reports on observations of
possible fast mode resonances, none of which mentioned
finding any fine structure as reported by Samson et al. (1995)
and Menk et al. (2000). Kim and Takahashi (1999) studied
the properties of Pc3–4 pulsations on the dayside simulta-
neously observed in magnetic field data from the CCE satel-
lite atL = 2–3 and at the Kakioka ground station (L = 1.25).
They identified 63 cases of compressional fast mode waves in
the frequency range of 20± 10 mHz, sometimes with higher
frequency harmonics that were often accompanied by nearly
identical magnetic pulsations at Kakioka. They were not able
to definitively determine whether the fast mode waves were
due to a plasmaspheric cavity mode, an evanescent mode, or
a combination of types. Although Kim and Takahashi (1999)
were able to demonstrate that compressional Pc3–4 pulsa-
tions exist in the low-L magnetosphere and that they give
rise to pulsations on the ground, they concluded that fur-
ther study was required to distinguish between the cavity
and evanescent modes. Takahashi et al. (2009) reported a
global pulsation event in which ground-based magnetometer

arrays detected dayside magnetic pulsations at a common fre-
quency of∼ 15 mHz at all locations belowL = 4. The mag-
netic field measured by the GOES 8 geostationary satellite
on the dayside showed no evidence of the peak at 15 mHz
but indicated elevated broadband (7–80 mHz) ULF power in
the compressional component. Takahashi et al. (2009) sug-
gested that the global pulsations originated from a compres-
sional MHD eigenmode oscillation, consistent with a virtual
resonance in the inner magnetosphere (Lee and Kim, 1999),
stimulated by the broadband external disturbance. Takahashi
et al. (2010) made multipoint observations of a Pc4 pulsa-
tion event in the dayside plasmasphere. The primary data
sources was the THEMIS-A satellite, which was moving out-
ward fromL = 1.5 to L = 6.6 near noon, and a number of
low and midlatitude ground stations. On the satellite they
detected radially standing fast mode waves characterised by
oscillations in the azimuthal electric field and the radial and
compressional magnetic field components. At the ground sta-
tions, Pc4 pulsations with nearly identical waveforms were
observed at all locations with a spectral peak at 11 mHz. They
interpreted the observations as convincing evidence of fast
mode waves trapped in the dayside plasmasphere and found
excellent agreement between their observations and theoret-
ical models.

There have been suggestions that resonances in the Pc5
band at high latitudes can be driven by variations in so-
lar wind dynamic pressure (Eriksson et al., 2006). Kepko et
al. (2002) and Stephenson and Walker (2010) attributed mul-
tiharmonic Pc5 pulsations to forcing by periodic changes in
solar wind dynamic pressure. To the best of our knowledge,
there has not been any evidence to show that Pc3–4 pulsa-
tions are driven by these mechanisms. Clearly, more research
is required to investigate the possible drivers of FMRs in the
magnetosphere.

Waters et al. (2002) investigated experimental methods
for the detection of ultralow-frequency cavity modes using
spacecraft data. They suggested four methods for the detec-
tion of FMRs in satellite data. We applied the first two of
these methods to show that signals with quasi-constant fre-
quency often persist in the fast mode components as CHAMP
rapidly traversesL shells and which we suggest are evidence
of FMRs. However, a shortcoming of our endeavours to
demonstrate the occurrence of FMRs is that we were unable
to confirm that the fast mode waves were standing waves,
which requires the application of the Waters et al. (2002)
methods (3 and 4). Unfortunately, these could not be applied,
since they require either dual satellites with magnetic field
data or a single satellite with magnetic and electric field data,
neither of which is applicable in CHAMP’s case. We look
forward to the Swarm mission, which will consist of three
CHAMP-like satellites each with magnetic and electric field
data, providing the opportunity to resolve the above question.
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