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Abstract
Ultra-low frequency (ULF; approx. 1 mHz ≤ f ≤ 10 Hz) MHD plasma waves are
readily recorded throughout the Earth’s magnetosphere and on the ground. Generated
by a variety of instabilities, ULF waves transport and couple energy throughout
the system, and may play important roles in the energization and loss of radi-
ation belt particles. ULF waves also provide a convenient probe and diagnostic
monitor of the magnetosphere. The availability of multipoint measurements from
spacecraft, ionospheric sounders and ground magnetometer arrays and the increas-
ing sophistication of modeling tools have stimulated much recent progress in this
area. Nevertheless, fundamental questions remain regarding the generation, propaga-
tion and consequences of these waves. This chapter reviews recent developments in
these areas.

13.1 ULF Wave Sources

Ultra-low frequency (ULF) plasma waves are broadly
of two types, depending on whether their energy
source originates in the solar wind or from processes
within the magnetosphere. Evidence for the former
comes from the dependence of daytime power in the
Pc3 (20–100 mHz), Pc4 (7–20 mHz) and Pc5 (1.7–
7 mHz) ranges on solar wind speed and interplan-
etary magnetic field (IMF) clock angle (e.g. Odera
1986; Engebretson et al. 1987; Mathie and Mann
2001; Kessel et al. 2004; Francia et al. 2009). Solar
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wind density also plays an important role in con-
trolling Pc3 activity (Heilig et al. 2010). Substorms
and other instabilities in the tail form an important
source of ULF waves on the nightside, but are con-
sidered elsewhere in this volume and the discussion
here focuses on sources of waves on the dayside.
Other recent reviews on ULF waves include Walker
(2005), Kivelson (2006), Takahashi et al. (2006),
Fraser (2007), and Villante (2007).

13.1.1 Sources in the Solar Wind

There are several ways in which ULF waves may
be energized by the solar wind. A rich variety of
plasma waves occurs in the magnetosheath, in partic-
ular Alfvén/ion cyclotron and mirror modes under low
and high plasma β conditions respectively (Schwartz
et al. 1996). Magnetospheric ULF waves occur most
favorably under near-radial IMF conditions (Russell
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et al. 1983) when Alfvén/ion cyclotron waves may
be produced upstream by the right-hand (RH) reso-
nance instability with field-aligned backstreaming ions
(Troitskaya et al. 1971; Takahashi et al. 1984; Le and
Russell 1996; Blanco-Cano et al. 2009). Spatial prop-
erties of waves in the foreshock were described by
Archer et al. (2005). The waves can convect down-
stream to the subsolar region of the magnetopause and
into the magnetosphere without significant change to
their spectrum (Greenstadt et al. 1983; Krauss-Varban
1994). The wave frequency depends on the strength
and cone angle of the IMF but is typically in the Pc3
range (Takahashi et al. 1984).

Global two-dimensional hybrid (kinetic ions and
fluid electrons) simulations for radial IMF conditions
reveal the formation of a very perturbed foreshock
region within which a slightly smaller ULF wave fore-
shock is embedded (Blanco-Cano et al. 2009). Weakly
compressive sinusoidal waves in this region are RH
polarized in the plasma frame but LH in the spacecraft
frame. The extent of the foreshock over the dayside
region decreases with increasing cone angle.

These ideas are supported by multisatellite obser-
vations of upstream waves entering and propagating
through the magnetosphere as compressional waves
(Sakurai et al. 1999; Constantinescu et al. 2007;
Heilig et al. 2007; Clausen et al. 2008, 2009). By
examining wavefront curvature and propagation prop-
erties for Pc3 waves recorded during an outbound
magnetosheath crossing of the four Cluster satellites,
Constantinescu et al. (2007) found that these waves
mostly originated from the cusp and electron fore-
shock, but not especially from the ion fore-shock. This
suggests that small Alfvén/ion cyclotron and mirror
mode waves are initially stimulated in the electron
foreshock and then couple to and are amplified by
ion beam instabilities in the slightly downstream ion
foreshock region.

In an independent study using the Cluster and
Geotail spacecraft and ground magnetometers located
near the Cluster footpoint, Clausen et al. (2009) found
a ‘cradle to grave’ example of Pc3 event that was gen-
erated in the foreshock region after a sudden reduction
in the solar wind cone angle, and was then observed
in the outer magnetosphere and on the ground. The
upstream waves were predominantly transverse but
with a compressional component, relating (after a
suitable propagation delay) to compressional waves
in the outer magnetosphere that mode-converted to

bandlimited field line guided toroidal Alfvén waves
at the local field line eigenfrequency as verified
using ground cross-phase measurements. The fre-
quency of the upstream waves agreed precisely with
the Takahashi et al. (1984) prediction.

Heilig et al. (2007) presented a detailed statistical
survey of Pc3-4 compressional mode wave power at
∼350 km altitude using the CHAMP spacecraft, find-
ing that events between ±60◦ latitude are most likely
generated in the upstream foreshock region, with wave
frequency depending on IMF strength and a Doppler
shift due to the Alfvénic mach number MA, but not
on the cone angle: fpeak (mHz) = (0.708 · MA + 0.64)
(mHz/nT) · BIMF (nT).

Periodic compressional or Alfvénic fluctuations in
the solar wind may also directly drive discrete fre-
quency ULF waves in the magnetosphere (e.g. Potemra
et al. 1989; Prikryl et al. 1998; Stephenson and Walker
2002; Kepko and Spence 2003; Menk et al. 2003).
Kessel (2008) examined the relationship between Pc5
wave power in the solar wind (ACE, Wind), near the
magnetopause (Geotail), at geostationary orbit (GOES
8, 10), over the poles (Cluster), and on the ground
near the Geotail and GOES footpoints, during high
speed streams and coronal mass ejections. Over 80%
of total Pc5 activity (including propagating compres-
sional waves, field line resonances and global modes)
during a 2 week interval was driven by solar wind
pressure fluctuations, with the amplitude and power of
Pc5 compressional fluctuations in the magnetosphere
and on the ground being directly proportional to the
amplitude and power of similar fluctuations in the solar
wind.

A similar conclusion was reached by Takahashi and
Ukhorskiy (2007, 2008) who conducted superposed
epoch analyses of upstream solar wind parameters
recorded by ACE, and Pc5 wave fields at GOES at
solar maximum and solar minimum, finding that solar
wind pressure variations are the major driver of Pc5
waves at geosynchronous orbit, where standing Alfvén
waves are then established.

Recent event and statistical studies provide accumu-
lating evidence that periodic variations in solar wind
dynamic pressure are prompt drivers of some mag-
netospheric Pc5 ULF waves and field line resonances
(FLRs) at the discrete ‘magic’ frequencies (0.7, 1.4,
2.0, 4.8 mHz) reported by Samson et al. (1992) and
many others (e.g. Ziesolleck and McDiarmid 1994;
Francia and Villante 1997) and ascribed to magneto-
spheric cavity/waveguide modes.
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Examining a specific event, Fenrich and Waters
(2008) used a phase coherence technique to show
that 1.7 mHz oscillations in solar wind density were
related, with 99% confidence and after a suitable
propagation delay, to FLR signatures recorded near
62◦ magnetic latitude in the ionosphere with an HF
SuperDARN radar. Villante et al. (2007) also used a
phase coherence technique to examine the relation-
ship between discrete frequency oscillations in the
solar wind and at low latitudes on the ground, while
Eriksson et al. (2006b) found that 9 out of 10 Pc5
events detected in the ionosphere by an HF radar
exhibited high correlation coefficients with oscillations
in the solar wind dynamic pressure. Such pressure-
driven ‘magic frequency’ Pc5 pulsations can also be
associated with auroral pulsations (Liou et al. 2008).

In an important study, Viall et al. (2009) examined
the occurrence of discrete spectral peaks in the 0.5–
5.0 mHz range for over 11 years of measurements of
number density in the upstream solar wind (recorded

by the Wind spacecraft) and for 10 years of mag-
netic field data in the magnetosphere within an hour
of local noon (recorded by the geostationary GOES
spacecraft). Using statistical tests on overlapping 6-h
intervals, they found in both data sets discrete frequen-
cies that occurred more often than other frequencies,
and also determined that such discrete frequencies
were seen in the magnetosphere 54% of the time they
occurred in the solar wind. Their results are summa-
rized in Fig. 13.1. The discrete frequencies are at or
near the Samson ‘magic’ frequencies, although in both
data sets there was some gradual evolution through the
solar cycle. Viall et al. concluded that a clear physical
relationship exists between some discrete, repeatable
frequencies in solar wind number density and in the
magnetosphere, although other discrete frequencies are
also present in the magnetosphere due to other physical
processes.

In conclusion, multipoint observations show that
Pc3-4 ULF waves generated in the foreshock region

Fig. 13.1 Mean residuals of 3-year occurrence distribution of
statistically significant frequencies over 1995–2005 in solar
wind number density (left) and in the dayside magnetosphere

(right). Vertical bars indicate ±1 s.d.; y-axis tick marks denote
100 counts (Figures 4 and 5 from Viall et al. 2009)
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may be observed in the magnetosphere and on the
ground, while there is also accumulating evidence that
Pc5 waves may be directly driven by pressure oscil-
lations in the solar wind. This may be an important
source of magnetospheric ULF waves at low frequen-
cies which are hard to reconcile with cavity/waveguide
modes. Fundamental questions that arise include: (i)
How important are these solar wind-related mecha-
nisms as sources of Pc3-5 ULF waves in the daytime
magnetosphere? (ii) Hence, how significant are cav-
ity/waveguide modes? (iii) To what extent can these
sources explain ULF waves seen on the ground in the
polar cap and tail regions? (iv) Why and how should
discrete frequencies be present in the solar wind?

13.1.2 Instabilities at the Magnetopause

The correlation between solar wind speed and ULF
power in the magnetosphere suggests that the Kelvin-
Helmholtz instability (KHI) resulting from the veloc-
ity shear at the magnetopause may be a significant
source of ULF wave energy (e.g. Walker 1981; Pu and
Kivelson 1983). The resultant surface waves propa-
gate antisunward and are strongly evanescent within
the magnetosphere. However, the shear flow between
the plasma in the magnetosheath and magnetosphere
also controls the reflection condition at the magne-
topause, and when taking into account the bound-
ary layer thickness this may result in the formation
of over-reflection modes at the magnetopause (Mann
et al. 1999; Walker 2000). Over-reflection occurs when
the characteristic scales of the wave and the inho-
mogeneity are comparable, and may provide an effi-
cient process for the extraction of energy from the
magnetosheath to magnetospheric waveguide modes
on the flanks during fast solar wind speed intervals
(Wright and Mann 2006). This may explain the pro-
duction of discrete frequency ULF waves in the mag-
netosphere and statistical correlations between Pc5
power on the ground and solar wind velocity (Mathie
and Mann 2001; Mann et al. 2004; Pahud et al.
2009).

Numerical models now permit studies of the
entire magnetosphere system under various condi-
tions. Claudepierre et al. (2008) described a global
three-dimensional (3-D) MHD simulation of the solar
wind/magnetosphere interaction in which all solar
wind parameters except driving velocity were held

constant. Two coupled ULF surface modes were
excited by the KHI near the dawn and dusk magne-
topause, one propagating tailward along the magne-
topause boundary and the other along the inner edge
of the boundary layer. The phase velocities of the
modes were different but the frequencies were the
same and depended on the solar wind driving velocity.
For both modes the preferred wavenumber was related
to the boundary thickness, so that the KH waves are
monochromatic.

Multispacecraft observations provide new oppor-
tunities for in situ studies of wave distributions and
properties. Using 13 months’ electric and magnetic
field THEMIS data covering all local times but mostly
under weak solar wind conditions, W. Liu et al. (2009a)
found that wave power in the outer magnetosphere
was greater in the Pc5 compared to the Pc4 range,
being dominated by toroidal modes near the flanks
and poloidal modes near noon. It was concluded that
the KHI plays an important role in the excitation of
Pc5 waves (especially near the flanks) during solar
minimum years. During northward IMF conditions
KHI events with particularly long wavelengths can be
excited on the flanks of the equatorial magnetosphere
(Hasegawa et al. 2009).

While Viall et al. (2009) suggested that solar wind
perturbations drive ULF waves at certain frequencies,
Plaschke et al. (2009a) presented results from an anal-
ysis of spline function interpolation of nearly 6700
THEMIS magnetopause crossings (to determine prop-
erties of magnetopause undulations) to suggest that
Alfvénic waves propagating along the magnetopause
surface may develop into standing Alfvén waves on
the boundary due to reflection from the conjugate
ionospheres (i.e. Kruskal-Schwarzschild modes). The
surface waves are likely due to magnetopause dis-
placements as a result of local pressure perturbations
in the magnetosheath, while the eigenfrequencies of
the standing modes are determined by the magne-
topause geometry and are strikingly similar to the
Samson ‘magic’ frequencies; see Fig. 13.2. Plaschke
et al. (2009b) added solar wind observations to their
dataset in order to determine the dependence of the
observed spectrum of magnetopause oscillations on
solar wind and IMF conditions and local time. They
found that magnetopause oscillations occurred more
favorably near noon and for northward IMF, low solar
wind speed and low cone angle. This combination of
conditions suggests that the oscillations are more likely
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Fig. 13.2 Oscillation frequencies due to magnetopause motion
(Figure 2 from Plaschke et al. 2009a)

due to Kruskal-Schwarzshild modes than solar wind
pressure perturbations or the KHI at the flanks.

There have been few reports of the KHI in the mag-
netotail (e.g. Takagi et al. 2006). However, Volwerk
et al. (2007) identified 5 min magnetic oscillations
as the Cluster and Doublestar spacecraft entered a
flow shear channel in magnetotail. The oscillations
propagated Earthward at about half the plasma flow
speed and increased in amplitude in agreement with
KHI wave growth. These results also suggest that the
KHI may play a role in the braking of fast flows in the
magnetotail.

In conclusion, simulation and observational studies
show that instabilities at the magnetopause are likely
an important source of long period ULF wave activ-
ity. Further work is needed on both fronts to clarify
the role of such instabilities as sources of ‘every-
day’ wave activity. The significance of over-reflection
and Kruskal-Schwarzshild modes requires particular
investigation.

13.1.3 Interactions within the
Magnetosphere

ULF waves can be generated by a variety of mecha-
nisms internal to the magnetosphere, including drift-
mirror instabilities due to pressure anisotropies, and
drift-bounce resonance with trapped energetic ions
(e.g. Walker 2005). These waves are often strongly

compressional, have high azimuthal wave number, m,
and are attenuated on the ground due to spatial inte-
gration, resulting in a ‘hidden’ wave population pre-
viously hinted at by radar observations (e.g. Yeoman
et al. 2000) and fortuitous satellite conjunctions (e.g.
Hughes et al. 1978). Recent radar observations are
outlined in Section 13.4.

The drift-mirror instability occurs under high β con-
ditions when there is significant perpendicular pres-
sure anisotropy. The frequency of the growing mode
depends on the diamagnetic drift frequency but the
instability condition is affected by field line curva-
ture and coupling to transverse shear Alfvén waves.
The drift mirror waves will propagate slowly with the
Larmor drift frequency. Rae et al. (2007) showed an
example of a large amplitude compressional Pc5 wave
event detected for some hours by Equator-S in the
dawnside magnetopause under average solar wind con-
ditions. The waves were most likely generated by a
drift mirror instability near the equatorial plane and
might also couple to local standing toroidal mode
Alfvén waves.

High-m compressional Pc5 waves have been mea-
sured by the THEMIS spacecraft in the outer magne-
tosphere under average magnetic conditions near local
dawn (Korotova et al. 2009) and dusk (Constantinescu
et al. 2009). Both studies found the waves had wave-
lengths of ∼2 RE and propagated sunward at velocities
of ∼10–20 km/s, and both studies concluded that the
waves were most likely generated by the drift mirror
instability.

The availability of multipoint spacecraft observa-
tions has therefore provided new information on the
source and generation of high-m waves in the outer
magnetosphere.

13.2 Wave Generation and Propagation
Mechanisms

The propagation of magnetospheric ULF plasma
waves has been described in detail by many workers
(e.g. Allan and Poulter 1992), usually in the context
of standing shear Alfvén mode field line oscillations
with low azimuthal wavenumber (e.g. Orr 1984) that
are driven by energy coupling from incoming compres-
sional fast mode waves (e.g. Odera et al. 1991). The
latter may also excite global eigenoscillations of the
magnetosphere (Kivelson and Southwood 1986; Allan
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et al. 1986a) or the plasmasphere (Allan et al. 1986b;
Waters et al. 2000). In fact, the coupling of cavity
or waveguide eigenmodes to FLRs may explain how
discrete spectra are produced across a range of lati-
tudes (Kivelson and Southwood 1985; Samson et al.
1995; Menk et al. 2000), including at the ‘magic’ fre-
quencies (e.g. Samson et al. 1992; Mathie et al. 1996;
Villante et al. 1997). However, cavity modes are dif-
ficult to detect with spacecraft (Waters at al. 2002)
and the existence of highly stable discrete frequency
modes is still controversial. On the other hand, the
existence of a peculiar, large, highly monochromatic
wave mode called giant pulsations has been known for
a long time (e.g. Chisham et al. 1990). Measurements
with ionospheric sounders have shown that these high
m poloidal mode waves may be fairly common after
storms (e.g. Wright and Yeoman 1999). In this sec-
tion we focus mainly on waves generated in the
local daytime.

13.2.1 Global Cavity Modes

Many studies have suggested that global cavity modes
may be responsible for the appearance of ULF signals
with multiple discrete spectral peaks at the ‘magic’
frequencies and spanning a range of latitudes. During
very large storms such discrete frequency modes may
be detected throughout the magnetosphere (Lee et al.
2007). Figure 13.3 shows discrete frequency Pc5

Fig. 13.3 Power spectrum of discrete frequency auroral pulsa-
tions. Horizontal dashed lines denote preferred Pc5 frequencies
(Figure 2 from Liou et al. 2008)

Fig. 13.4 Occurrence of spectral peaks in 1 year of Cluster
magnetometer data (Adapted from Figure 11 of Clausen and
Yeoman 2009)

pulsations and auroral modulations at frequencies up to
6–8 mHz, most likely produced by global cavity modes
caused by solar wind pressure variations (Liou et al.
2008).

Using case studies and a 1-year statistical survey,
Clausen and Yeoman (2009) examined FLRs recorded
at the ‘magic’ frequencies by the Cluster spacecraft
and at ground stations. As seen in Fig. 13.4, there
was no preference for the set of ‘magic’ frequencies
in the data, but there was a tendency for certain fre-
quencies above 5 mHz, attributed to higher harmonics
of waveguide/cavity modes.

Takahashi et al. (2009) reported the observation of
global eigenmode oscillations near 15 mHz through-
out the dayside plasmasphere (L∼1.7–3.1) under con-
ditions favorable for the propagation of broadband
compressional mode power from the solar wind into
the magnetosphere. However, no distinct plasmapause
signature was evident and they therefore termed the
plasmaspheric global mode a virtual resonance. The
existence of such virtual resonance modes was pre-
dicted by Lee and Lysak (1999) and Lee and Takahashi
(2006), and they are believed to account for the
observed spectral properties of night-time Pi2 pulsa-
tions (Kim et al. 2005; Teramoto et al. 2008).

Plasmaspheric cavity resonances are expected to
be a fraction of an RE apart (Samson et al. 1995),
and it would be difficult to detect the resultant spec-
tral fine structure using spacecraft, but this is easier
with ground magnetometers. The structure of such
trapped plasmaspheric modes was predicted using a
simple 1-D waveguide model by Waters et al. (2000),
confirming the observations of Menk et al. (2000).
However, virtual resonance modes can extend beyond
the plasmasphere and can exist even in the absence of
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a clear plasmapause boundary. Takahashi et al. (2005)
pointed out that nightside Pc4 pulsations at geomag-
netically quiet times could result from plasmaspheric
cavity modes excited by a dayside energy source.
Similar Pc4 pulsations have been reported in HF radar
signals (Ponomarenko et al. 2003).

In summary, the following key questions remain
unresolved. (i) Is there clear evidence in spacecraft
data for the existence of cavity modes? (ii) Do cavity
modes preferably exist at the ‘magic’ Samson frequen-
cies or higher frequencies or both? (iii) Under which
conditions do global cavity modes exist – i.e. extreme
or quiet conditions; frequent or infrequent occurrence;
dependence on a solar wind driver; etc? (iv) Under
which conditions and at what frequencies do virtual
cavity resonances exist compared to plasmaspheric
cavity modes?

13.2.2 Field Line Resonances (FLRs)

The physical principles of FLRs are well known (e.g.
Waters et al. 2006). However, mathematical descrip-
tions often assume a simple dipolar geometry which
is not appropriate to high latitudes where field lines
experience significant temporal distortion. This affects
the frequency (Waters et al. 1996; Wild et al. 2005)
and polarization properties of the FLRs (Kabin et al.
2007). The latter is important because wave-particle
energy transfer involves the wave electric field com-
ponent parallel to the drift velocity of particle, i.e. the
azimuthal field (poloidal mode) in a dipolar magnetic
field. In order to obtain a more realistic representa-
tion of the situation Elkington et al. (2003) used a
non-axisymmeteric compressed magnetic field model,
but assumed that the wave electric field was either
exactly radial or azimuthal. However, Kabin et al.

showed that in a 3-D compressed dipole background
field (described in terms of Euler potentials) and
using the Rankin et al. (2006) standing shear Alfvén
wave model, the polarization of Alfvén modes can no
longer be described as poloidal or toroidal but becomes
increasingly mixed and changes with local time. This
arises because the contours of constant magnetic field
no longer coincide with contours of constant wave
period for either mode in the equatorial plane, as shown
in Fig. 13.5. This means that at high latitudes different
Alfvénic modes may contribute to particle acceleration
in different MLT sectors.

This work has been extended by Degeling et al.
(2010) who modeled the propagation of MHD waves
and the formation of FLRs in a compressed dipole
geometry including day/night asymmetry. In addition
to the MLT dependence of shear Alfvén wave eigen-
mode polarization, they found that the FLR properties
depend strongly on the wave source location at the
magnetopause boundary.

A further complication arises when the magneto-
spheric plasma is in relative motion, such as near a
KHI site. Kozlov and Leonovich (2008) modeled this
analytically and numerically through azimuthal rota-
tion of the plasma, finding that monochromatic fast
magnetosonic waves could then excite harmonics of
standing Alfvén waves simultaneously on different res-
onant surfaces. The plasma motion effect is greatest
near strong density gradients (magnetopause, plasma-
pause) and results in distorted phase and amplitude
profiles.

Sarris et al. (2009a, c) examined the structure of
FLRs in situ between 4 RE and the magnetopause using
the THEMIS constellation. The polarization character-
istics of the observed FLRs were in striking agreement
with the Kabin et al. (2007) predictions based on a
non-axisymmetric field geometry.

Fig. 13.5 Electric field
polarization in the equatorial
plane with a realistic magnetic
field geometry and for the
wave mode with radial
electric field at midnight (left)
and azimuthal field at
midnight (right) (Figure 6
from Kabin et al. 2007)
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Combined in situ observations with the 4 Cluster
satellites and ground magnetometer measurements
show (Liu et al. 2008) that Pc3 pulsations just
inside the cusp have dominant transverse toroidal and
poloidal components, wavelength ∼103 km, and phase
velocity ∼102 km/s Earthward. The Poynting flux is
field aligned and away from the equatorial plane. These
waves likely arise from incoming compressional mode
waves coupling to guided Alfvén waves on the last
closed field lines, exciting FLRs at lower latitudes. In
a follow-up study Y. Liu et al. (2009b) showed that the
transverse scale size of these Pc3 waves near the cusp
is ∼0.14 RE when using a threshold inter-spacecraft
coherency of 0.65. There was also clear evidence of
rotation of the polarization ellipse by 90◦ between the
spacecraft and ground.

How much energy does a FLR deposit into the iono-
sphere? Estimates for large Pc5 FLR events include
∼6×109 W (Greenwald and Walker 1980), 1010–1013

J (Allan and Poulter 1984), and 1010–1011 J for high-
m particle-driven FLRs (Baddeley et al. 2005a). Most
recently, through combined Polar spacecraft, ground
magnetometer and HF radar observations Rae et al.
(2007) found that the energy dissipated into the iono-
sphere via Joule heating for a high solar wind speed-
driven global Pc5 event was 1014–1015 W, i.e. 30%
of a substorm budget and much higher than previous
estimates.

At low latitudes the source of FLRs is gener-
ally believed to be fast mode waves that propagate
from the solar wind deep into the magnetosphere
(e.g. Yumoto and Saito 1983; Yumoto et al. 1985;
Matsuoka et al. 1997). The frequency of FLRs reverses
near L = 1.6 due to ionospheric mass loading (Menk
et al. 2000; Ndiitwani and Sutcliffe 2010), and the
low latitude limit of FLRs is L ≈ 1.3. In fact, recent
observations have shown that discrete frequency fast
mode waves are often present in the plasmasphere
and couple to standing poloidal and toroidal modes
causing FLRs that are detected on the ground (Menk
et al. 2006; Ndiitwani and Sutcliffe 2009). In the
former study poloidal mode flux tube oscillations at
L = 2.5 were detected with VLF sounders, and cou-
pled to FLRs that were recorded by ground magne-
tometers. The frequency of these signals corresponded
with the frequency expected for waves generated in
the upstream solar wind, although other discrete fre-
quencies were also present in the spectra. The lat-
ter study used CHAMP low-Earth orbit spacecraft
and ground magnetometer observations to show that

discrete frequency fast mode oscillations above the
ionosphere coupled to toroidal mode FLRs.

In summary, although the fundamental properties
of FLRs are well known, many key questions still
exist: (i) How do the properties of FLRs change at
high latitudes in realistic field geometries? (ii) What
is the effect of such changes (e.g. modified wave
polarization) on particle acceleration? (iii) How signif-
icant is the effect of plasma motion on the properties
of FLRs? (iv) There has been much discussion of
the azimuthal wavenumber ky. What are typical val-
ues for the meridional wavenumber kx in FLRs? (v)
How often do large FLRs occur that deposit signifi-
cant energy into the ionosphere, and what are typical
integrated values of energy deposition? (vi) What is
the contribution of FLRs to the ULF wave spectrum
at low latitudes? (vii) At high latitudes Pc3 signals are
detected with clear FLR-like properties, with appar-
ent poleward propagation (Howard and Menk 2005).
Are these higher harmonics of FLRs, and if so what
is the contribution of these to general ULF activity at
high latitudes?

13.2.3 Other Alfvén Modes

Here we are concerned with poloidal mode waves,
and coherent waves at high latitudes whose gener-
ation and propagation mechanisms are unclear. The
compressional narrowband Pc4-5 waves described in
Section 13.1.3 that are produced by drift-bounce reso-
nance with trapped energetic ions have high azimuthal
wave number m and induce poloidal mode (radial) field
line perturbations. Most previous knowledge of these
comes from HF radar measurements of wave fields
in the ionosphere. Multipoint spacecraft observations
are providing new information on these waves, which
may persist up to days in the outer magnetosphere in
the noon/postnoon sectors during the recovery phase
of storms (Takahashi et al. 1985; Eriksson et al. 2005,
2006a; Sarris et al. 2007, 2009b; Schäfer et al. 2007,
2008). The waves are usually quite localized radially
and have azimuthal wavenumbers as high as m ∼ 150
(Eriksson et al. 2006a; Schäfer et al. 2008). The polar-
ization of wave packets may also vary with time or
spacecraft position, as predicted by Kabin et al. (2007).

Occasionally these waves are seen at quiet times
when no energetic particles are present and drift or
bounce resonance is unlikely (Eriksson et al. 2005).
Sometimes high-m Pc4 waves are seen near the
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Fig. 13.6 Location of
poloidal mode resonance
region at the plasmapause.
Upper solid and dashed
curves show radial profiles of
toroidal and poloidal mode
eigenfrequencies; horizontal
dotted line shows observed
frequency fobs = 23 mHz, and
lower curve represents
amplitude profile (Figure 14
from Schäfer et al. 2008)

plasmapause, suggesting they may be due to harmonics
of poloidal mode eigenoscillations in a radially con-
fined Alfvén resonance region at the inner (Schäfer
et al. 2007) or outer edge of the plasmapause (Schäfer
et al. 2008; Turkakin et al. 2008). This situation is
illustrated schematically in Fig. 13.6 and was predicted
by Klimushkin (1998). This is a new result not evident
in ground records.

Observations of whistler mode waves with VLF
sounders are sensitive to localized radial motions of
flux tubes and show that poloidal mode field line oscil-
lations are fairly common at quiet times, are related to
fast mode ULF waves generated in the upstream solar
wind, and couple to FLRs (Andrews 1977; Yearby and
Clilverd 1996; Menk et al. 2006).

Questions that arise regarding new results on
poloidal modes include: (i) How frequently do high-
m poloidal mode particle-generated waves occur? (ii)
Can such waves be generated at quiet times in the
absence of energetic particle distributions? (iii) How
common are high-m poloidal mode waves at the
plasmapause and are they a signature of the plasma-
pause? (iv) What is the significance of these waves
for the energization of ring current particles (see e.g.
Ozeke and Mann 2008)? (v) Techniques such as VLF
sounders and HF radars provide the possibility of
ground-based monitoring of high-m poloidal mode
waves. What new results could emerge?

An unresolved question is how coherent narrow-
band Pc3-4 waves arrive on open field lines in the
polar regions (e.g. Santarelli et al. 2007); these signals
may not just be a poleward extension of mid-latitude

activity but relate to compressional waves in space (e.g.
Engebretson et al. 2006). Pilipenko et al. (2008) sug-
gested these pulsations may be due to the interaction of
propagating magnetosonic and Alfvén waves. In a lon-
gitudinally inhomogeneous plasma the field-aligned
wave vector components of travelling fast magne-
tosonic waves and Alfvén modes match, and fast
mode energy may be resonantly converted to the lat-
ter. This may happen at frequencies much higher than
the Alfvén resonance frequency.

An unexplained phenomenon is the existence of
coherent low m waves that propagate sunward, away
from the midnight sector. These have been observed
in mid-latitude ground data (e.g. Mier-Jedrzejowicz
and Southwood 1979) and now at large L with space-
craft (e.g. Erikkson et al. 2008). The latter reported
observations of 1–2 mHz m = 3 toroidal waves at
L = 16 post-midnight, with sunward propagation and
Poynting flux, and wave frequency that changes with
magnetic field strength. Wright and Allan (2008)
reported numerical simulations of MHD wave cou-
pling in the magnetotail waveguide that suggested
5–20 min fast mode waves generated in the magneto-
tail waveguide by substorms may couple to Earthward
propagating Alfvén waves and produce field-aligned
currents resulting in narrow auroral arcs that move
equatorward at ∼1 km/s. The Alfvén waves phasemix
as they propagate Earthward, resulting in a rapid varia-
tion of wave fields perpendicular to B. The predicted
wave properties agree with observations of Alfvén
waves with local standing wave signatures in the PSBL
and on the ground (Keiling et al. 2005). In summary,
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these new results raise the following questions: (i)
What is the source of coherent narrowband Pc3-4
waves in the polar caps? (ii) What is the source of
coherent sunward propagating waves in the tail? (iii)
How common are such waves? (iv) Can mechanisms
such as that proposed by Wright and Allan play a role
in the generation of these waves?

13.3 Electromagnetic Ion-Cyclotron
Waves (EMICWs)

Until recently the origin of magnetospheric Pc1-2
(∼0.2–5 Hz) waves was thought to be well understood.
The waves are generally believed to be generated in the
equatorial magnetosphere by ion-cyclotron resonance
with unstable distributions of energetic ring current
ions (e.g. Cornwall 1965; Criswell 1969) during the
recovery phase of magnetic storms (Wentworth 1964).
The characteristic fine structure appearance of ‘pearl’
Pc1 waves was attributed to dispersive field-aligned
wave packet propagation in the LH ion mode on suc-
cessive bounces between hemispheres (e.g. Jacobs and
Watanabe 1964; Obayashi 1965). Non-propagation
stop-bands occur at the local bi-ion frequencies in
He+ and O+ rich plasmas (Fraser 1982). On reaching
the ionosphere some of the wave energy couples to
the RH mode and propagates in a horizontal waveg-
uide centered on the ionospheric F2 region (Tepley
and Landshoff 1966; Manchester 1970; Erlandson
and Anderson 1996) from the source region near the
plasmapause (e.g. Altman and Fijalkow 1980; Webster
and Fraser 1985). IPDP are an unstructured subtype
of Pc1-2 pulsations generated by resonant interac-
tion with westward drifting energetic protons near
the plasmapause in the evening sector (e.g. Horita
et al. 1979). Figure 13.7 gives a schematic overview
of the generation and propagation of structured Pc1
emissions.

Difficulties with the above picture of Pc1-2 gen-
eration were summarized by Demekhov (2007) and
Mursala (2007), the main problem being lack of evi-
dence of wave packet bouncing between conjugate
points (Mursala et al. 1997). Spacecraft measure-
ments have shown that EMICW propagation is almost
exclusively away from the equator (Erlandson et al.
1996; Fraser et al. 1996) at latitudes greater than about
11◦ (Loto’aniu et al. 2005), with minimal reflection
at the ionosphere. Furthermore, EMIC emissions can

Fig. 13.7 Schematic picture of a magnetospheric flux tube in
which Pc1 EMICWs are generated and propagate to the ground
(Figure 2 from Demekhov 2007)

occur in the outer magnetosphere (Menk et al. 1992,
1993) in connection with solar wind perturbations
(e.g. Olson and Lee 1983; Hansen et al. 1992, 1995;
Arnoldy et al. 2005).

13.3.1 Observational Studies

Recent studies combining multipoint ground and in
situ observations have confirmed that Pc1 EMICWs
occur in localized L shells near the plasmapause
(Usanova et al. 2008; Engebretson et al. 2008b) and are
seen on the ground mostly after moderate and intense
storms (Bortnik et al. 2008a; Engebretson et al. 2008a).
The Usanova et al. study focused on emissions associ-
ated with a magnetospheric compression, detected by
the THEMIS spacecraft in a narrow L range directly at
the plasmapause, and with no evidence of wave pack-
ets bouncing back and forth to the ground. This work
is important in the context of EMICW-particle interac-
tions discussed later. The Bortnik et al. study examined
8 years of low latitude data using the automated detec-
tion algorithm mentioned in Section 13.5.4.

The association of EMICWs with energetic parti-
cle precipitation is reviewed in Section 13.5.3. Several
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authors have suggested that subauroral proton spots
may be caused by pitch angle scattering by EMICWs
generated by the interaction between hot ring cur-
rent protons and cold plasmaspheric ions (e.g. Fuselier
et al. 2004) or the enhanced cold dense plasma asso-
ciated with plasmaspheric plumes (Frey et al. 2004;
Spasojević et al. 2004). A direct connection between
proton aurora spots, which map to the vicinity of
the plasmapause, and EMICWs was demonstrated by
Yahnin et al. (2007).

A statistical study by Engebretson et al. (2008a)
reinforced the likely association between Pc1-2 on the
ground in the recovery phase of storms and plasmas-
pheric plumes and precipitating energetic particles.

A complete ‘cradle-to-grave’ case study of EMIC
wave propagation was presented by Morley et al.
(2009). They used conjunction observations in the
equatorial magnetosphere, at low-Earth orbit, and on
the ground, to study the propagation of a LH polarized
EMIC wave from the source region to the ground in
association with > 6 keV ion precipitation. They also
used a 21/2-D MHD model to clarify the observed travel
times, showing that the wave and ion source region was
at the edge of a plasma drainage plume.

An important question in the discussion of EMICW
generation and the particular packet structure that gave
rise to the bouncing wave packet idea, is the possi-
bility that the wave generation process is modulated
by compressional Pc5 ULF waves. This has been con-
firmed by case studies and a statistical analysis of
data from CRRES (Loto’aniu et al. 2009). They found

a good linear correlation between Pc1 wave packet
duration and Pc5 wave period, shown in Fig. 13.8,
although the wave packets were sometimes 180◦ out of
phase and non-adiabatic and non-linear processes may
play a role.

During very intense storms unusually polarized
Pc1-2 waves may be produced, including purely com-
pressional waves near the equator that propagate radi-
ally Earthward, and waves with power in the radial and
compressional but not azimuthal components that may
propagate oblique to B (Engebretson et al. 2007).

Pc1-2 waves in the plasmasheet have components
perpendicular and parallel to the field and propagate
perpendicular to it (Broughton et al. 2008). Counter-
streaming ion beams are also associated with these
waves. At high latitudes, near the cusp, Pc1-2 signals
often have the appearance of discrete bursts and struc-
tured emissions whose distribution is indicative of the
source region and magnetospheric topology (e.g. Menk
et al. 1992; Dyrud et al. 1997; Engebretson et al. 2009).
Such Pc1-2 bursts accompany most magnetic impulse
events (Arnoldy et al. 1996; Kurazhkovskaya et al.
2007), which are common in the polar regions (e.g.
Sibeck and Korotova 1996).

In summary, while the general properties of Pc1-2
EMICWs are well established, the relative impor-
tance of sources associated with compressions, plasma
plumes, or the ring current, and the significance of
source modulation by Pc4-5 waves, remain unclear.
Evidence for bouncing wave packets is also lacking.

Fig. 13.8 Relationship between period of Pc1 wave packets and compressional Pc5 waves simultaneously seen at CRRES (Figure
6a from Loto’aniu et al. 2009)
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13.3.2 Modeling and Simulation Studies

Recent modeling efforts have focused on clarifying
the locations and conditions for EMICW generation,
including the effect of heavy ion populations, and
explaining the modulated appearance of wave packets.
The competing generation models were reviewed by
Demekhov (2007), with no clear consensus on a dom-
inant mechanism. These are important questions since
EMIC waves may control the precipitation of energetic
ions (Jordanova et al. 2007) and relativistic electrons
(Rodger et al. 2008). EMIC waves propagate across the
Earth in the ionospheric Alfvén resonator, although the
extent to which this determines the wave properties is
unclear (Demekhov 2007).

Plasma density is one of the most important param-
eters controlling EMIC wave generation. Growth mod-
els which assume the total plasma is dominated by
thermal plasma may not relate to regions where
both cold plasmaspheric plasma and ring current
ions are important. This situation was considered by
Gamayunov and Khazanov (2008) using a global RC-
EMIC simulation model referenced to plasma condi-
tions observed during a large storm (but ignoring O+

ions) and an analytical formulation of the Volland-
Stern electric field. Their approach included wave
growth, damping, propagation, refraction, reflection,
and tunneling and showed that including the contri-
bution of ring current H+ in both the imaginary and
real parts of the He+-mode dispersion relation leads
to the production of EMICWs where the suprathermal
(≤1 keV) ion fluxes are enhanced and the temperature
anisotropy of energetic (>10 keV protons) is high. This
agrees with observations by Engebretson et al. (2007)
and suggests that suprathermal plasma plays a role in
destabilizing the more energetic ring current and/or
plasma sheet distributions to a high energy anisotropy.

Gamayunov and Khazanov (2008) also found that
the results of Loto’aniu et al. (2005) are best explained
by a model which assumes the EMICW source is at
the equator and that waves reflect at off-equatorial lat-
itudes at the bi-ion hybrid frequencies in conjugate
hemispheres. Gamayunov et al. (2009) extended this
modeling to incorporate M-I coupling including the
magnetospheric electric field, ring current, plasmas-
phere and ionosphere. Figure 1 in their paper (not
shown here) describes their approach in block dia-
gram form. Initial simulations using this model, for the
2–4 May 1998 magnetic storm, showed that it would

be necessary to extend the modeling domain to at least
72◦ latitude, to include a self-consistent description
of the ionospheric conductance and the plasmasphere
(e.g. plume structure).

In order to explain their observations that EMICW
propagation is bidirectional within 11◦ of the magnetic
equator but downward for |MLat|>11◦ Loto’aniu et al.
(2005) suggested that EMICWs could be generated by
a backward wave oscillator (BWO) in which waves
generated at the equator are reflected back into this
region by mirrors off the equator (not the heavy ion
resonance locations), allowing feedback wave growth.
This idea has been supported by quantitative modeling
by Trakhtengerts and Demekhov (2007) for a threshold
flux density of ∼107 cm–2 s–1 for protons with energy
≥100 keV, and characteristic wave amplitude ∼0.01
nT at L=6.

Further information on the role of heavy ion hybrid
resonances near the equator comes from modeling by
Lee et al. (2008). By solving the full wave equations
for a cold plasma they found that at resonance mode
conversion occurs and the fast mode wave energy is
absorbed, depending on the direction of the incident
waves. Waves at resonance have linear polarization
but the wave amplitude and frequency depend on the
plasma composition. Fraser and McPherron (1982) had
earlier discussed the effect of heavy ion resonance
propagation effects in EMICW spectra.

EMICWs are occasionally observed on the ground
with varying dispersion characteristics. Feygin et al.
(2007) showed that events with falling frequency tones
are due to RH magnetosonic waves, and a combination
of R- and L-mode (i.e. EMIC) waves which produce
mixed frequency dispersion. The R-modes may be due
to cyclotron instability with 10–100 keV proton beams
moving at vo ≥ U‖ along the background field, where
U is the thermal proton velocity in the beam. When
vo/U‖<<1 L-waves result. It should be noted that R-
mode waves also occur on the ground due to mode
conversion at the crossover frequency and tunneling at
heavy ion stop bands (e.g. Rauch and Roux 1982).

The effect of heavy ion populations drifting rela-
tive to each other is to change the nonlinear dispersion
relation for ICWs, leading to linear ion-acoustic insta-
bilities and destabilizing nonlinear ion-acoustic waves
(Gomberoff 2008).

The effect of Pc3-4 waves in modulating Pc1
EMICW growth rates was considered briefly in
Demekhov (2007), who showed that for typical cold
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plasma conditions at L = 7 a ±5 nT compressional
wave can vary the gain over large ranges above and
below the equatorial He+ gyrofrequency, but at lower
L values much larger wave amplitudes are required.

Recently interest has also focused on whether Pc1
EMICWs are excited at plume boundaries. Jordanova
et al. (2007) used a global kinetic model including a
time-dependent plasmasphere to determine the EMIC
growth rate with time. They found the waves were pref-
erentially excited in regions where energetic ring cur-
rent populations, plumes and steep density gradients
overlap. Ray tracing calculations by Chen et al. (2009)
of ICW growth in a multicomponent cold storm-time
plasma incorporating a realistic plasmasphere and a
plume, and an additional bi-Maxwellian hot ring cur-
rent distribution, found strong wave growth near the
plasmapause, in density structures within the plume,
and in the low density trough.

The Usanova et al. (2008) observations of
compression-related EMICW activity have been
modeled by McCollough et al. (2009) using a 3-D test
particle solver coupled to the time-dependent MHD
fields produced by the global LFM code. This allows a
range of effects including solar wind compressions to
be included. They found that after a compression wave
growth was expected between L = 5–7 in the morn-
ing sector, and near the plasmapause at most times,
in agreement with observations, and that the growth
rate depends not just on warm plasma temperature
anisotropies but also on warm and cold plasma den-
sities (c.f. Gamayunov and Khazanov (2008) results
above).

In summary, while important progress has been
made with modeling studies of EMICW generation
and propagation, the following questions remain: (i)
Is there a favored mechanism for Pc1 pearl formation,
or a combination of mechanisms at different times?
(ii) What are the implications of these new modeling
approaches for the scattering of ring current ions and
relativistic electrons by EMICWs?

13.4 The Ionosphere Boundary

The conducting ionosphere forms the inner boundary
of the magnetospheric cavity and therefore controls
not only the formation and properties of standing field
line oscillations (e.g. Dungey and Southwood 1970;
Hughes, 1974; Yarker and Southwood 1986; Menk

et al. 1995), but also the properties of cavity modes
(Kivelson and Southwood 1985). In addition, all ULF
waves observed on the ground propagate through the
ionosphere and are therefore affected by its properties.
The best known effect is the rotation of the polariza-
tion azimuth of the downgoing wave (Nishida 1964;
Hughes 1983). The fields of these propagating waves
can affect the ionospheric density distribution, thereby
modifying ionospheric properties. These effects can
be detected with HF radars and other sounders, and
may modify the total electron content along GPS
signal paths.

13.4.1 Effects of the Ionosphere
on ULF Waves

We consider first recent theoretical treatments
and observational results regarding effects of the
ionosphere on FLRs, and waves in the Pc1 range.
Waters et al. (this volume) provide a more detailed
treatment of the underlying principles.

MHD models now being used to investigate the
effects of ionospheric conductivity on FLRs incorpo-
rate a realistic ionosphere, oblique magnetic fields,
and a mixture of incident wave modes. Sciffer and
Waters (2002) presented an analytic description of this
form, including a reflection and wave mode conver-
sion coefficient matrix to describe mixing and con-
version between shear Alfvén and fast mode energy
at the ionosphere and atmosphere. These properties
were found to depend critically on the perpendicu-
lar wavenumber ky. This formulation was extended by
Sciffer et al. (2004) to include an inductive shielding
effect for oblique magnetic fields (and hence high to
low latitudes). This effect arises from the generation of
an ‘inductive’ rotational current by the induced part of
the divergent electric field in the ionosphere, reducing
the wave amplitude detected on the ground.

Using a 1-D numerical formulation Sciffer et al.
(2005) found that for an oblique magnetic field the
rotation of the wave polarization azimuth depends on
the compressional mode characteristics and the mode
conversion and reflection properties from the iono-
sphere. Waters and Sciffer (2008) described a 2-D
MHD formulation which was used to investigate the
dependence of FLR frequency on ionospheric conduc-
tivity. They found that under typical mid/low latitude
summer and winter conditions the FLR frequencies
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change by less than 5%. However, at auroral latitudes it
is necessary to account for ionospheric feedback aris-
ing from changes in the Pedersen conductivity due to
electron precipitation. Lu et al. (2007) incorporated a
model of an active auroral ionosphere with a 2-D MHD
model of the magnetosphere using both dipolar and
stretched field geometries. They found that ionospheric
feedback effects can produce strongly localized FLRs
and enhanced amplitudes.

Direct observations of low-mid latitude Pc3-4wave
structure with the CHAMP spacecraft and simultane-
ously on the ground below were described by Heilig
et al. (2007) and Ndiitwani and Sutcliffe (2009). These
confirm that Pc3-4 waves propagate through the mag-
netosphere mostly in the compressional mode and
appear in the D component on the ground, coupling
to discrete FLRs at the characteristic latitude, with 90◦
rotation in polarization of the signal on the ground.

This situation was confirmed by Pilipenko et al.
(2008) using numerical modeling to calculate the
relationship between Pc3 wave power above the iono-
sphere and on the ground. They also found that diurnal
variations in the ionosphere/ground amplitude ratio do
not depend strongly on ionospheric conductance, but
the fast mode field is sensitive to the crustal surface
conductivity.

At equatorial latitudes the nonuniform ionospheric
conductivity at dawn results in strong changes in Pc3
amplitude and D component phase on the ground,
although the phase of the H component is largely
unchanged (Tanaka et al. 2007). It is not clear whether
this results from the ionospheric effect on incident
Alfvén or fast mode waves (cf. Waters et al. 2001).

New observations and modeling have confirmed the
existence of quarter-mode FLRs near the dawn termi-
nator, mostly in winter and summer in the US sector
(Obana et al. 2008). These modes result from the asym-
metry in ionospheric conductivity at conjugate points,
and point to the need for caution in FLR-based mag-
netospheric density surveys. The difference in solar
illumination at conjugate points also causes a strong
seasonal asymmetry in plasmaspheric density that is
maximum in US longitudes around L = 2–3 (Clilverd
et al. 2007a).

In conclusion, new datasets and improvements in
modeling the effect of the ionosphere are starting to
provide a clear picture of the propagation of Pc3-4
signals to the ground. The question arises whether
it is possible to characterize the ionospheric transfer
function for incident ULF waves at all latitudes.

Consideration of ionospheric effects at Pc1 frequen-
cies should incorporate the effect of the ionospheric
Alfvén resonator (IAR). The IAR affects the spec-
trum of 0.1–10 Hz wave power reaching the ground
(Belyaev et al. 1989; Demekhov et al. 2000) and at
low latitudes is expected to be excited by lightning
discharges. Properties of the IAR, including the diur-
nal variation, are determined mainly by the variation
in Alfvén velocity at the F-layer peak (Hebden et al.
2005). Waters et al. (this issue) provide a detailed
description of wave propagation in the IAR, pointing
out the need to include magnetic inclination effects
away from high latitudes. This changes the resonant
frequency (Bösinger et al. 2002) and was described
by Bösinger et al. (2009), who computed artificial
power spectra of ULF fields at mid- and low-latitude
ground sites. They found uneven harmonic spacing
and separation in frequency of the Br and Bϕ res-
onance components. Demekhov (2007) has outlined
difficulties with the notion that the IAR determines the
spectrum of Pc1 waves on the ground.

Simulations using a 3-D linear model of the prop-
agation of kinetic Alfvén waves in the IAR in the
presence of parallel and perpendicular density gradi-
ents (Lysak and Song 2008) reveal the formation of
narrow-scale Alfvén waves which may be important
in the auroral acceleration process. Figure 13.9 illus-
trates the Ex electric field component at various times
after excitation. Interference between waves reflected
from the ionosphere and the IAR leads to small scale
structure that develops with time, and increases with
increasing Pedersen conductance.

A statistical study of observations from the CHAMP
spacecraft has revealed the existence of bursts of very
intense kilometer-scale FACs in the auroral regions
(Rother et al. 2007).

In summary, there is accumulating evidence on the
formation and properties of the IAR, and while this
may ultimately be important for some auroral pro-
cesses, more work is required to clarify the role the
IAR plays in determining the occurrence and proper-
ties of Pc1 pulsations on the ground across a range of
latitudes.

13.4.2 Effects of ULF Waves on the
Ionosphere

ULF wave fields drive perturbations in the iono-
sphere that may be detected with high frequency (HF)
Doppler sounders (e.g. Menk et al. 1983; Menk 1992)
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Fig. 13.9 Ex component of the electric field at 1, 4, 7 and 10 s after excitation by a 1 Hz 10 km wave field incident at 4 RE on a
density cavity (Figure 2 from Lysak and Song 2008)

or HF radars (Ponomarenko et al. 2003) including
the low latitude Arecibo radar (Ganguly and Behnke
1982). Doppler sounder measurements, in particular,
have revealed the existence of a significant popula-
tion of very high-m waves that is largely hidden from
ground magnetometers (Wright et al. 1999; Wright and
Yeoman 1999; Yeoman et al. 2000; Baddeley et al.
2005b). A very detailed review of new developments
in HF radar science over the past decade was presented
by Chisham et al. (2007).

The process by which Alfvén waves incident on
and propagating through the ionosphere lead to ULF
ionospheric Doppler oscillations was first described in
detail by Poole et al. (1988) and Sutcliffe and Poole
(1989). This was extended and generalized by Waters
et al. (2007) to incorporate a mixture of downgo-
ing wave modes and oblique magnetic field geometry,
providing good agreement with observed Doppler
shifts for an m∼150 and m∼10 event recorded by HF
sounders near 66◦ latitude. The modeling is sensitive

to the choice of wavenumber kx and ky and the incident
wave mode mixture, but shows that the main contribu-
tion to the ionospheric Doppler shift arises from e×Bo

advection motion of the ionospheric plasma driven by
the ULF wave electric field.

Menk et al. (2007) reported a study of ULF Doppler
oscillations in the ionosphere recorded with an array
of HF sounders and ground magnetometers over
L = 1.56–2.77. They examined the ionosphere-ground
amplitude and phase relationship (see Fig. 13.10) for
the perturbations as a function of frequency and lati-
tude and compared these with the Waters et al. (2007)
model predictions. As the incident wave mix changed
from purely fast mode away from resonance to largely
shear Alfvén mode at resonance, there was a pro-
nounced change in the amplitude and phase of the
ionospheric oscillations. In fact, at these low latitudes
the ULF resonance structure was more clearly evi-
dent in the ionospheric sounder rather than the ground
magnetometer signals.
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Fig. 13.10 Phase difference between ULF perturbations in the
ionosphere and on the ground at low latitudes. Arrows indi-
cated FLR frequencies and harmonics (Figure 2 from Menk et al.
2007)

An unusual result is the observation at L = 1.3 with
the Arecibo radar of 1.7 mHz oscillations in iono-
spheric plasma frequency at two points 160 km apart
in the F-region (Dyrud et al. 2008). The perturba-
tion spectrum was qualitatively similar with GOES-10

magnetic field and WIND solar wind number density
spectra, suggesting the ionospheric oscillations were
caused by ‘magic frequency’ ULF waves propagating
Earthward from the solar wind.

These results provide an interesting comparison
with observations of 1.7–1.9 mHz oscillations by
SuperDARN HF radars. Menk et al. (2003) showed
that solar wind pressure variations in this range stim-
ulated ULF waves and FLRs recorded by ground
magnetometers, and ionospheric and ground scatter
returns in high latitude HF sounder and radar signals.
More recently, Mthembu et al. (2009) also reported
the observation of ‘magic’ frequencies, in particular
1.9 mHz FLRs, in radar returns and in the upstream
solar wind.

ULF waves also cause perturbations in the total
electron content (TEC) of the ionosphere (Poole and
Sutcliffe 1987; Karatay et al. 2010). The resultant
time delays and phase shifts in HF signals propagating
through the ionosphere affect GPS and radio astron-
omy operations (Skone et al. 2009; Waters and Cox
2009).

Mid-latitude radars can detect the ionospheric
signatures of sub-auroral Pi2 pulsations associated
with substorm expansion (Gjerloev et al. 2007).
Comparison by them of the observed amplitude and
phase relationships for a given event with the Sciffer
et al. (2004) model suggests the incident wave is pre-
dominantly shear Alfvén mode wave with m∼2.3. The
measured and modeled perturbations are compared in
Fig. 13.11.

The inverse process, the production of ULF waves
through modification of ionospheric density with mod-
ulated RF transmissions, has been demonstrated on
open field lines at 1.67 mHz (Clausen et al. 2008). It is
also possible in this way to artificially enhance FLRs
on closed field lines, through the production of an

Fig. 13.11 Wallops HF radar
line-of-sight drift velocities
(black dots), ground magnetic
field perturbation bx (blue)
and modeled ground field
perturbation bx (red line) for a
mid-latitude Pi2 event (Figure
4 (top) from Gjerloev et al.
2007)
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oscillating current system in the ionosphere (Badman
et al. 2009). The resultant FLRs were detected by the
Cluster spacecraft at ∼11 RE altitude. This is the first
such report of field line ‘tagging’ by joint ground- and
space-based techniques.

In conclusion, ULF field line signatures can be
recorded in the ionosphere from low to high lati-
tudes. In the latter case the waves may arise from
solar wind pressure perturbations, or be triggered
by substorms. Under appropriate assumptions of hor-
izontal wave number and mode mix of the inci-
dent waves, relatively simple models can predict
the resultant amplitude and phase profile reasonably
well. Extension of these models to higher dimen-
sions would provide more information on ULF wave
properties at the ionosphere. It is clear, however, that
ionospheric sounders can provide new information
not available from magnetometers on ULF waves at
the lower boundary of the magnetosphere-ionosphere
system.

13.5 Consequences and Applications
of ULF Waves

Since the Alfvén velocity depends on mass density
and magnetic field strength, and since ULF waves
propagate throughout the magnetosphere, they can be
used as a diagnostic probe of magnetospheric den-
sity and hence structure, source region locations, and
solar wind conditions (e.g. Obayashi and Jacobs 1958;
Troitskaya 1961; Gul’yel’mi 1966; Troitskaya and
Gul’yel’mi 1967, 1970). While much of the Earth’s
surface lies at low geomagnetic latitudes, the corre-
sponding magnetic field lines map to a small fraction
of the magnetospheric cavity which is difficult to study
using spacecraft. Furthermore, due to charging effects
it is difficult to measure the cold (< 1 eV) ion density
that comprises the bulk of the inner magnetosphere
population. Therefore ground-based observations are
important for studying the inner magnetosphere (e.g.
Menk et al. 1999, 2000). New analysis techniques
including automated FLR detection algorithms facili-
tate such studies. At radiation belt altitudes particles
can lose or gain energy via wave-particle interactions
while waves are amplified or damped, and particles can
be scattered into the loss cone and precipitate to low
altitudes. Such interactions may have space weather
consequences. It has also been suggested that some

properties of ULF waves may be linked to seismic
activity, and health effects.

13.5.1 Magnetospheric Remote Sensing

It has long been recognized that measurement of
the eigenfrequency of magnetospheric field line reso-
nances can provide information on the mass density
threading the field line, mostly near the equatorial
plane where the field-aligned Alfvén speed is a min-
imum (e.g. Obayashi and Jacobs 1958; Gul’yel’mi
1966; Poulter and Nielsen. 1982; Orr 1984). However,
the distribution of plasma mass density along the field
line alters the harmonic spacing of ULF resonances
(Poulter et al. 1988; Takahashi et al. 2004) and
mass loading due to heavy ions of ionospheric origin
becomes important at low latitudes (Hattingh and
Sutcliffe 1987; Waters et al. 1994). At high latitudes
the field line geometry, and in particular the diurnal
variation, plays an important role in determining the
resonance frequency (Waters et al. 1995). Use of the
dipole approximation introduces errors in mass density
estimates for L >∼3 (Singer et al. 1981; Berube et al.
2006). The structure and location of Pc1-2 waves also
provides a convenient diagnostic of high latitude topol-
ogy (Menk et al. 1992). Ground based techniques for
determining the FLR frequency were outlined in Menk
et al. (1999).

There is growing use of ground ULF wave FLR
observations to monitor magnetospheric properties
such as the radial density distribution (Waters et al.
1996; Loto’aniu et al. 1999; Menk et al. 1999; Dent
et al. 2003) and hence the plasmapause position
(Milling et al. 2001; Menk et al. 2004; Dent et al.
2006), the presence and evolution of plasmaspheric
plumes and biteouts (Abe et al. 2006; Grew et al.
2007; Takahashi et al. 2008), refilling processes (Dent
et al. 2006; Obana et al. 2010), and the location of
the open-closed field line boundary (Ables and Fraser
2005). Such remote sensing using ground-based obser-
vations of standing Alfvén waves is sometimes termed
normal mode magnetoseismology (Chi and Russell
2005). Comparison with other techniques allows the
plasma composition to be determined (Grew et al.
2007; Takahashi et al. 2008).

A statistical study of ULF field line resonance fre-
quencies at low latitudes (L < 2) has demonstrated
that the daily average FLR frequency, and hence
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plasmas-pheric mass density, follows the 27-day vari-
ation in F10.7 solar flux with a 1–2 day time delay
(Vellante et al. 2007). This shows that at low latitudes
the FLR frequency is clearly controlled by the solar
EUV irradiance, and the flux tubes may be regarded
as being in diffusive equilibrium with the underlying
ionosphere. Vellante et al. also noted a pronounced
annual variation in mass density, which probably varies
with longitude as determined for electron densities
using VLF whistler measurements (Clilverd et al.
1991) and is probably due to the tilt of the magnetic
dipole axis from the rotation axis. The existence of
quarter-mode FLRs near the dawn terminator points
to the need for caution in FLR-based magnetospheric
density surveys (Obana et al. 2008).

It is interesting to compare FLR-derived estimates
of mass density near the equatorial plane with indepen-
dent determinations of electron density, which can be
used to determine the heavy ion mass loading factor
(Menk et al. 1999). In particular, due to mass load-
ing effects the electron and heavy ion density profiles
may be significantly different at the plasmapause or
plume boundaries, especially in the presence of an
O+ torus (Fraser et al. 2005). Sometimes the domi-
nance of heavy ions in the plasmatrough may mask the
plasmapause and plasma plume boundaries compared
to electron number density or light ion data (Takahashi
et al. 2008).

An intercalibration of ULF-derived mass densities,
electron densities from VLF whistler measurements
and IMAGE spacecraft RPI data, and IMAGE EUV
He+ density estimates, was described by Clilverd
et al. (2003). Grew et al. (2007) mapped the pres-
ence of a plume and biteout and showed that during an
extended disturbed interval the H+:He+:O+ composi-
tion by number in the plasmasphere and plasmatrough
(near L = 2.5) was ∼ 82:15:3, but just outside the
plasmapause the O+ concentration exceeded 50%, sug-
gesting the presence of an oxygen torus. Takahashi
et al. (2008) compared mass density measurements
based on in situ E and B field measurements from
CRRES, with electron number densities measured by
the same spacecraft, and found that in a plasma plume
H+ was the dominant species, while O+ accounted for
∼90% of the mass density.

Earlier, Berube et al. (2005) had compared the
FLR-based mass density between L = 1.7 and L = 3.2
with in situ plasmaspheric electron densities deter-
mined from the IMAGE RPI, finding that heavy ion

concentrations were enhanced during large storms,
when a heavy ion torus is likely to form. Mass density
has been found to rapidly increase over 1.6 < L < 5.1
immediately following a very large storm onset due to
rapid outflow of ionospheric O+ (Kale et al. 2009), fol-
lowed by plasmaspheric density depletion and refilling
for the next few days.

A detailed study of post-storm refilling using
ground-based FLR observations was reported by
Obana et al. (2010). They found that refilling takes 2–3
days for L = 2.3 flux tubes, 3 days at L = 2.6, and over
4 days for L > 3.3, and determined the upward plasma
flux (at the 1000 km level) and the daily average refill-
ing rate. Finally, by comparison with IMAGE-EUV
and VLF whistler data they estimated the O+ plasma
concentration was of order 3–7% at L = 2.3 and 6–13%
at L = 3.0.

The cross-phase technique (Waters et al. 1991)
is perhaps the best-known method for determining
toroidal mode FLR frequencies with closely-spaced
ground stations. Kale et al. (2007) showed that where
the radial density gradient exceeds r−8 (i.e. near a
steep plasmapause) the cross-phase is reversed. Such
cross-phase measurements all relate to the magnetic
H component between meridionally spaced stations.
Menk et al. (2006) demonstrated that the D component
cross-phase may also provide information on poloidal
mode resonances.

These methods rely upon knowledge of the field-
aligned density distribution, which is often assumed to
obey a power law (e.g. Cummings et al. 1969; Berube
et al. 2005; Vellante and Förster 2006). This assump-
tion, and improvements, have been discussed by many
authors (e.g. Schulz 1996; Denton and Gallagher
2000). The spacing of FLR harmonics allows the mass
density at points along the field line to be deter-
mined without assuming any functional form for the
density distribution (Price et al. 1999). Satellite mea-
surements of toroidal resonance harmonics near L=7
suggest that the field-aligned density distribution is
better described by a polynomial series (Takahashi
et al. 2004; Takahashi and Denton 2007), revealing an
equatorial density enhancement in the afternoon sector
at geostationary orbit and near 4.8 RE (Denton et al.
2009) where density varies with L like L−4. However,
in many situations the simple power law approach
allows the radial density profile to be estimated within
observational uncertainty limits (Menk et al. 2004;
Vellante and Förster 2006; Maeda et al. 2008).
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In addition to using the eigenfrequency of stand-
ing Alfvén field line eigenoscillations to estimate mass
density, it is also possible to estimate the density dis-
tribution and hence Alfvén speed required to explain
the measured travel time of MHD waves through the
magnetosphere and to the ground (Matsuoka et al.
1997; Chi et al. 2001; Howard and Menk 2001, 2005;
Ponomarenko et al. 2005; Chi et al. 2006). The waves
essentially obey Huygens’ and Fermat’s principles and
follow the path that minimizes the travel time and con-
serves the most wave energy; this path involves fast
mode MHD waves propagating initially Earthward in
the equatorial plane and converting to field-aligned
Alfvén waves. This is a fairly common concept in
geophysics (e.g. Moser 1991) and explains why Pc3
ULF pulsations appear to propagate poleward across
the ground at high latitudes (Howard and Menk 2005).

In conclusion, magnetoseismology offers the ability
to remotely monitor magnetospheric properties includ-
ing the plasmapause location, the radial density profile,
and under certain conditions the presence of plasma
plumes, the field-aligned density distribution, and the
plasma composition. Measurements of the field line
eigenfrequency and harmonics are the most established
techniques for this, although the wave travel time can
also provide information on the density distribution.
Further intercalibration studies are required to com-
pare ground-based mass density estimates with in situ
observations in order to understand the full utility of
the technique, and the precision of composition esti-
mates. It would also be interesting to study how mass
loading and hence plasma composition varies with
magnetic activity and L.

13.5.2 Energization of Magnetospheric
Particles

In recent years there has been considerable interest
regarding the role and efficiency of ULF waves in
accelerating trapped magnetospheric particles, espe-
cially in the radiation belts (e.g. O’Brien et al. 2003;
Summers et al. 2007; Shprits et al. 2008a, b). A
detailed review was presented by Elkington (2006).

Many observational studies have highlighted an
association between Pc3-5 ULF waves and the ener-
gization of radiation belt electrons, particularly at
geosynchronous altitude (e.g. Mathie and Mann 2001;
O’Brien et al. 2003). In fact, long duration elevated

Pc5 wave power seems to be a strong predictor of
enhancements in relativistic electron fluxes at geosyn-
chronous orbit (O’Brien et al. 2001). Statistically there
is a strong correlation between solar wind speed, Pc5
ULF wave power and MeV electron fluxes throughout
the outer radiation belt, with the highest correlations
late in the declining phase of the solar cycle when the
radiation belts are most intense (Mann et al. 2004).
There is also a clear and systematic time lag, with MeV
electron fluxes at geosynchronous altitudes lagging the
peak in ULF wave power by ∼2 days, before peaking
later at lower L shells.

Electron distribution functions in the radiation
belts often peak at pitch angles perpendicular to the
background field, and diffusive cross-L transport of
electrons is believed to involve resonant interaction of
the electron drift motion with ULF electric and mag-
netic field oscillations. Such processes violate the third
adiabatic invariant and require the superposition of
multiple stochastic interactions when averaged over a
statistical ensemble incorporating different wave fre-
quencies and phases, LT distribution, and variations in
solar wind pressure (Ukhorskiy et al. 2005; Degeling
et al. 2006; Elkington 2006).

Test-particle simulations have shown that perturba-
tions in electric and magnetic fields are induced across
wide regions of the magnetosphere by global magne-
tospheric compressions due to ULF variations in solar
wind dynamic pressure and presumably also FLRs and
magnetosonic waves (Ukhorskiy et al. 2006). Resonant
interaction of the drift motion of electrons with these
fields drives cross-L transport and radial diffusion
in the inner magnetosphere, although the collective
motion of outer belt electrons can exhibit large devi-
ations from simple radial diffusion (Ukhorskiy and
Sitnov 2008).

Diffusion models require the perpendicular electric
and compressional magnetic diffusion coefficients to
be specified in terms of ULF wave power. This means
in turn that ground observations of ULF wave power
need to be mapped to the equatorial plane. Analytical
(e.g. Ozeke et al. 2009) and empirical/statistical (e.g.
Brautigam et al. 2005) approaches may be used.

The average rate of radial diffusion is described by
the diffusion coefficient and is a function of L, the
wave power and mode structure. Time scales are typi-
cally of order a day (Elkington 2006). Loto’aniu et al.
(2006) used ground magnetometer observations dur-
ing a very large storm, when large amplitude ULF
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waves and relativistic electrons were recorded deep
in the slot region (L∼2–3), to calculate the in situ
equatorial poloidal electric field PSD values and hence
determine the radial diffusion rates. They found diffu-
sion rates were 3–5 h at L > 4 and 12–24 h for L < 4,
able to account for the observed increase in relativistic
electrons in the slot. O’Brien et al. (2003) had ear-
lier found during a solar cycle-long statistical survey
that ULF activity is probably responsible for the main
electron acceleration at geosynchronous orbit, but that
VLF/ELF wave interactions were required to account
for electron flux peaks at L∼4.5.

The ULF waves responsible for radial transport of
trapped electrons are often believed to be toroidal
mode Pc5 waves such as FLRs with low azimuthal
wavenumbers and radially directed electric field per-
turbations (e.g. Elkington et al. 2003; Ukhorskiy and
Sitnov 2008; Degeling et al. 2008). In reality the waves
usually exhibit a mixture of toroidal and poloidal
modes (e.g. Ukhorskiy et al. 2005; Loto’aniu et al.
2006), and although the radial electric field of the
toroidal component often dominates observations, dif-
fusion rates due to the azimuthal electric fields of the
associated poloidal modes are much more important

(Ukhorskiy et al. 2005; Elkington 2006). Figure 13.12
shows results of numerical test particle simulations for
1 MeV electrons, compared to theoretical expectations,
for m=1 ULF waves with azimuthal and radial electric
fields based on a statistical survey of wave obser-
vations from CCRES. The required stochasticity in
electron motion is assumed to arise due to randomness
introduced by solar wind turbulence.

There have been concerns that radial diffusion can-
not account for the relativistic particle fluxes that
occur during storms (e.g. Horne et al. 2005). A non-
diffusive mechanism for the energization of electrons
by Pc5 ULF waves has been proposed by Degeling
et al. (2006, 2008). This involves adiabatic transport
due to drift resonance interaction between individ-
ual packets of coherent, narrowband compressional
waves and equatorially mirroring MeV electrons, lead-
ing to localized peaks in electron phase space density.
The initial time-dependent compressional waves may
be launched from disturbances at the magnetopause,
have low azimuthal wavenumber (m∼3) in the mag-
netosphere, and couple to FLRs. The waves were
modeled with an ideal MHD approach in a dipo-
lar geometry and only azimuthal fields, well away

Fig. 13.12 Diffusion rates
for 1 MeV equatorial
electrons due to low m ULF
waves. Top: azimuthal electric
field; theoretical values shown
with solid lines, and
numerical values with square
symbols. Middle: radial
electric field. Bottom:
background field asymmetry
(Figure 5 from Ukhorskiy
et al. 2005)
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from the FLR, were considered. Because the wave
phase speed and the azimuthal electron drift speed
need to be similar, the drift resonance interaction
region is limited to a range in L that depends on the
wave amplitude.

While much attention has focused on low-m ULF
waves, large amplitude internally generated high-m
Pc4-5 waves also occur at storm times. Ozeke and
Mann (2008) considered guided poloidal waves with
mainly azimuthal electric fields and m ≥10. The waves
can be generated by the N=2 drift-bounce resonance
interaction with energetic ring current ions (∼10–
15 keV H+ or ∼100–300 keV O+). Such ion popula-
tions may occur in the inner magnetosphere at storm
times when the plasmapause is at low L. The resultant
waves have eastward phase propagation. In turn, east-
ward drifting >1 MeV radiation belt electrons may
undergo drift resonance with the fundamental mode
waves at L∼3–4. Note that the high-m poloidal waves
could also be produced by other mechanisms, such
as the Kelvin-Helmholtz instability, and are partially
or largely screened from the ground due to spatial
integration effects. This mechanism provides an inter-
esting and potentially important process for particle
energization at storm times.

The arrival of interplanetary shocks can stimulate
high-m poloidal and toroidal waves throughout the
magnetosphere, and Zong et al. (2009) used Cluster-
Double Star observations to record the almost simul-
taneous enhancement of energetic electron fluxes in
the radiation belt, probably due to drift-resonance
acceleration by the waves.

Higher frequency plasma waves may accelerate
radiation belt electrons through gyroresonant inter-
actions. This includes EMIC waves (Summers et al.
2007) and fast magnetosonic waves with frequency
below the lower hybrid resonance frequency but above
the local proton gyrofrequency (i.e. in the range 20–
60 Hz) (Horne et al. 2007). The waves are generated
by ion ring distributions in the ring current at fre-
quencies close to harmonics of the proton gyrofre-
quency, and interact with electrons and ions via the
Doppler shifted cyclotron resonance. While it is gener-
ally believed that whistler mode chorus waves are very
effective in accelerating electrons to MeV energies
(e.g. Horne et al. 2005), Horne et al. (2007) suggested
that magnetosonic waves may be equally important in
accelerating these particles.

Recently attention has focused on the energization
of auroral electrons by inertial Alfvén waves (e.g.
Chaston et al. 2003; Seyler and Liu 2007). This topic
is not reviewed here. Note however that the fluxes
of energetic electrons and ions may be modulated by
low-m standing toroidal mode Pc5 ULF waves in the
outer magnetosphere, probably due to drift resonance
interactions (Zong et al. 2007).

In conclusion, statistical and case studies show that
ULF waves likely play a major role in the energiza-
tion of relativistic particles in the radiation belts and
into the slot. Questions remain concerning the rela-
tive contributions of different Pc5 wave types: radial
diffusion due to broadband low-m waves, adiabatic
transport due to time dependent compressional waves,
and high-m waves in the ring current, as well as the
role of EMIC waves.

13.5.3 Precipitation of Magnetospheric
Particles

Many studies confirm that EMIC waves may cause
pitch angle scattering and precipitation into the atmo-
sphere of energetic protons (e.g. review by Yahnin and
Yahnina 2007) and electrons (e.g. review by Millan and
Thorne 2007).

Yahnin and Yahnina (2007) outlined observations
demonstrating that localized precipitation of energetic
protons is due to the scattering of particles into the
loss cone by Pc1 ICWs in the equatorial plane. In the
morning sector localized proton auroras may be con-
nected with Pc1 sources associated with undulation
of the plasmapause surface, while in the evening sec-
tor the waves may be generated near plasmaspheric
plumes (e.g. Spasojević et al. 2004). Observations
detailing the formation of an isolated subauroral pro-
ton arc (30–80 keV protons at L∼4) in the premidnight
sector in association with intense Pc1 EMICWs near
the plasmapause were presented by Sakaguchi et al.
(2007).

There is accumulating observational evidence that
EMIC waves are also responsible for relativistic elec-
tron precipitation (REP) after geomagnetic storms (e.g.
Lorentzen et al. 2000; Meredith et al. 2003; Loto’aniu
et al. 2006; Clilverd et al. 2007b; Blum et al. 2009).
Examining an isolated proton aurora, Miyoshi et al.
(2008) compared ground-based optical observations,
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co-located magnetometer measurements of associated
Pc1 pulsations, and data from the POES-17 satellite
as it passed over the ground stations showing precip-
itating 10s of keV ions and MeV electrons. DMSP
mapped this region to the plasmapause. Miyoshi et al.
were then able to demonstrate that the pitch angle dif-
fusion coefficients were consistent with scattering of
the relativistic electrons by the EMIC waves.

Results from a new and independent method for
detecting REP were presented by Rodger et al. (2008),
who have established a global network of VLF
receivers which monitor the absorption of artificially
produced VLF signals along a range of subionospheric
paths. REP results in localized VLF absorption at alti-
tudes below ∼70 km. Riometer absorption is weak
or absent at these times. They detected such events
near the plasmapause during small geomagnetic dis-
turbances in association with IPDP/Pc1 EMIC activity
recorded on ground based magnetometers.

There has also been considerable effort on model-
ing the process by which EMICWs scatter radiation
belt electrons. This is usually regarded as a gyrores-
onance process and treated with a bounce-averaged
quasi-linear diffusion approach (e.g. Summers et al.
2007). Jordanova et al. (2008) described a kinetic
ring current-atmosphere interaction model (RAM) that
includes radiation belt electron and ring current ion
interactions with EMICWs whose excitation is incor-
porated self-consistently, and incorporates convective
and diffusive transport and various loss processes.
Using initial conditions referenced to observations and

empirical models, they calculated the global precipitat-
ing electron and ion fluxes at 200 km altitude at various
times during the large 21 October 2001 storm, finding
that REP due to EMICWs maximized at L≈4.5 near
dusk at hour 18 but with localized patches elsewhere.
Outward radial diffusion was the main loss process
for L > 5, while ion precipitation was most intense at
low L shells at hour 24. Figure 13.13 summarizes their
results, which compare favorably with observational
studies mentioned above.

In contrast to gyroresonance scattering that vio-
lates the first invariant, Shprits (2009) pointed out that
bounce resonance interaction with magnetosonic and
EMIC waves, violating the second invariant, may be
an important process for pitch-angle scattering of par-
ticles mirroring near the equator. It should be noted
that the interaction between radiation belt electrons
and EMICWs can be highly nonlinear (Albert and
Bortnik 2009) and that the waves can be highly oblique
(Khazanov and Gamayunov 2007).

13.5.4 New Techniques

As outlined earlier, there is growing use of ULF FLR
measurements for magnetospheric remote sensing. The
tedium of manually determining resonance frequen-
cies and the existence of large ULF wave datasets has
led to the development of automated detection algo-
rithms (Berube et al. 2003; Vellante et al. 2007). An
automatic algorithm to identify Pc1 wave events and

Fig. 13.13 Computed global
distribution of energetic
electron and ion number
fluxes at selected times after
0000 UT on 21 October 2001
due to interactions with EMIC
waves (Figure 6 from
Jordanova et al. 2008)
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simultaneously characterize their polarization proper-
ties has also been developed by Bortnik et al. (2007),
who illustrated its use on 6 months of data. Their
statistical analysis included the determination of cross-
correlation for 12 wave parameters including wave
frequency and bandwidth, azimuth angle, plasmapause
location, and He+ gyrofrequency.

The performance of FFTs to identify ULF waves
in such procedures has been compared with wavelet
transform (WT) techniques (Boudouridis and Zesta
2007; Heilig et al. 2007; Murphy et al. 2009), max-
imum entropy spectrum analysis (MESA; Ndiitwani
and Sutcliffe 2009), Wigner-Ville distributions (WVD;
Chi and Russell 2008), and Hilbert-Huang transforms
(HHT; Kataoka et al. 2009). The FFT seems to outper-
form the continuous WT in automated FLR detection
approaches (but the Morlet WT is better where the sig-
nal changes rapidly), while the WVD offers several
advantages (especially for time-varying signals such as
Pi2, Pc1 packets and phase skips in Pc3-4) including
the ability to determine wave polarization properties.
However, it is important to first detrend the data series
and the WVD approach is more computationally inten-
sive than the FFT or wavelet approaches. The HHT
decomposes the waveform into a small number of
intrinsic mode functions for which the instantaneous
frequency is determined by the Hilbert transform. The
method is particularly well suited for irregular signals
such as Pi1, Pi2 and storm-time Pc3 packets.

The use of discrete wavelet transforms (DWTs)
based on the Meyer wavelet for detecting Pi2 signals
was first evaluated by Nosé et al. (1998). A detector
and locator of substorm onsets based on Pi1/2 detec-
tion in this way was described by Milling et al. (2008)
and Murphy et al. (2009). The first of these papers
illustrated the use of the Meyer DWT to determine
the onset time (resolution ∼16 s) and location of Pi1
activity at substorm onset, and the subsequent expan-
sion rate. The locations of the upward and downward
field aligned currents were also determined. The sec-
ond paper validated the DWT technique by comparing
ULF wave onset times and locations for 5 substorms
and one pseudobreakup with IMAGE-FUV observa-
tions. Figure 13.14 shows an example for a substorm
initiated over the CARISMA magnetometer array.

A ‘wave telescope’ field line resonance detector for
multipoint data was described in detail by Plaschke
et al. (2008). The technique estimates the spectral
energy density of the wave field across a station array,

Fig. 13.14 Contours of Pi1/2-based onset times for a substorm
on 3 June 2005 (Figure 6 from Murphy et al. 2009)

and is thus able to find hidden FLR phase struc-
tures because of the coherency across a large area.
The use of the detector was demonstrated on 1 year
of ground magnetometer data from the CARISMA
array, where FLR properties such as time distribution,
location, azimuthal wavenumber, see Fig. 13.15, were
determined.

An important concern in magnetospheric physics is
mapping ground-based observations to the magneto-
sphere. Ozeke et al. (2009) have shown analytically
how to map magnetic field amplitudes observed on the
ground, through the ionosphere, to electric field ampli-
tudes in the equatorial plane for the guided toroidal
and poloidal modes. They also compared numerical
solutions with an observational example of a guided
toroidal FLR, providing two simple expressions for

Fig. 13.15 Distribution of FLR events in 1 year of CARISMA
ground data sorted by LT and azimuthal wavenumber (Figure 10
from Plaschke et al. 2008)
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determining the ionospheric magnetic field and hence
the equatorial electric field.

In conclusion, several important new techniques
have been recently developed to facilitate the auto-
matic detection of Pc1 ULF waves, Pi1 and Pi2 and
hence substorm onsets, and FLRs, and for determin-
ing wave properties in space using ground instruments.
These techniques should provide new opportunities for
statistical and detailed case studies using existing and
growing new datasets.

13.5.5 Other Effects

There have been reports for many years that Pc1
pulsations may be associated with seismic activity
(e.g. Hayakawa et al. 2006, and associated special
issue; Fraser-Smith 2008), particularly as precursors
(Dovbyna 2007). Causative mechanisms are often dis-
cussed in terms of ionospheric perturbations, although
there have also been many reports of no correla-
tion between ULF/ELF/VLF phenomena, ionospheric
properties and earthquakes (e.g. Rodger et al. 1996).
It has also been suggested that the spectral power law
across the ULF range is modified by the appearance of
flicker noise before large seismic events (Smirnova and
Hayakawa 2007).

Bortnik et al. (2008b) described a detailed and care-
ful statistical study, spanning 7.5 years, of Pc1events
(8913 events) and nearby earthquakes (434 M > 3.0
events within 200 km) at a low latitude site. They found
a statistically significant increase, by a factor of 3–5,
in the occurrence probability of daytime Pc1 pulsa-
tions ∼5–15 days prior to an earthquake. Their results
are summarized in Fig. 13.16. Evidence of earthquake
precursors in the 0.01–0.5 Hz range has also been pro-
vided by Fraser-Smith et al. (1990) and Fraser-Smith
(2008).

One of the main difficulties in this type of work is
discriminating any seismic effect from the background
of naturally-occurring global geomagnetic pulsations
and artificial noise effects. Hattori et al. (2004a) exam-
ined for this purpose the effectiveness of a principal
component analysis method, based on eigenvalue anal-
ysis of the covariance matrix of the observed signal
matrix, for frequencies >10 mHz and M > 6 earth-
quakes. They also accounted for possible shaking of
the sensors. Looking at 8 months data, they found
earthquake-related enhancements in ULF activity first

Fig. 13.16 Relative probability of Pc1 occurrence (a) prior to
an earthquake, (b) with respect to a similar number of random
events, and (c) normalized for LT. (Figure 4a–c from Bortnik
et al. 2008b)

appeared about 2 weeks prior to and peaking a few
days before, a large earthquake, with an average inten-
sity of order 10–2 nT over the frequency range. Further
extensive studies were reported in Hattori et al. (2004b,
2006). Fraser-Smith et al. (1990) reported similar
effects, including ‘an exceptionally high level of activ-
ity’ immediately preceding an M = 7.1 earthquake.

There have also been recent reports that Pc1 pulsa-
tions present a potential hazard for myocardial infarc-
tion (Kleimenova et al. 2007) and other medical condi-
tions (Matveyeva and Shchepetnov 2007). The former
reports a study of nearly 86,000 instances over 3 years,
suggesting that in winter, days of high myocardial
incidence correspond with high Pc1 incidence.

There is much discussion in the media regard-
ing human effects on the environment. Guglielmi and
Zotov (2007) considered whether there may be a
weekend effect of human origin on Pc1 wave occur-
rence. They examined Pc1 activity at Borok (L=2.9)
over 1958–1992 and found an inherent enhancement
in Pc1 occurrence of about 10% on weekends, and
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Fig. 13.17 Evolution of the weekend effect in Pc1 activity over
35 years (Figure 4 from Guglielmi and Zotov 2007)

that this value is increasing: see Fig. 13.17. In a previ-
ous 12-year study of Pc1 activity Fraser-Smith (1979)
suggested that such an effect may be related to the
level of power line harmonic radiation into the mag-
netosphere during weekends. This is an outstanding
question: for example, could lower levels of artificial
noise on weekends simply facilitate detection?

In conclusion, further work is required to establish
whether enhanced Pc1 activity may generally precede
earthquakes, and if so, the physical mechanism. The
cause of the weekend effect in Pc1 activity also needs
to be established.
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