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[1] We report in situ observations from the Cluster and FAST spacecraft showing the
deposition of energy into the auroral ionosphere from broadband ULF waves in the
cusp and low-latitude boundary layer. A comparison of the wave Poynting flux with
particle energy and flux at both satellites indicates that energy transfer from the broadband
waves to the plasma occurs through field-aligned electron acceleration, transverse ion
acceleration, and Joule heating. These processes are shown to result in precipitating
electron fluxes sufficient to drive bright aurora and cause outflows of energized electrons
and O+ ions from the ionosphere into the low-latitude boundary layer. By solving an
eigenmode equation for Alfvén waves in the observed plasma environment, it is shown
that the broadband waves observed at Cluster and FAST are dispersive Alfvén waves. It
is demonstrated that these waves have wavelengths perpendicular to the geomagnetic
field extending from significant fractions of an L shell down to ion gyroradii and electron
inertial lengths and wave frequencies in the plasma frame from 1 mHz up to 50 mHz.
These waves are shown to have wavelengths along the geomagnetic field of the order of
the field line length between the ionosphere and the equatorial plane and become field
line resonances (FLRs) when on closed field lines. It is shown that the inclusion of
nonlinear and/or nonlocal kinetic effects is required in the description of these waves to
account for accelerated particles observed. On the basis of the wave polarization and
spectral properties observed from Cluster and FAST it is speculated that these waves are
generated through the mode conversion of surface Alfvén waves driven by tailward flows
in the low-latitude boundary layer.
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1. Introduction

[2] Alfvén waves provide a means of transporting the
energy of the solar wind across magnetospheric boundaries
to the inner magnetosphere and to the auroral oval. Ground-
based observations on field lines threading the magneto-
spheric cusps and low-latitude boundary layer show that

these waves in the ULF frequency range are typically
broadband [Rostoker et al., 1972; Engebretson et al.,
1995]. Yumoto et al. [1987] and Engebretson et al. [1998]
have shown that the amplitudes of these waves and the
narrowband Pc 5 waves or field line resonances (FLRs),
observed just equatorward of the broadband waves, are
strongly correlated with the solar wind speed (Vsw). These
results have confirmed earlier work showing that dayside
FLR amplitudes are generally dependent on Vsw [Singer et
al., 1977; Wolfe et al., 1980; Takahashi and McPherron,
1984]. On the same field lines in the equatorial plane,
spacecraft observations have provided evidence for the
presence of surface waves driven by the Kelvin Helmholtz
instability in the low-latitude boundary layer [Sckopke et al.,
1981; Lee et al., 1981; Kivelson and Chen, 1993; Fujimoto
et al., 1998; Fairfield et al., 2000]. Numerous theoretical
studies have been devoted to understanding the operation of
the Kelvin Helmholtz instability here and on the magneto-
pause [Miura and Pritchett, 1982; Miura, 1984, 1987,
1992; Otto and Fairfield, 2000; Keller and Lysak, 1999;
Fujimoto and Terasawa, 1994; Wilber and Winglee, 1995;
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Farrugia et al., 1998]. Correlated spacecraft and ground-
based observations of surface waves and ULF pulsations,
respectively, have established a link between these
wave modes [McHenry et al., 1990; Mitchell et al., 1990;
Takahashi et al., 1991; Wei and Lee, 1993; Clauer and
Ridley, 1995; Farrugia et al., 2000; Clauer, 2003]. This link
suggests a causal relationship between surface waves in the
low-latitude boundary layer and broadband waves and field
line resonances observed on the ground.
[3] It has long been known that surface waves may

resonantly couple to shear Alfvén waves on Alfvén speed
gradients transverse to Bo where the phase speed of the
surface wave (vs) matches the local Alfvén speed (VA)
[Hasegawa, 1976]. The presence of transverse magnetic
field and density gradients across the magnetopause and
or low-latitude boundary layer [Sckopke et al., 1981;
Paschmann et al., 1993; Phan and Paschmann, 1996;
Fujimoto et al., 1998] may facilitate this process by
supplying the requisite Alfvén speed gradient. The daughter
shear waves may then be guided along the geomagnetic
field to the auroral ionosphere [Hasegawa, 1976; Goertz,
1984]. In this way the broad spectra of the surface oscil-
lations [Miura, 1984; Takahashi et al., 1991] will be
manifest as broadband waves on the ground. In the MHD
treatment of this process a nonphysical singularity occurs at
the resonance layer where vs = VA suggesting infinite wave
amplitude. To remove this singularity, Hasegawa [1976]
generalized the MHD description to include finite gyroradii
effects. It was then demonstrated that the surface wave
mode converts to shear Alfvén waves with wavelengths
along the Alfvén speed gradient which asymptote to the ion
gyroradius (ri). These waves are known as kinetic Alfvén
waves and have a component of their phase speed oblique to
the magnetic field. These obliquely propagating waves carry
Poynting flux away from the resonance layer and so remove
the singularity present in the MHD treatment. Waves of this
kind have in fact recently been identified on the magneto-
pause [Stasiewicz et al., 2001; Johnson et al., 2001].
Depending on the local plasma parameters, the perpendic-
ular wavelength of the shear Alfvén waves radiating from
the resonance layer may also converge to the ion-acoustic
gyroradii (rs = via/Wi, where via is the ion acoustic speed and
Wi is the ion gyrofrequency) or electron inertial length (le =
c/wpe, where c is the speed of light and wpe is the electron
plasma frequency) before reaching ri. Under these circum-
stances the radiated waves carry a field-aligned electric field
and may be Landau-damped by electrons.
[4] The nonuniform geomagnetic field of the dayside

magnetosphere provides resonant frequencies for standing
shear Alfvén waves or FLRs, which increase with distance
inward from the magnetopause. Surface Alfvén waves on
the magnetopause or boundary layer may resonantly couple
to FLRs where the frequency of the surface wave matches
the resonant frequency of the field line. In this process a
portion of the surface wave Poynting flux is directed inward
toward the inner magnetosphere. For nonlinear Kelvin
Helmholtz driven waves this may amount to more than
1% percent of the kinetic energy of the flow in the
magnetosheath [Miura, 1984]. For a broadband spectrum
of surface waves these substantial energy fluxes can be
expected to drive large-amplitude FLRs over a range of L
shells [Hasegawa et al., 1983]. The singularity in the MHD

treatment that occurs at the resonant field line can, as above,
be removed by the inclusion of kinetic effects [Inhester,
1987; Wei et al., 1994; Streltsov and Lotko, 1995; Rankin et
al., 1993, 1999a] or by the inclusion of ionospheric dissi-
pation [Newton et al., 1978]. Several theoretical and
numerous observational studies have been devoted to
confirming that surface waves drive FLRs [Chen and
Hasegawa, 1974a, 1977b; Southwood, 1974; Anderson,
1994; Glassmeier, 1995; Fujita et al., 1996]. Further
evidence for the operation of this means of driving FLRs
comes from ground-based observations of the wave polar-
ization reversal of high-latitude FLRs either side of
magnetic noon [Samson et al., 1971; Dunlop et al., 1994]
and estimates of the azimuthal wave number [Olson and
Rostoker, 1978; Ables et al., 1998] which indicate azimuthal
wave phase speeds consistent with that expected for Kelvin-
Helmholtz surface waves.
[5] Streltsov and Lotko [1995] have simulated the mode

conversion process from surface to shear waves on dissipa-
tive scales and the stimulation of field line resonances.
Importantly, these authors showed that the geomagnetic
field-aligned plasma inhomogeneity leads to resonantly
excited waves on transverse to the geomagnetic field scales
(1/kx) of the order of rs and ri closer to the equatorial plane
but more similar to le nearer the ionospheres, as was first
suggested by Lysak and Carlson [1981]. The parallel
electric field present when kxrs, kxele ! 1 allows the wave
to accelerate electrons [Goertz and Boswell, 1979; Kletzing,
1994; Thompson and Lysak, 1996; Wygant et al., 2002],
while when kxri ! 1 the wave may accelerate ions through
the disruption of the ion orbit [Hasegawa and Mima, 1978;
Stasiewicz et al., 2000a; Chen et al., 2001]. These properties
lead to the deposition of energy from the solar wind via
dispersive Alfvén waves into particle populations in the
magnetosphere.
[6] While these observations and theoretical analyses

have provided strong evidence for the Kelvin Helmholtz
instability and wave mode conversion from surface waves
as a source for shear Alfvén waves in the dayside magne-
tosphere, there are in fact a number of viable competing
mechanisms. Most of these are still dependent on the mode
conversion process but invoke parent waves other than the
surface mode. Broadband waves in the cusps and on field
lines that map from low altitudes to the low-latitude
boundary layer may be generated by the mode conversion
of compressional fast mode Alfvén waves or upstream
waves observed in the magnetosheath [Engebretson et al.,
1991; Johnson et al., 2001]. These same waves or
compressional waves launched at the magnetopause by
solar wind pressure pulses may also drive field line reso-
nances through mode conversion [Chen and Hasegawa,
1974a, 1974b; Inhester, 1987; Lee and Lysak, 1989, 1991;
Anderson, 1994; Rankin et al., 1993; Streltsov and Lotko,
1996]. Magnetospheric cavity modes excited by solar
wind pressure pulses or other processes may also stimulate
discrete FLRs by mode conversion [Kivelson and
Southwood, 1986; Samson et al., 1992]. While all these
mechanisms involve the mode conversion to the shear
wave, other means of driving these waves have been
proposed. Bounce resonance interaction of keV ions with
radially polarized FLRs has been suggested as a generation
mechanism for poloidal mode FLRs [Southwood, 1976].
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Finally, instabilities associated with reconnection [Matsuoka
et al., 1993; Provan et al., 1999; Stasiewicz et al., 2001]
have been suggested as possible driver mechanism for
broadband waves in the cusp and boundary layer.
[7] The midaltitude and low-altitude observations pre-

sented in this report are consistent with the mode conversion
of surface Alfvén waves to broadband kinetic Alfvén waves
on field lines which map to the low-latitude boundary layer.
The observations indicate that these surface waves on
closed field lines may also drive dispersive FLRs. It is
demonstrated that the kinetic Alfvén waves and FLRs
deposit energy in the ionosphere through field-aligned
electron acceleration, resulting in the formation of aurora,
and Joule heating. The waves also lead to ionospheric ion
acceleration and outflows that populate the entire field line
with ionospheric plasmas. The format of this report is as
follows: in section 2 we present a wave model for kinetic
Alfvén waves on dipole field lines that will be used
throughout to interpret the data presented in this report. In
section 3 we locate the Cluster and FAST spacecraft and
introduce the fields fluctuations which are the main topic of
this study. In section 4 we discuss the fields and particle
observations from Cluster-1 on the polar cap boundary and
use the observed wave spectra to identify wave modes. In
section 5 we compare the observations from the Cluster-1
and FAST spacecraft when in magnetic conjunction to
demonstrate that these waves deposit energy in the iono-
sphere and in so doing energize ionospheric plasmas. In
section 6 we calculate the Alfvén wave fields along the
geomagnetic field using the observations from the FAST
and Cluster-1 spacecraft and the model presented in
section 2. The results from this calculation are used to
evaluate the ability of the observed waves to provide electron
acceleration and so populate the field-lines on which they
are observed with ionospheric plasmas. Then, in section 7
we summarize the important results and conclude this study.

2. Alfvén Wave Dispersion in the Geomagnetic
Field

2.1. Wave Model

[8] When considering the dispersion of Alfvén waves
with structuring perpendicular to the geomagnetic field
approaching gyroradii and inertial lengths, it is necessary
to include corrections for finite ion and electron temper-
atures and electron mass. This is achieved via a two-fluid
approach, as described by Cheng [1991] and Streltsov et al.
[1998], where the electron and ion momentum equations are
combined with current and density continuity to provide a
kinetic model for Alfvén wave dispersion. Following this
approach and assuming periodic oscillations at frequency w,
we obtain after some algebra
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which describes the variation of the Alfvén wave vector
potential (Am) along the background magnetic field in an
orthogonal coordinate system (u, j, and m). It should be

noted that the convective derivative in the electron
momentum equation has been ignored here to facilitate
the linearization required to consider a single Fourier mode
with frequency w. In this relation, le = c/wpe is the electron
inertial length, VA = B/(mor)

1/2 is the Alfvén speed, rs = via/
Wi is the ion acoustic gyroradius, r is the mass density, wpe =
(ne

2/me)
1/2 is the electron plasma frequency, via = (Te/mi)

1/2

is the ion acoustic speed, and Wi = qBo/mi is the average ion
gyrofrequency. In the above, Te, ne, mi, me, and c are the
electron temperature, density, average ion mass, electron
mass, and speed of light, respectively. Io is the zero-order
modified Bessel function. Furthermore, we define
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and for a dipole field we define the usual metrics,

hu ¼ sin3 q= 1þ 3 cos2 q
� �1=2

; hf ¼ r sin q;

hm ¼ r3= 1þ 3 cos2 q
� �1=2

; ð3Þ

where r, q, and j are spherical coordinates. We assume the
waves are spatially periodic in the transverse direction along
u and have the form

Am u; m; tð Þ ¼ Am mð Þei 2pu
a �wtð Þ; ð4Þ

where a is the wave scale perpendicular the geomagnetic
field which implies ku � 1

hu

2p
a

� �
. Employing the assumption

of transverse spatial periodicity we find, to an approxima-
tion with error less than 1%, that
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where ri is the ion gyroradius. Substitution of (5) and (6)
into (1) provides a one-dimensional model for Alfvén
wave propagation along the geomagnetic field for waves
assumed periodic in time and in the direction transverse
to Bo. This model is similar to that derived by Streltsov
[1999; equation [5]] and is equivalent to that employed
by Rankin et al. [2004]. This result will be used to
describe the ULF waves seen on the FAST and Cluster-1
satellites when in magnetic conjunction, as will now be
discussed.

3. FAST//Cluster Conjunction

[9] On 25 October 2002 the FAST satellite was suc-
cessively in magnetic conjunction with the Cluster 3,
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Cluster 4, Cluster 2, and Cluster 1 spacecraft. Figure 1a
shows the trajectory of the spacecraft mapped along
geomagnetic field lines to the ionosphere using the
Tsyganenko ’89 geomagnetic field model with a Kp index
of 4.5 obtained from the World Data Center for Geo-
magnetism (http://swdcdb.kugi.Kyoto-u.ac.jp). It will be
shown that over this interval, all five spacecraft pass
through the open field lines above the polar cap and cusp
and through a transition region of open/closed field lines
that map to the low-latitude boundary layer. After passing
through this transition region the spacecraft then pass
onto closed field lines, populated by plasma sheet par-
ticles, which connect to the midmorning auroral oval and
subauroral ionosphere. The inner blue concentric semicir-
cle in Figure 1a shows the approximate position of the
open/closed field line boundary. It is on this boundary
that Cluster-1 and FAST become magnetically connected.
The position of the spacecraft at the time of conjunction
and the geomagnetic field line that connects them at this
time is shown in Figures 1b and 1c. The spacecraft at
conjunction are at altitudes of 	5.4 Re and 	3500 km,

respectively, and the field line on which they lie retains a
largely dipole form.
[10] The properties of the wave modes to be studied in

this report may be most conveniently discussed in a coor-
dinate system where X is perpendicular to Bo and points
inward from the field curvature in the plane of the field line,
Y points perpendicular to Bo and the plane containing the
magnetic field, and the Z component is field-aligned. In a
dipole field, X and Y are inward pointing radial (u) and
westward pointing azimuthal (j) components, respectively,
and Z is the dipole field-aligned coordinate (m). To avoid
confusion throughout the discussion of observations
and theory throughout this report, we will use the subscripts
x, y, and z to describe data quantities and u, j, and m
when discussing the theoretical results. With this in mind,
Figure 2 shows the y or azimuthal component of the wave
magnetic field (Tsyganenko 89 geomagnetic field sub-
tracted) measured from each of Cluster-1–4 and FAST.
The ephemeris data shown for the Cluster data is for
Cluster-1. The time spans shown for the Cluster spacecraft
and FAST give the same spatial distance in the ionosphere
for each, centered on the time of conjunction between FAST
and Cluster-1. The dashed lines show this time and the
conjunction times for Cluster 2–4 with FAST. As each of
the four Cluster spacecraft pass from the polar cap into the
auroral oval, they encounter broadband fluctuations
followed by narrowband oscillations with decreasing period
with latitude. These fluctuations observed from Cluster-1
and FAST are the topic of this study.

4. Observations From Cluster-1

4.1. Dayside Polar Cap Boundary Observations

[11] Figure 3 shows the polar cap boundary crossing as
observed from Cluster-1. Figure 3a shows the electron
energy spectra observed during the transition from the polar
cap into the magnetosphere measured by the PEACE
instrument. At low energies the data from this instrument
can be contaminated with spacecraft photoelectrons. These
are observed in the data at energies generally below the
potential of the spacecraft, which is shown in this panel by
the black trace. At times preceding 	1410 UT the space-
craft is on field lines connected to the polar cap. The
appearance of magnetosheath electrons at energies above
the spacecraft potential after this time marks the transition
into the morningside edge of the polar cusp. These electrons
are observed over the time span extending from 	1410 UT
until 1520 UT. Within this region the transition from the
open field lines of the polar cap and cusp to the closed field
lines of the magnetosphere is indicated by the impulsive
appearance of plasma sheet electrons at energies above
1 keV at 	1435 UT. This feature marks the outer edge of
the low-latitude boundary layer. The alternating appearance
of magnetosheath and plasma sheet electrons after this time
and before 	1500 UT represents repeated transitions from
open to closed field lines. The multiple crossings of the
open/closed field line boundary at this time may be indic-
ative of the presence of surface wave turbulence propagat-
ing along the boundary layer in the equatorial plane, as first
suggested by Sonnerup [1980] and observed by Sckopke et
al. [1981]. After 	1500 UT the spacecraft passes onto
permanently closed field lines representing the inner edge

Figure 1. (a) Magnetic footprint of the FAST and Cluster-
1, 2, 3, and 4 spacecraft trajectories at 100 km altitude.
Asterisks on the spacecraft tracks are separated by 8 min
and 24 min on FAST and Cluster, respectively. (b) and (c)
The positions of the FAST (red) and Cluster-1 (blue)
spacecraft at the time of magnetic conjunction and the field
line which connects them.
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of the low-latitude boundary layer. The absence of magneto-
sheath electrons after 	1520 UT marks the transition from
the low-latitude boundary layer to the plasma sheet. Within
the plasma sheet, two populations can be identified: the
usual energetic electrons mentioned above and a low-energy
component presumably of ionospheric origin with energy
below 50 eV.
[12] The same boundaries can be readily identified in

Figure 3b, which shows the H+ ion energy spectra measured
by the CIS-CODIF instrument. Magnetosheath ions are
observed from 	1410 UT until 1520 UT. Bursty, dispersive
ions are observed over the interval of alternating open/
closed field line traversals and within the outer low-latitude
boundary layer identified in Figure 3a (1435–1500 UT).
ACE magnetic field observations collected over this interval
and shifted in time to account for the travel time of the solar
wind from L1 to the magnetopause show that over this

Figure 2. Azimuthal field minus the Tsyganenko ‘89
magnetic field model observed by the Cluster and FAST
spacecraft. The distances traversed by each spacecraft,
mapped to the ionosphere at 100 km, over the timespans
shown are equal. The dashed lines show the times of
magnetic conjunction between FAST and each of the
Cluster spacecraft while the ephemeris Cluster x-axis labels
apply to Cluster-1 only.

Figure 3. Observations from Cluster-1. (a) The omnidir-
ectional electron energy spectra from the PEACE instru-
ment. The black trace on this plot shows the spacecraft
potential. (b) The omnidirectional H+ ion spectra from the
CIS-CODIF instrument. (c) The observed magnetic field
minus the Tsyganenko ‘89 model field in a geomagnetic
field-aligned coordinate system as defined in the text.
Here the radial or x-component (u) is black, the azimuthal
or y-component (j) is red, and the field-aligned or
z-component (m) is blue. (d) The observed electric field in
the same coordinate system. A data gap exists in this data at
times beyond 1550 UT. (e) The field-aligned wave Poynting
flux with positive values downgoing. (f) The density of H+

(black), O+ (orange), and He+ (red) ions as measured by the
CIS-CODIF instrument. (g) The ion (black) and electron
(red) temperatures from the CIS-HIA and PEACE instru-
ments, respectively. (h) The average ion gyroradii (ri,
purple), ion acoustic gyroradius (rs, red), and electron
inertial length (le, black).
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time interval the sign of IMF Bz is variable. This suggests,
in addition to the possible influence of surface waves, that
bursty reconnection in the equatorial plane may be
responsible for the bursts of dispersive ions observed in
the low-latitude boundary layer at this time [Nishida,
1989; Matsuoka et al., 1993; Lockwood and Smith,
1994; Onsager and Lockwood, 1997; Su et al., 2001;
Boudouridis et al., 2003]. After 	1500 UT, plasma sheet
ions dominate, which is consistent with the transition
from the boundary layer onto the permanently closed
field lines within the magnetosphere.
[13] The particle boundaries associated with the transi-

tion from the cusps to low-latitude boundary layer and
plasma sheet are represented in the fields observations
shown in Figures 3c to 3e by distinct changes in the
nature of the oscillations observed. Figure 3c shows the
magnetic field observations in the coordinate system
defined in section 2 with the Tsyganenko ‘89 geomag-
netic field subtracted. Broadband oscillations in the radial
and azimuthal components can be observed over the
entire interval where magnetosheath plasmas are observed
starting from 	1410 UT. There is a small compressional
component associated with these waves (Bz) that
increases in amplitude relative to the transverse fluctua-
tions with decreasing frequency. However, the wave
power contained in the compressional oscillations is at
most 	25% of that found in the transverse field. The
broadband oscillations reach largest amplitudes (particular in
the radial component) over the interval from 1435 to
1500 UT where the spacecraft enters the outer low-latitude
boundary layer and multiple transitions from open to closed
field lines are observed. Over this interval two cycles of a
semiperiodic azimuthal oscillation with a period of 	10 min
(	1.5 mHz) can be identified on which the higher-frequency
broadband fluctuations are superimposed. The transition to
permanently closed field lines at	1500 UT is represented in
the magnetic field observations by the appearance of large-
amplitude periodic azimuthal oscillations. Oscillations at the
same frequency are present in the radial and field-aligned
components albeit with much smaller amplitude. The higher-
frequency broadband oscillations continue after the appear-
ance of the periodic waves on closed field lines yet with
decreasing amplitude after 	1500 UT. The frequency of the
periodic azimuthal oscillations increases above that of the
semiperiodic oscillations, observed in the outer low-latitude
boundary layer, as the spacecraft travels inward to lower L
shells (to the right in the figure). The wave amplitudes,
however, are observed to decrease from left to right as the
wave frequency increases except at 	1545 UT. At this time
(or position) enhanced wave amplitudes are observed at a
wave frequency approximately twice that of the largest-
amplitude semiperiodic oscillations observed in the outer
low-latitude boundary layer (2 
 1/10 min). This suggests
that a causal relationship may exist between the semiperiodic
waves observed in the outer low-latitude boundary layer and
the narrowband periodic waves observed on closed field
lines.
[14] Figure 3d shows the electric field in the same

coordinate system as the magnetic field data. The largest-
amplitude deviations are observed in conjunction with the
broadband magnetic field fluctuations from 1410 until
1500 UT within the low-latitude boundary layer. After

this time the same periodicity as found in the magnetic
field can be identified in the electric field, particularly in
the radial component. Figure 3e shows the field-aligned
Poynting flux calculated from these wave fields with
positive values indicating downward propagation and
energy flow toward the ionosphere. The interval of
broadband oscillations from 1410 UT to 1500 UT within
the low-latitude boundary layer, and on the open/closed
field line transition, provide the largest field-aligned
Poynting fluxes at Cluster-1, and nearly all of this is
directed downward toward the ionosphere. The Poynting
flux associated with the large-amplitude periodic oscilla-
tions observed after this time and on closed field lines is
oscillatory between upward and downward directions at
twice the wave frequency, suggesting that these are standing
waves.
[15] Figure 3f shows the density determined from the

CIS-CODIF spectrometer for the H+, O+, and He+ ions
(black, orange, and red lines, respectively). The total of
these measurements provides results equivalent to the total
plasma density determined from the spacecraft potential and
PEACE electron spectrometer measurements. These curves
indicate the presence of a sharp density gradient on the
poleward side of the cusp. However, this density gradient is
not representative of the expected gradients in the equatorial
plane and along much of the field line above Cluster-1. In
situ observations in the equatorial plane show a sharp
increase in density between the low-latitude boundary layer
and magnetosheath [e.g., Sckopke et al., 1981] not found in
the observations shown here at this altitude. Consequently,
from these observations it is not possible to identify a
resonant layer for wave mode conversion in the equatorial
plane of the kind discussed in the introduction to this report.
However, from these measurements it is possible to locally
determine the dominant dispersive scale at this altitude.
With this in mind, Figure 3g shows the corresponding ion
(black) and electron (red) temperatures. Using these mea-
surements, the characteristic scales ri and rs and le are
evaluated and presented in Figure 3h. Throughout the low-
latitude boundary layer and the interval where the higher-
frequency broadband wave activity is observed, ri remains
larger than rs or le. This is important in determining
the dispersion properties of these waves, as will be demon-
strated in the following section.

4.2. Spectral Properties and Wave Mode Identification

[16] Figure 4 shows the spectral properties of the
observed waves determined by wavelet transforms using
a Morlet basis [Torrence and Compo, 1998]. Figure 4a
shows the spectra of the azimuthal wave field (or Y
component). The strongest feature is the narrowband
emission with increasing frequency extending from
	1440 UT at 1.5 mHz to 1550 UT at 3 mHz. The line
roughly superimposed on the peak of this emission is the
resonant frequency of the fundamental toroidal mode FLR
determined from the solution of equation (1) in the limit
where 2p/a ! 0. In this limit, equation (1) is the same
as the eigenvalue equation from Cummings et al. [1969]
expressed in terms of Am. In obtaining the solution to this
equation, we have used the in situ values of Bo and the
observed plasma composition from the CODIF experi-
ment that are incorporated in the model described in
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Appendix A. High ionospheric conductivity provides the
boundary conditions at the ionospheres given by @Am/@m
= 0 at each end of the field line. The predicted frequency
closely matches the observed spectral peak and continues
to do so beyond the time span shown in this panel where
the resonance continues into the inner magnetosphere.
This we believe confirms that this wave is a fundamental
mode toriodal field line resonance, as has been identified
previously from a number of spacecraft [Takahashi and
McPherron, 1984; Anderson et al., 1990; Anderson and
Engebretson, 1995; Potemra and Blomberg, 1996].
[17] In Figures 4a and 4b and over the interval extending

from 1420 to 1500 UT a relatively flat spectral peak can be
identified at a frequency of 	1.5 mHz. Over this interval the

spacecraft traverses the outer low-latitude boundary layer
where the field lines are alternately open/closed. This peak
corresponds to the semiperiodic oscillations identified in the
time series data discussed in section 4.1. This wave is not an
FLR since it has finite amplitude in the transition region
from open to closed field lines, occurs at a higher frequency
than expected for the FLR at this L value (if on closed field
lines), and has constant frequency from L = 18–14. Fur-
thermore, it will be shown later that this wave has a
downward directed Poynting flux only. This wave, and
the higher-frequency broadband fluctuations simultaneously
observed, may be the low-altitude signature of surface
waves propagating along the low-latitude boundary layer.
Several simulation studies have shown that surface waves
generated by the Kelvin-Helmholtz instability in the bound-
ary layer lead to broadband wave spectra [Miura, 1984; Wei
and Lee, 1993]. At low frequencies in the spacecraft frame,
these waves will be manifest at the altitude of Cluster-1 as
shear Alfvén waves propagating down the field line after
mode conversion from the surface waves on resonance
layers closer to the equatorial plane. This interpretation is
supported by the observation of FLRs with frequencies
increasing from 1.5 mHz at the edge of the outer low-
latitude boundary layer and the enhanced FLR amplitude
(particularly in Ex) that occurs at the first harmonic of
1.5 mHz at 	1545 UT. This observation and the decay in
FLR wave amplitudes with distance from the boundary
layer after 1500 UT suggests that surface waves in the
equatorial plane, at frequencies extending upward from that
of the semiperiodic shear wave observed in the open/closed
field line transition region at 1.5 mHz, may drive the FLRs
observed.
[18] Further evidence for the presence of surface waves in

the equatorial plane, and for the case that these waves may
drive the broadband oscillations and FLRs seen at the
altitude of Cluster-1, follows from the observed wave
polarization across the open/closed field line boundary.
Figure 5 shows the results from application of pure state
filtering to the observed oscillations [Samson and Olson,
1980]. Figure 5a shows the polarized wave power. This is
given by the product of the wave power, P(f), and the
‘‘degree of polarization,’’ D(f), between the three field
components. Values of D(f) greater than 0.7 indicate that
oscillations in each component are closely related or pre-
serve a constant relative phase relationship. The deepest
shades of red given in Figure 5a therefore show waves with
high coherency between the three components. The shear
Alfvén waves in the boundary layer and FLRs in the outer
boundary layer and plasma sheet can be identified in these
spectra as the polarized band extending to the right from
1420 UT. Figures 5b and 5c show the right- and left-hand
polarized wave power. These are given by P(f) 
 D(f) 

E(f), where E(f) is the wave ellipticity. E(f) has values
between 0 and 1 corresponding to linearly and circularly
polarized waves, respectively. Since the fluctuations ob-
served in this case are close to linearly polarized, the wave
power in both the right- and left-hand cases is significantly
less than total polarized wave power shown in Figure 5a. At
frequencies above 1 mHz and less than 3 mHz over the
interval from 1420 to 1540 UT the observed waves are left-
hand polarized. This time span covers that period when the
spacecraft traverses the low-latitude boundary layer and

Figure 4. Wavelet spectra from Cluster-1. The black line
in Figures 4a to 4d shows the estimated frequency of the
fundamental mode field line resonance (FLR) as described
in the text. (a) The wavelet power spectra of the azimuthal
magnetic field (y). (b) The wavelet spectra of the radial
electric field (x). (c) The Ex/By ratio normalized by the local
Alfvén speed. (d) The field-aligned wave Poynting flux. (e)
The field-aligned wave Poynting flux at frequencies below
4 mHz. The green trace in this panel is the same but
averaged over an FLR wave period.
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moves into the boundary plasma sheet. At frequencies above
3 mHz the polarization reverses to right-hand. This polari-
zation reversal occurs on the field line where enhanced
amplitudes are found and where the wave frequency matches
the first harmonic of the semiperiodic shear wave observed
in the open/closed field line transition region, as discussed
above. These observations are consistent with the expected
sense of polarization for the surface waves driven by
tailward flows in the morningside low-latitude boundary
layer or magnetopause and of the shear Alfvén waves and
FLRs which they may provide [Chen and Hasegawa,
1974a]. Figure 5d shows the hodogram associated with these
fluctuations. The orientation of the major axis of the polar-
ization ellipse shown in this panel is as expected for
morningside shear Alfvén waves driven by the surface

wave [Chen and Hasegawa, 1974a]. Furthermore, after
accounting for the 90� ionospheric rotation [Hughes and
Southwood, 1976], these polarization results are consistent
with ground-based observations of FLRs thought to be
driven by the surface waves [Samson et al., 1971; Lanzerotti
et al., 1972]. These results provide convincing evidence that
the observed waves at Cluster-1 are driven by surface waves
propagating in the low-latitude boundary layer.
[19] Mode identification may also be performed by ex-

amining the variation of the observed Ex/By ratio with
frequency [Stasiewicz et al., 2000b]. With this in mind,
Figure 4c shows the observed Ex/By ratio normalized by the
local Alfvén speed at Cluster-1. Where this ratio equals 1,
the wave is consistent with an MHD Alfvén wave traveling
at the local Alfvén speed. For the color scale employed here,
this value is represented by green. The fundamental mode
FLR (identified by the black trace), while Alfvénic, does not
provide an Ex/By value equivalent to the local Alfvén speed,
since its dispersion is determined nonlocally [see Streltsov
and Lotko, 1996, Figure 4]. In fact it is only at frequencies
approaching 	20 mHz in the spacecraft frame that the
observed Ex/By ratio approaches VA and at frequencies
above this the waves appear locally more electrostatic then
Alfvénic. These waves are similar to those identified from
Cluster by Wahlund et al. [2003] and are dispersive because
their Ex/By ratio is frequency-dependent. It can be expected
that much of this frequency dependency is due to the
Doppler shift in the spacecraft frame of slowly varying
structures, as proposed by Stasiewicz et al. [2000a] from
Freja observations. This is because the size of the observed
Ex/By at the local oxygen gyrofrequency in the spacecraft
frame is smaller than can reasonably be expected for an
electromagnetic wave at this frequency in the plasma frame.
Consequently, it is likely that the spacecraft frame frequency
is much greater than the wave frequency in the plasma
frame. In this case, if vx � w/kx, then we obtain kx 	 2pfs/
vx, where fs is the wave frequency in the spacecraft frame
and vx is the spacecraft speed in the x-direction. Over the
frequency range where this is valid, the fs

�2 wave spectra,
shown in the spacecraft frame in Figure 6a, represents a kx

�2

spectra in the rest frame (and also in the plasma frame since
the flows at this time are small). Under this assumption and
since ri > le, rs, we can use the field amplitude ratio given
in the local approximation by Ex/By = VA(1 + kx

2ri
2)1/2 to

estimate the expected variation in the observed amplitude
ratio with kx given by the Doppler shift. Using this relation,
the red curve in Figure 6c is obtained from the local Alfvén
speed and average ion gyroradius at Cluster-1 over the
interval from 1440 to 1450 UT. This curve approaches the
fields observations, averaged over the same interval and
shown by the diamonds, only at frequencies above
	10 mHz. Clearly, the dispersion of these waves, if they
are kinetic Alfvén waves, is not determined locally.
[20] Since the wave dispersion is not determined locally,

we now consider a nonlocal description. In this case we
solve equation (1) for eigenmodes between the equatorial
plane and the ionosphere for the plasma defined in Appen-
dix A. This solution is performed using the same assump-
tion as above where the local perpendicular scaling (or lx)
of the wave is given by vx/fs, and so in solving equation (1)
we use a � 1

hu

vx=fs . Owing to the high conductivity of the
ionosphere these waves have nodes in the equatorial plane,

Figure 5. Polarization characteristics. (a) The total
polarized wave power, (b) the right-hand polarized wave
power, and (c) the left-hand polarized wave power. The
meaning of each of these is explained in the text. (d) The
transverse wavefield polarization hodogram filtered to
frequencies below 4 mHz.
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antinodes at the ionosphere and on closed field lines
become FLRs. With these boundary conditions, the solution
of equation (1) yields wave frequencies over a range from
0.9 mHz up to 47 mHz for a range of perpendicular scales at
the altitude of Cluster-1 extending from essentially infinity
down to 28 km. Using these results we can perform a
consistency check on the assumption that most of the
temporal variation observed is due to Doppler shift by
calculating the expected Doppler shift in the spacecraft
frame, 1

hu

2p
a

� �
vx, and comparing this with the predicted

spacecraft frame wave frequency, w ± 1
hu

2p
a

� �
vx. This com-

parison is shown in Figure 6b, which indicates that at

frequencies above 	4 mHz in the spacecraft frame the
contribution to temporal variations is dominated by space-
craft Doppler shift which approaches the spacecraft frame
frequency. This indicates that at frequencies in the space-
craft frame larger than 	4 mHz the observed temporal
variation in Ex and By is largely due to spacecraft Doppler
shift.
[21] To determine if the observed fluctuations in Ex and

By are consistent with kinetic Alfvén waves whose disper-
sion is nonlocally specified, we now plot the expected Ex/By

ratio from the solution of equation (1) at the altitude of
Cluster-1 as a function of frequency in the spacecraft frame
and compare it with the observations. This is shown in
Figure 6c where the black curves indicate the results for the
fundamental, first, and second harmonic. It can be seen that
these curves adequately represent the data, shown by the
diamonds, over the entire frequency range measured. Tak-
ing slices through the Ex/By spectra at different times
provides similarly good agreement. This suggests that much
of the observed wave spectra observed in the spacecraft
frame may be described as Doppler shifted kinetic Alfvén
waves with wavelengths along the field line approaching
the field-line length. If we accept the Doppler shift inter-
pretation, then the scaling shown by the vertical lines in
Figure 6c show that the waves have scales extending from
those appropriate for an MHD interpretation, through the
ion gyroradii in the equatorial plane (green line), when
mapped to the altitude of Cluster-1, and down to the local
ion gyroradii (red line). On closed field lines these waves
may be described as kinetic FLRs.
[22] Figure 4d shows the field-aligned wave Poynting

flux. The largest fluxes are observed at frequencies in
the spacecraft frame above 	1 mHz. With increasing
frequency in the spacecraft frame (or decreasing perpen-
dicular scale) the Poynting flux becomes increasingly
filamentary in nature, corresponding to spiky deviations
evident in the electric field time series shown in Figure 3d.
These filamentary features are associated with the kinetic
Alfvén waves identified above at scales of the order of the
ion gyroradius. The large-scale FLRs can be identified in
this panel by the predicted resonant wave frequency trace.
It can be seen that these waves carry Poynting fluxes
comparable to that contained in the higher-frequency
kinetic waves. To isolate the Poynting flux carried by the
FLRs at the lowest frequencies in the spacecraft frame,
Figure 4e shows the time series of this quantity based on
low-pass filtering the fields data below 4 mHz. The
oscillations in Sz around zero observed after 1500 UT are
characteristic of a standing wave. By contrast, the fluctua-
tions observed before this time show positive unipolar
peaks, indicating downward traveling waves. At this fre-
quency in the spacecraft frame these waves are traveling
shear Alfvén waves on open field lines. The means by
which these wave modes deposit energy in the ionosphere
is the topic of the next section.

5. FAST and Cluster-1 Magnetic Conjunction
Observations and Wave Energy Deposition

5.1. Wave Scales

[23] The means by which shear Alfvén waves may
deposit energy in the ionosphere or to the particle pop-

Figure 6. Spectral results from 1440 to 1450 UT. (a) By

spectra; black and red curves show wavelet and Fourier
transform results, respectively. (b) The variation of the
Doppler shift with spacecraft frame frequency, as described
in the text. The red diagonal line shows spacecraft Doppler
shift equal to spacecraft frame frequency. (c) Ex/By at
Cluster-1; the red curve shows the kinetic Alfvén wave
dispersion based on local parameters at Cluster-1 while the
black curves show the wave dispersion in the nonlocal
case for the fundamental and harmonic eigenmodes. The
kx values given are calculated with an average spacecraft
speed of 3.13 km/s. For all panels the green vertical line
shows the Doppler shift in the spacecraft frame for
stationary structures with size equal to the gyroradius in
the equatorial plane mapped to the altitude of Cluster-1.
The red line, dotted line, and dot-dashed line show the
Doppler shift for the local ion gyroradius (ri), ion acoustic
gyroradius (rs), and the electron inertial length (le),
respectively, at Cluster-1.
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ulations through which they propagate is dependent on the
perpendicular wave scale. In Figure 6 we have demon-
strated how the observed spectrum of fluctuations in Ex

and By below 100 mHz and above 	4 mHz may be
interpreted in terms of shear Alfvén waves existing over a
range of scales which appear as a temporal variation in the
spacecraft frame largely through Doppler shift in the
spacecraft frame. At the very lowest frequencies observed
in the spacecraft frame it is not possible to estimate the
perpendicular wave scale from Ex/By since the wave at
these frequencies is largely nondispersive and the periodic
fluctuations observed at these frequencies in spacecraft
frame are mostly temporal. However, by exploiting the
conjunctive observations from FAST and Cluster, we can
estimate this scale.
[24] At FAST altitudes spacecraft speeds greater than

5 km/s mean that waves with frequencies in the plasma
frame of the order of mHz, and scales along the spacecraft
trajectory less than 	5000 km will be observed largely at
the frequency given by the spacecraft Doppler shift of an
essentially static field. With this in mind, and given the
field-line convergence between FAST and Cluster-1, it
seems reasonable to assume that most of the field variations
observed from Cluster-1, including those below 4 mHz,
shown in Figure 3, when observed from FAST will be due
to spacecraft Doppler shift. Figure 7 shows the magnetic
field wave power spectra from FAST over a time span of
10 min and covering the same spatial range when mapped to
the ionosphere as that shown for Cluster in Figure 4. The
features visible in this spectrum are similar to those visible
in Figure 4a. The broadband features on the left correspond
to the shear and kinetic Alfvén waves seen from Cluster-1
on the open-closed field-line boundary, while the rising
frequency in the spacecraft frame of the peak on the
right corresponds to the large-scale FLRs observed from
Cluster-1. Without the observations from Cluster-1 it would
be impossible to identify these waves as FLRs. Since the
FLR waveform can be considered stationary over the time it
takes the FAST spacecraft to traverse one perpendicular
wave scale, we estimate perpendicular scales for the FLR in

the nondispersive case (from Figure 6 this covers spacecraft
frame frequencies at Cluster-1 less than 4 mHz) to be of the
order of 100 km at ionospheric altitudes. (Since the FLR
observed in this case is almost continuous with L, this scale
cannot be compared with the radial resonance widths
discussed by other researchers [Singer et al., 1982; Mann
et al., 1995; Fedorov et al., 2001]).
[25] With this observation in hand, we find transverse

scales at Cluster altitudes in the observed wave field which
extend from 	100 km in the ionosphere, or 	1 L shell,
down to and smaller than ion gyroradii (	1 km when
mapped to the ionosphere) where the corrections to MHD
identified in equation (1) become important. The means by
which this range of scales is produced is uncertain but may
reflect the range of scales present in the surface wave
turbulence [Miura, 1984; Takahashi et al., 1991] driving
the shear waves observed at Cluster and FAST or perhaps
may be accounted for by the phase mixing of large-scale
waves on density gradients [Mann et al., 1995] in the low-
latitude boundary layer. Since we do not have in situ
measurements of the density variation transverse to Bo

above 5.4 Re altitude, it is not possible to perform a
meaningful estimate of the phase-mixing time required to
produce the range of scales observed. Instead, we now turn
to investigate how wave energy over this range of scales
may be deposited.

5.2. Joule Heating

[26] At the largest scales, Alfvén waves may deposit
energy through Joule heating the ionosphere [Newton et
al., 1978]. To obtain an estimate of the net energy flux
deposited by the large-scale traveling Alfvén waves on open
field lines and large-scale FLRs on closed field lines in the
ionosphere, the wave Poynting flux below 4 mHz shown in
Figure 4e has been averaged over a sliding widow of width
equal to the MHD FLR wave period. The result of this
averaging is shown by the green trace in Figure 4e. When
mapped to the ionosphere this energy flux yields peak
values of 	1 mW/m2. This is the energy lost by the
large-scale traveling waves and FLRs over the altitude range
between Cluster-1 and the ionosphere.
[27] While it is reasonable to assume that most of this

energy is lost through Joule heating, there are significant
fluxes of field-aligned electrons observed at Cluster-1 after
1520 UT, as shown in Figure 3, where large-scale waves are
observed but when significant fluctuations on smaller scales
(or higher frequencies) are absent. To evaluate how much of
the energy loss at large scales actually goes into Joule
heating the ionosphere, we use equation (5) from Wright
et al. [2003]. To this end, if we loosely equate the perpen-
dicular wave scale of 100 km, found above for these large-
scale oscillations, with lx and take a nominal Pedersen
conductivity of 10 mho, then by determining the average
energy of the accelerated electrons found in these waves the
ratio of energy lost through field-aligned electron acceler-
ation (xe) and that through joule heating (xj) may be found.
To isolate only those electrons observed in the large-scale
waves, we take the integral over the low-energy counter-
streaming component observed on Cluster-1 after 1520
where only large-scale waves are present. This yields
energies always less than 50 eV. From these parameters
we obtain xe/xj < 0.25. So at most 0.25 mW/m2, mapped to

Figure 7. By field wavelet spectra from the FAST
spacecraft. The time span shown corresponds to the same
width in the ionosphere as shown for Cluster-1 in Figure 4.
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the ionosphere, goes into electron acceleration from the
large-scale FLR and at least 0.75 mW/m2 goes into Joule
heating.
[28] A simple check on the reasonableness of these

results is to estimate the ionospheric electric field from
Joule dissipation and compare this result with radar
observations. Here xj is given by SpjExj2, where Ex is
the wave field of the FLR in the ionosphere. For a
Pedersen conductivity of 10 mho and a Joule dissipation
of 	1 mW/m2 this result implies electric fieldmagnitudes in
the ionosphere of around 10–20 mV/m. This is consistent
with radar observations of FLR amplitudes in the ionosphere
[Walker et al., 1979].

5.3. Electron Acceleration in Dispersive Alfvén Waves

[29] At smaller scales the energy deposited through
electron acceleration in the wave field far exceeds that lost
through Joule heating the ionosphere. Figure 8 shows an
expanded view of observations from the Cluster-1 space-
craft and from FAST centered on the time of magnetic
conjunction. This time is indicated by the vertical black line
spanning both plots. The time span or spatial width shown
for the Cluster spacecraft observations has been calculated
using the spacecraft speeds and magnetic mapping along the
dipole field to correspond with that covered by the FAST
spacecraft. By comparing the field and particle observations
at both spacecraft, we can gain some understanding of the
acceleration processes occurring over the altitude range
between them. The usefulness of such a comparison has
been demonstrated previously by Vaivads et al. [2003] for a
quasi-static potential structure using the Cluster and DMSP
spacecraft.
[30] Inspection of the pitch angle spectra from each

spacecraft shown in Figures 8c and 8h reveals impulsive
bursts of highly field-aligned electrons (0�, 180�) super-
imposed on a more isotropic component. The field-aligned
component is observed in those regions identified as the
cusp and low-latitude boundary layer in section 3.1 and
continues into the plasma sheet where it becomes more
continuous, albeit with decreasing energy and flux. These
burst are composed of cold electrons, presumably from an
ionospheric source, and may carry a significant (if
not dominant) portion of the wave current at small

Figure 8. Conjunctive electron observations. (a) The
observed magnetic field minus the Tsyganenko ’89 model
field in the geomagnetic field-aligned coordinate system
defined in the text where the radial or x-component is black,
the azimuthal or y-component is red, and the field-aligned
or z-component component is blue. (b) The omnidirectional
electron energy spectra. (c) The electron pitch angle spectra.
(d) The electron energy flux in the field-aligned upward
looking pitch angle bin on the PEACE instrument mapped
to the altitude of the FAST spacecraft. (e) The field-aligned
wave Poynting flux at Cluster-1 mapped to the altitude of
FAST. (f) The observed magnetic field minus the IGRF 95
model field in the geomagnetic field-aligned coordinate
system defined in the text. (g) The omnidirectional electron
energy spectra. (h) The electron pitch angle spectra. (i) The
downgoing electron energy flux at FAST altitudes.
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scales. Comparing the energy spectra of these bursts from
Figures 8b and 8f (identified from those times when bursts
from each spacecraft are observed in the pitch angle
spectra), we find that the energies observed at FAST are
in general higher, the energy spectrum is flatter at FAST,
and energy fluxes are larger at FAST than at Cluster-1.
Furthermore, while the electron pitch angle spectra shown
in Figures 8c and 8h reveal that the bursty fluxes are field-
aligned on both spacecraft, we observe only downgoing
(180�) and isotropic electrons at FAST but bidirectional
fluxes at Cluster-1 (0�,180�) with the largest fluxes directed
upward. Quantitatively, the amount of electron acceleration
occurring between the two spacecraft can be determined by
comparing the integrated fluxes at both satellites. Conve-
niently, the upward looking field-aligned pitch angle bin on
Cluster, at the altitude where magnetic conjunction occurs
(with an angular width 15�), maps to an angular width of
180� at the altitude of FAST. With this in mind, Figure 8d
shows the energy flux in the field-aligned bin on Cluster-1
mapped to the altitude of FAST. Peak energy fluxes ob-
served reach 	1 mW/m2. The difference between this value
and that found by integrating the downgoing electron fluxes
at FAST yields the energy flux gained/lost by the electrons
over the altitude range between the two spacecraft. The
integrated downgoing flux at FAST is shown in Figure 8i,
which shows that the energy flux observed at FAST
(including the correction for the converging magnetic field)
is an order of magnitude larger than seen from Cluster-1.
This indicates that field-aligned acceleration occurs over the
distance separating the spacecraft along Bo and in fact is
greater over this altitude range than at altitudes above the
Cluster-1 spacecraft.
[31] The close magnetic conjunction between FAST and

Cluster-1 also allows a quantitative comparison of the
wave and particle energy flux observed on the field line
along which the particles and waves are guided. With this
in mind, Figure 8e shows the field-aligned wave Poynting
flux at Cluster-1 mapped to FAST altitude. This flux
contains only contributions from dispersive Alfvén waves
on perpendicular scales approaching the local ion gyroradii
and smaller with any contribution from the large-scale
FLRs removed by filtering the fields data above 4 mHz
(see Figure 6). The peaks in wave Poynting flux close to
the conjunction time correspond with those of the electron
energy flux observed at Cluster-1 (shown in Figure 8d)
and the major peaks observed at FAST as shown in
Figure 8i. Unfortunately, electric field data is not available
from FAST at this time so that it is not possible to
determine Sz at FAST. Clearly, however, there is just
sufficient wave Poynting flux observed at Cluster-1 to
account for the gain in electron energy flux between the
two spacecraft with a small amount remaining to account
for the waves seen at FAST. The fact that nearly all the
wave Poynting flux observed at Cluster-1 is required to
account for the observed field-aligned electron energy flux
observed at FAST allows for a further test to determine if
the accelerated electron distributions can be explained by
dispersive Alfvén wave acceleration. The energy budget,
in this interpretation of the data, requires that there be very
little reflected wave Poynting flux observed traveling back
up the field-line at Cluster-1. Inspection of the data shows
that this is consistent with the observations. In Figure 8e

we observed that less than 50% of the energy flux
throughout the entire interval of observation in the disper-
sive waves above 4 mHz returns from ionosphere while
Figure 4e reveals that almost none of the downgoing
traveling wave energy flux below 4 mHz is reflected back
up the field line over the interval preceding the appearance
of the FLRs. These results are consistent with strong
dissipation of the downgoing waves through field-aligned
electron acceleration over the altitude range between
Cluster and FAST.
[32] The conversion of Alfvén wave Poynting flux to

electron energy flux is sufficient in this case to drive bright
aurora (see Keiling et al. [2002] for plasma sheet examples
including imager data). The energy flux in the accelerated
field-aligned electrons observed at FAST when mapped to
the ionosphere exceeds the 1 mW/m2 threshold for aurora
visible to the human eye [Stenbaek-Nielsen et al., 1998] by
an order of magnitude. These observations provide an
explanation for the optical and riometer measurements
associated with broadband ULF waves in this region [Posch
et al., 1999].

5.4. Ion Acceleration in Dispersive Alfvén Waves

[33] Figure 9 shows the ion energy and pitch angle
spectra from Cluster and FAST at the time of conjunction.
As discussed in section 4.1, the ion energy spectrogram
shown here in Figure 9b reveals the injection of dispersive
magnetosheath protons over the interval of alternating
open/closed fields (1435–1500 UT) with energies extending
up to 10 keV. The pitch angle spectrogram in Figure 9c
shows pitch angle dispersion in this population, indicating
initially earthward flowing ions mirrored at some altitude
below Cluster-1 and then returning past the spacecraft.
The higher-energy protons appearing after the time of
conjunction represent the plasma sheet. Comparing these
observations with those at FAST shown in Figures 9e and
9f, we can identify the same features in the magneto-
sheath and plasma sheet ions but also an additional
component at energies below 100 eV just prior to the
exact conjunction time from 1458 to 1500 UT. The pitch
angle spectra in Figure 9f indicate that these ions have
been transversely accelerated, while Figure 9g shows
that these ions provide significant fluxes of outflowing
ions from the ionosphere. These accelerated ions are
coincident with the largest-amplitude Alfvén waves seen
at FAST during this interval.
[34] The mass spectrometer data from FAST indicate that

the low-energy transverse ions are primarily composed of
O+. If these ions are contributing to ion outflow from the
ionosphere, then they should also be measured at Cluster-1.
With this in mind, Figure 10 shows the energy spectra for
O+ ions measured from FAST and Cluster-1, with each
panel in this figure scaled to account for the same width in
the ionosphere centered on the conjunction time. The
energetic isotropic fluxes observed from both FAST and
Cluster-1 after 1500 UT shown in this figure represent O+

ions in the plasma sheet. Preceding the observation of this
isotropic component, however, Figure 10c shows that out-
flowing O+ ions (0�–89�) are observed at Cluster-1 simul-
taneously with the transversely (90�) accelerated O+ ions
observed at FAST shown in Figures 9a and 9g. From these
observations it seems reasonable to conclude that the source
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for the outflowing O+ ions seen at Cluster are the trans-
versely accelerated O+ ions seen at FAST. To reach the
energies observed at Cluster-1, the O+ ions experience
further acceleration along the field line as they stream
outward. Stasiewicz et al. [2000a], and most recently
Chaston et al. [2004], have discussed the means by which
this acceleration may occur in the aurora. From Figure 6,
waves at gyroradii scales necessary for this acceleration
process to occur are present. Consequently, the Alfvén

waves lose energy through transverse ion acceleration and
act to populate the flux tube with ionospheric ions.

6. Discussion

6.1. Wave Sources

[35] The observations presented here demonstrate how
Alfvén waves present in the boundary layers of the dayside
outer magnetosphere lead to energy deposition into the
ionosphere and the formation of aurora. Hasegawa [1976]
was the first to suggest how this occurs. The process begins
with the production of surface mode waves in the low-
latitude boundary through the Kelvin Helmholtz instability
acting on transverse velocity gradients in tailward flows
across the magnetopause and/or low-latitude boundary
layer. Several observational, theoretical, and simulation
studies have demonstrated the efficacy of this mechanism
in producing a broad spectrum of surface wave turbulence
[e.g., Wei and Lee, 1993]. Steep transverse gradients in
density and magnetic field exist across the low-latitude
boundary layer [Sckopke et al., 1981; Phan and
Paschmann, 1996; Nemecek et al., 2003] that provide
Alfvén speed gradients transverse to the geomagnetic field.
On these gradients it is likely that surface mode turbulence
may mode convert to a spectrum of dispersive Alfvén
waves. These waves, which are largely guided along the
geomagnetic field, may then propagate down toward the
ionosphere where they may be observed by spacecraft at
low altitudes, in this case the Cluster and FAST spacecraft.
[36] The stimulation of the FLRs observed here seems

likely to be associated with the penetration of the surface
wave field onto closed field lines in the equatorial plane.
This is supported by the matching of wave frequencies
between the field line resonance and the lowest-frequency
surface wave across the open/closed field line boundary, the
enhancement of FLR wave amplitude on the field line
resonating at the frequency of the first harmonic of the
surface wave and the wave polarization. The penetration of
the surface wave field into the magnetosphere is not
observable at the altitudes of the Cluster and FAST space-
craft at this time and must be inferred. Because of this it is
not possible, based on the observations presented here, to
eliminate the possibility of compressional waves in the
magnetosheath as the source for the waves observed. What

Figure 9. Conjunctive ion observations. (a) The observed
magnetic field at Cluster-1 minus the Tsyganenko 89 model
field in the geomagnetic field-aligned coordinate system
defined in the text where the radial or x-component is black,
the azimuthal or y-component is red, and the field-aligned
or z-component component is blue. (b) The Cluster-1
omnidirectional proton energy spectra. (c) The Cluster-1
proton pitch angle spectra. (d) The observed magnetic field
at FAST minus the IGRF-95 field in the geomagnetic field-
aligned coordinate system defined in the text where
the radial or x-component is black, the azimuthal or
y-component is red, and the field-aligned or z-component
component is blue. (e) The FAST omnidirectional ion
energy spectra. (f) The FAST ion pitch angle spectra. (g)
The integrated outflowing ion flux from FAST below an
energy of 100 eV.
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supports specifically the surface wave interpretation is the
polarization of observed low-frequency waves on field lines
that map to the low-latitude boundary. Ideally, confirmation
of the surface mode driver requires observations in the
equatorial plane. However, even when such observations
are available, separating the contribution from compressional
and surface waves is problematic [Takahashi et al., 1991].

6.2. Wavefields and Particle Acceleration

[37] Energy deposition by the dispersive Alfvén waves
propagating from the equatorial plane is facilitated by
changes in plasma parameters along the geomagnetic field.
This may be appreciated by examining the variation in ri, rs,
and le along the field from the equatorial plane to the
ionosphere. Figure 11 shows this variation along a field line
threading the low-latitude boundary layer with L = 14. In
obtaining these curves, we have used the density and
temperature profiles along the magnetic field as given in
Appendix A. The green curve in Figure 11 shows the
equatorial ion gyroradius mapped downward along the field
line with the square root of the geomagnetic field strength.
This scale was observed to fall in the center of the
spacecraft Doppler shift seen in Figure 6c and provides an
indication of the variation of lx for the wave along the field
line. In the equatorial plane waves on these scales do not do
not carry a parallel electric field [Stasiewicz et al., 2000c]

and may propagate largely without dissipation, except
perhaps for some losses due to transverse ion acceleration
[Johnson and Cheng, 2001]. However, mapping ri to lower
altitudes, we find that this transverse scale crosses through
2prs (dotted line) at 8 Re and then, at altitudes intermediate
between Cluster-1 and FAST, approaches 2ple. This is
significant since the parallel electric field of a linear
dispersive Alfvén wave normalized by the transverse wave
amplitude is greatest when lx	 2prs or 2ple. Consequently,
we can expect these waves to carry a parallel electric field
at these altitudes and be dissipated through field-aligned
electron acceleration.
[38] To investigate the observed waves ability to generate

parallel electric fields and cause the electron acceleration
observed over the altitude range between the two satellites,
we use the solution to equation (1) for the fundamental
mode (as employed previously to generate the curves in
Figure 6) and derive the expected electric field and mag-
netic wave field envelopes along the geomagnetic field as

Bf ¼ � 1

hmhu
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@u
hmAm ð7Þ
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1� Io sð Þe�sð Þ
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Figure 10. O+ ion spectra from FAST and Cluster. (a) The
energy spectra of O+ ions measured from FAST; (b) and (c)
the ion energy and pitch angle spectra for O+ ions observed
from Cluster-1.

Figure 11. Variation in transverse scales along a dipole
field line with L = 14. The green line shows the ion
gyroradius (ri) in the equatorial plane mapped along the
geomagnetic field to the ionosphere. The red line shows the
magnitude of the local ion gyroradius, while the dotted and
dot-dashed lines shows the value of the local ion acoustic
gyroradius (rs) and electron inertial length (le) multiplied
by 2p. These curves are based on the plasma model
described in Appendix A.
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These quantities as a function of the inverse wave scale
kx 	 ku = 1/hu(2p/a) are shown in Figure 12. The range
of ku shown here corresponds to the frequency range from
1 mHz up to the Nyquist frequency of the electric field
experiment on Cluster-1 of 0.11 Hz. In obtaining these
amplitudes, we have used the observed azimuthal wave
power spectra in By to define the amplitude of the wave
given by the numerical solution for Bj at the position of
Cluster-1. From the interpretation of the data developed in
section 4.2 (where most of the temporal variation observed
in the wave fields above 4 mHz was found consistent with
that expected for spacecraft Doppler shift), we find that the
observed By spectrum shown in Figure 4, when averaged
over the interval 1440–1450 UT as shown in Figure 6a, has
a kx

�2 dependency. Using this spectrum to define the ku
spectrum in Bj at the altitude of Cluster-1, together with the
solution of equation (1) for each perpendicular wave scale,
uniquely specifies the wave amplitudes in B and in E at all
points along the field line.
[39] Figure 12a shows the variation of the Alfvén speed

along the field line which peaks at 	1 RE for the plasma
model described in Appendix A. It is approximately at this
altitude that the Alfvén wave becomes most electrostatic
and the largest electric field amplitudes may be expected.
Figure 12b shows the amplitude of the azimuthal magnetic
field. Largest amplitudes are obtained for the largest-scale
waves (i.e., smallest kx in the data or ku in the numerical
result) at the ionosphere where VA is smallest and the
fundamental resonance has a node. The largest amplitudes
are over 100 nT. Figure 12c shows the amplitude of the
radial electric field, Eu. Because inertial Alfvén waves
becomes increasingly electrostatic with increasing ku the
amplitude of this field in the vicinity of the peak in VA falls
more slowly with increasing ku than Bj, and at scales with
kurieq > 1 (shown by the red horizontal line) actually
increases in amplitude. This wavefield peaks at 	1 RE with
amplitudes of 	2 mV/m and greater than 10 mV/m for the
largest- and smallest-scale waves, respectively, as measured
from the electric field experiment on Cluster-1. These
amplitudes are sufficient to account for the slow field
variations on large scales and impulsive field deviations on
small scales seen by Cluster while traversing the low-
latitude boundary layer shown in Figure 3.
[40] Figure 12d shows that the largest parallel electric

fields in the wave are also found at 	1 RE. The curved
boundaries in the color shading of this panel close to the
equatorial plane show where Em changes sign due to the
different contributions to the parallel wave field (indicated
here by the plus and minus signs). From equation (10) we
can identify two contributions to this field. The first term on
the right-hand side of equation (10) contains the parallel
electric field due to finite electron mass or inertia. This
contribution peaks at altitudes intermediate between FAST
and Cluster-1 (for reasons already discussed) and has an
amplitude extending up to 10�2 mV/m for the smallest
scales considered. The second term on the right-hand side of
equation (10) represents the parallel electric field supported
by electron pressure gradients associated with density
fluctuations in the wave field. The parallel electric field
given by this term peaks close to the equatorial plane yet is
dominated by the contribution from electron inertia at
inverse scales greater than kurieq. = 1 (shown by the red

horizontal line in Figure 12) along the entire length of the
field line for the plasma model used here. The relatively
small amplitude of this field relative to the inertial field,
despite the fact that kxrs > 1, can in this case be understood
in the local approximation where kxri ! 1 limits the
amplitude of the parallel field from the electron pressure
gradient since Ez/Ex = �kxkzrs

2/(1 + kx
2ri

2).
[41] Figure 12e shows the field-aligned potential drop in

these waves. For the observed transverse wave amplitudes
and scales the parallel electric field generated by the linear
wave supplies a potential drop along the field of 	100 eV.
This is, however, insufficient to account for the observed
energies of the field-aligned electron distributions found in
these waves. This has previously been shown in the context
of linear two-fluid theory by Rankin et al. [1999b] and
Streltsov et al. [2002]. Extending the linear analysis to
smaller transverse scales may yield somewhat larger parallel
fields and potential drops; however, from Figure 6a, the
transverse magnetic field wave amplitudes falls increasingly
rapidly above the 0.11 Hz electric field Nyquist, and it is
unknown if these waves continue to obey the expected
dispersion for kinetic Alfvén waves above this frequency.

Figure 12. Wave field amplitudes along the magnetic field
at L = 14 as a function of kx 	 ku = 1/hu(2p/a) at the
altitude of Cluster-1 from the solution of equation (1), as
described in the text. The vertical lines show the position of
the FAST and the Cluster-1 spacecraft at the time of
magnetic conjunction and the horizontal lines show the
wave scale where kuri = 1 in the equatorial plane. (a) The
Alfvén speed. (b) The wave magnetic field in the azimuthal
direction (Bj). (c) The wave electric field in the radial
direction (Eu). (d) The wave electric field in the field-
aligned direction (Em). (e) The field-aligned wave
potential.
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Alternatively, a consideration of the currents carried by these
waves reveals that nonlinear effects become important when
1
e
Jmrm

1
ne
Jm  wJm [Ronnmarck and Hamrin, 2000; Streltsov

et al., 2002; Wright et al., 2002], where Jm = � 1
mo
ru

2Am is
the field-aligned current carried by electrons, or when Jm
exceeds the threshold current Jc for the excitation of certain
current driven instabilities [Lysak and Dum, 1983; Streltsov
and Lotko, 1999]. The parallel electric field associated with
these corrections expressed in terms of the wave vector
potential is given by

Em ¼ �l2
er2

uAm
1

emo
rm

1

ne
r2

uAm þ n
� �

; ð11Þ

where n represents parallel anomalous resistivity. To
determine if these effects are important in the generation
of a parallel electric field for the wave amplitudes and scales
observed, we use the linearly derived current to estimate the
parallel field obtained from these nonlinear effects as a
perturbation. Since these effects can be expected to modify
wave dispersion from the linear case, the results derived in
this manner represent an indication of the importance of
these effects rather than a rigorous calculation of the
magnitude of the parallel field they produce. For a self-
consistent evaluation of the importance of these effects at
large scales, we point the interested reader to the manuscript
by Streltsov et al. [2002]. The model we use for anomalous
resistivity is as employed by Streltsov et al. [2002], which is
based on Lysak and Dum [1983], where for current driven
electrostatic ion cyclotron waves Jc = 18vi (vi is the ion
thermal speed) and n = Wi [0.4 + 0.07((jJmj � Jc)/Jc)

2] or 0 if
Jm > Jc or Jm � Jc, respectively.
[42] The results from applying equation (11) to the

currents obtain from the solution of equation (1) are shown
in Figure 13. Figure 13a shows parallel field due to the
convective derivative in Jm (the first term in parentheses in
equation (11)). This field provides amplitudes similar to that
obtained from the linear inertial term but is bipolar along Bo

(the change in sign is indicated by the dip just above 1 Re
and the plus and minus signs). It can be expected that the
amplitude of the parallel field due to this term may be
significantly larger in the case of a full nonlinear calculation
due to the steepening of the wave field where JmrmJm (or
vkerkvke) becomes large close to the peak in VA. If free
electrons can access part of the wave potential, then this
term may be significant in electron acceleration. Figure 13b
shows the parallel wave field due to anomalous resistivity
(the second term in parentheses in equation (11)). From
equation (11) this field is proportional to n, while the linear
inertial term from equation (10) is proportional to the wave
frequency w. Now because w � Wi, and here n  0.4Wi, the
parallel field due to anomalous resistivity when Jm > Jc will
always be several orders of magnitude larger than that due
to the linear inertia. Because of this, in those regions where
the critical current for the electrostatic ion cyclotron wave
instability is exceeded this term provides parallel fields of
the order of mV/m and in fact is comparable in amplitude to
the transverse field.
[43] Figure 13c shows the potential drop associated with

these nonlinear terms. The result is totally dominated by the
fields due to anomalous resistivity which at the smallest

scales provides a potential drop between the equatorial
plane and the ionosphere in this case of 	40 keV. This is
significantly larger than required to account for the electron
energies observed. However, this result is similar to that
found by Streltsov et al. [2002], who qualify such a large
value by noting that this potential cannot be directly
compared with the energy of precipitating electrons, since
the means for the wave dissipation provided by anomalous
resistivity is nonspecific. We also note that in the full
nonlinear calculation the inclusion of anomalous resistivity
is likely to limit the currents to values close to that of the
threshold for instability to yield a smaller parallel field and
field-aligned potential than obtained here. Ultimately, how-
ever, the meaningfulness of these results is dependent on
quality of the parameterized model for n, which needs to be
tested against observations. In this regard, given the multi-
ple electron components present in the acceleration region
and the broadband nature of the wave spectra most com-
monly observed here, it is likely that the beam plasma
instability may be more important than the current-driven
electrostatic ion cyclotron instability. Nonetheless, the cal-
culations performed here support the result of Streltsov and
Lotko [1999] and Streltsov et al. [2002] that anomalous
resistivity may be important, and perhaps the most impor-
tant effect, supporting large parallel electric fields in Alfvén
waves and in accounting for the energy of the electrons
observed in this case study.
[44] In addition to these nonlinear effects, a nonlocal

kinetic theory has been developed by Rankin et al.
[1999b] and Tikhonchuk and Rankin [2002] at frequencies
in the mHz range and at higher frequencies by Lysak and
Song [2003] which may provide significantly larger parallel
electric fields that possible from the usual linear two-fluid

Figure 13. Estimates of the nonlinear contribution to the
parallel electric field (Em) due to (a) the convective
derivative and (b) anomalous resistivity and (c) the resultant
field-aligned wave potential at L = 14 as a function of kx 	
ku = 1/hu(2p/a) at Cluster-1. The vertical lines show the
position of the FAST and the Cluster-1 spacecraft at the time
of magnetic conjunction and the horizontal lines show the
wave scale where kuri = 1 in the equatorial plane.
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treatment. In this approach a nonlocal conductivity is
evaluated based on a consideration of the orbit of energetic
electrons that may mirror in the converging geomagnetic
fields at low altitudes. The magnetic mirroring of these
electrons significantly reduces the parallel conductivity,
thereby requiring larger parallel fields to carry the wave
current Jm. This has been shown to provide parallel fields up
to two orders of magnitude larger than obtained from the
two-fluid treatment as implemented by equation (1) in this
report. Significantly, observations at low altitude from
FAST and at higher altitudes from Cluster indicate that
much of the wave current, particularly at small scales, may
be carried by cold electrons along the entire field line length
(see section 5.3). These electrons do not mirror and may act
to increase or decrease the magnitude of the field-aligned
potential according to the nonlocal kinetic theory by an
amount depending on details of the density and temperature
profiles along the field line [Tikhonchuk and Rankin, 2002].
Calculating the magnitude of nonlocal kinetic contribution
to the field-aligned potential specifically for the field and
particle observations reported here is nontrivial and we will
not attempt it. Instead, we rely on the estimate provided by
Tikhonchuk and Rankin [2002] for typical parameters that
yield a field-aligned potential drop of the order of 1 keV.
This is sufficient to account for the electron energies
observed in this case study.
[45] At altitudes where lx approaches local ri the waves

may accelerate ions [Chen et al., 2001]. From Figure 6 we
identified waves at this scale size on Cluster-1 and trans-
versely accelerated ions in these waves were identified in
Figure 10 on both FAST and Cluster-1. The observed scales
at Cluster-1 when mapped down to FAST altitudes are
sufficiently small to provide wave power at lx 	 ri, and
in fact several studies have shown how large-scale Alfvén
waves above the auroral oval locally produce small-scale
field fluctuations through various instabilities [Seyler, 1990;
Seyler et al., 1998; Penano and Ganguli, 2000; Passot and
Sulem, 2003; Wu and Seyler, 2003; Genot et al., 2004].
Indeed, mapping the scales observed at Cluster-1 along the
field line, it seems probable that significant wave power
exists at gyroradius scales along its entire length. This
means that kinetic Alfvén waves may accelerate ions
continuously along the geomagnetic field to reach energies
sufficient to account for the energetic oxygen component
identified here in the plasma sheet [Chaston et al., 2004].
However, while the energy loss from the kinetic waves
through ion acceleration is significant, the resulting ion
energy fluxes are more than an order of magnitude smaller
than the accelerated electron energy flux found in these
waves.

6.3. Ionospheric Outflow

[46] A result of the ion and electron acceleration processes
is that the field lines on which the dispersive Alfvén waves
are observed become populated with energized ionospheric
plasmas. This may account for the observation of iono-
spheric plasmas in the low-latitude boundary layer. Ogilvie
et al. [1984] identified field-aligned electron beams in the
low-latitude boundary layer with energies extending from 20
to 200 eV, which on closed field lines were found to be
counterstreaming. These electrons were speculated to be of
ionospheric origin [Sharp et al., 1980;Klumpar andHeikkila,

1982] and accelerated along the field line at low altitudes by
an unspecified process. Takahashi et al. [1991] used obser-
vations of this electron component in the equatorial
magnetosphere to identify the low-latitude boundary layer.
Fujimoto et al. [1998] observed bidirectional electrons with
energies less than 500 eV in the presence of ions of mixed
magnetosheath and magnetospheric origin. The observed
electron distributions in all these cases are consistent with
the bursty field-aligned electrons reported here and
commonly found by the FAST and Freja spacecraft above
the dayside auroral oval [Chaston et al., 1999; Su et al.,
2001; Andersson et al., 2002] in the presence of dispersive
Alfvén waves. Several studies have shown how these
electron distributions can be created by electron accelera-
tion in inertial Alfvén waves [Thompson and Lysak, 1996;
Chaston et al., 2000; Kletzing and Hu, 2001].
[47] Similarly, the presence of ionospheric ions in

the boundary layer has been reported by several authors
[Peterson et al., 1982; Eastman et al., 1985]. Fujimoto et al.
[1998] reports the observation of streaming ions in the low-
latitude boundary layer attributable to an ionospheric
source. Chen and Fritz [1998] have demonstrated a corre-
lation between energetic He+ ions and ULF wave turbulence
in the low-latitude boundary layer. The observations pre-
sented here from FAST and Cluster-1 suggest that the
presence of these ions may be the result of transverse
acceleration in dispersive Alfvén waves. The Joule heating
provided by the waves and the FLRs that accompany them
serve to raise the scale height of the ionosphere so that the
ions may reach altitudes where they can interact most
strongly with the electric wave field of the dispersive
Alfvén waves. The process by which this occurs has been
shown to be effective from altitudes as low as 200 km and
may provide ion energies in excess of 10 keV [Chaston et
al., 2004].

7. Conclusion

[48] Dispersive Alfvén waves both traveling and resonat-
ing as FLRs have been identified from a Cluster spacecraft
traversal of the polar cap boundary and from FAST. The
waves are observed midmorning on field lines spanning
plasma sheet, low-latitude boundary layer, and cusp. It has
been shown that:
[49] 1. The waves cover a continuous range of perpen-

dicular scales extending from those appropriate for an MHD
description (	100 km in the ionosphere or 	1 L shell)
down to ion gyroradii and electron inertia lengths (	1 km in
the ionosphere). Over this range of scales the wave disper-
sion is consistent with that expected for dispersive Alfvén
waves with parallel wavelengths a significant fraction of the
distance along the field-line to the equatorial plane. These
waves have frequencies from 1 to 50 mHz in the plasma
frame and when observed on closed field lines are kinetic
FLRs.
[50] 2. The dispersive Alfvén waves are observed in

coincidence with counterstreaming field-aligned electrons
with energy up to 1 keV. These electrons deposit up to
	10 mW/m2 into the auroral ionosphere and can be expected
to drive bright aurora. Conjunctive observations reveal that it
is probable that the observed electrons are accelerated by the
observed dispersive Alfvén waves. This acceleration occurs
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mostly at altitudes between 1 and 6 Earth radii where
perpendicular wavelengths are similar to the electron inertial
length and where anomalous resistivity and or nonlocal
electron kinetic effects may support parallel electric fields
sufficient to account for the observed electron energies.
[51] 3. The dispersive waves are observed in coincidence

with outflowing transversely accelerated ions with energies
extending up to 10 keV at 5.4 Re altitude. It is probable that
the transversely accelerated ions observed on each space-
craft are accelerated by dispersive Alfvén waves. This
acceleration begins at altitudes below FAST and continues
at higher altitudes in waves observed with perpendicular
wavelengths of the order of the ion gyroradius.
[52] 4. At the largest transverse scales observed, the

waves deposit energy into the ionosphere through Joule
heating at the rate of 	1 mW/m2.
[53] 5. The acceleration processes occurring in the dis-

persive Alfvén waves populate the entire flux tube with
ionospheric electrons and ions.
[54] 6. The properties of the waves observed are consis-

tent with that expected from mode conversion of surface
Alfvén waves to kinetic Alfvén waves on radial Alfvén
speed gradients on the open/closed field line boundary in
the equatorial plane. However, we note that mode conver-
sion from compressional waves in the magnetosheath can-
not be eliminated as a possible source for the waves
observed.
[55] Finally, the observations presented here are consis-

tent with the predictions of Chen and Hasegawa [1974a,
1974b] and Hasegawa [1976] and the simulations of Rankin
et al. [1993], Wei et al. [1993, 1994], and Streltsov and
Lotko [1995] (and later publications by these same authors)
which show that surface waves or fast mode compressional
waves on Alfvén speed gradients in the outer magneto-
sphere may mode convert to kinetic Alfvén waves, excite
FLRs, and form aurora.

Appendix A

[56] We define a model for density, temperature, and
composition based on the plasma observation from Clus-
ter-1, as discussed above, and statistical altitude dependent
profiles from FAST [Chaston et al., 2003] and several other
spacecraft [Kletzing and Torbert, 1994]. We describe the E
and F layers using Chapman profiles given by N = noexp[1�
jh � hpj/hsh � exp[�jh � hpj/hsh]], where h is the radial
distance above the ionosphere, no is the density at position

hp, and hsh is the scale height. The contribution of ion ouflow
is included through a inverse power law with a fixed point at
the altitude of Cluster-1 and is given by N = no(h/hsp)

�pout.
Here no is the density of outflowing ionospheric ions at the
position of Cluster-1, which is specified by hsp = 5.4 RE, and
pout is the power law index. The plasma sheet and magneto-
sheath density is represented using a profile of the same form
as the Chapman profiles but with peak density at the position
of Cluster-1 and slightly declining densities above this
altitude to maintain nTe approximately constant above this
position along the field line. The actual values assigned to
each of the above parameters for each component observed
is given in Table A1.
[57] The temperatures of the ionospheric components are

given by the expressions TH+ = 1 + 49 tanh[(0.4h/(2RE)],
TO+ = 1 + 299 tanh[h/(2RE)], and Te = 1 + 49 tanh[0.4h/
(2RE)] eV, which provide temperatures of 1 eV at 100 km
altitude in the ionosphere and 50 eV, 300 eV, and 50eV,
respectively, in the equatorial plane. These provide the
temperatures as observed for each of these at the position
of Cluster-1 and have the same form as previously
employed by Lysak and Lotko [1996]. The ion plasma
sheet temperature is 2500 eV and the electron plasma
sheet temperature is 500 eV. These temperatures include
the contribution from magnetosheath plasmas present at
the conjunction time.
[58] The magnetic field is assumed dipolar and given in

the equatorial plane by B = Bosin
6 q/(1 + 3 cos2 q), where q

and Bo are the magnetic colatitude and magnetic field,
respectively, at Cluster-1.
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Sp. Sci. Rev., 92, 423.

Stasiewicz, K. Y., C. E. Seyler, F. S. Mozer, G. Gustafsson, J. Pickett, and
B. Popielawska (2001), Magnetic bubbles and kinetic Alfvén waves in
the high latitude magnetopause boundary, J. Geophys. Res., 106, 29,503.

Stenbaek-Nielsen, H. C., T. J. Hallinan, D. L. Osborne, J. Kimball, C. C.
Chaston, J. P. McFadden, G. Delory, M. Temerin, and C. W. Carlson
(1998), Aircraft observations conjugate to FAST: Auroral arc thicknesses,
Geophys. Res. Lett., 25, 2073.

Streltsov, A. (1999), Dispersive width of the Alfvénic field line resonance,
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