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[1] Pc3 pulsations (frequency �20–100 mHz) which originate in the ion foreshock
upstream of the Earth’s bow shock due to the interaction between reflected ions and the
solar wind are frequently observed in ground-based pulsation magnetometer data. Previous
studies have noted increased Pc3 wave power in the vicinity of the dayside cusp and
inferred that the upstream waves gained entry via the cusp, although more recent studies
have revealed a more complex picture. Here, we examine Pc3 wave power near local noon
observed by search coil magnetometers at three closely-spaced stations on Svalbard,
during times when an extended interval of HF radar backscatter indicative of the cusp is
detected by the Hankasalmi SuperDARN radar. The location of the equatorward edge
of the HF radar cusp may then be directly compared with the Pc3 wave power
measured at three latitudes as the cusp migrates across the stations on a statistical
basis. These observations are more consistent with wave entry to the magnetosphere
along closed field lines equatorward of the cusp via the ionospheric transistor
mechanism of Engebretson et al. (1991a), or weakly coupled fast and Alfvén wave modes,
which then map to the low-latitude boundary layer or outer magnetosphere, rather
than with wave entry into the magnetosphere via the cusp proper or exterior cusp.
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1. Introduction

[2] The influence of the Interplanetary Magnetic Field
(IMF) on Ultra Low Frequency (ULF) waves in the Pc3
frequency band (frequency �20–100 mHz) observed in the
dayside magnetosphere has been known since Troitskaya
et al. [1971] demonstrated that whenever the cone angle,
qxB, of the IMF dropped below a certain threshold, enhanced
ULF power was observed. This was explained by attributing
the wave generation process to populations of backstreaming
ions at the bow shock which are most likely to occur during
times of low IMF cone angles. These backstreaming ions
resonantly interact with naturally occurring waves in the
solar wind, amplifying them [Gary, 1981]. As the propaga-
tion speed for ULF waves in the solar wind is significantly

lower than the solar wind flow speed, these ULF waves are
convected toward the Earth. In addition to cone angle control
of the wave occurrence, the IMF magnitude also controls the
peak frequency at which waves are generated. Takahashi
et al. [1984] found that the peak frequency of waves
observed inside the dayside magnetosphere, f, was dependent
on both the IMF strength B and qxB. Observational evidence
supporting this mechanism is reviewed by Odera [1986] and
Greenstadt et al. [1981].
[3] Modeling studies by Krauss-Varban [1994] have

suggested that the compressional waves generated upstream
of the bow shock traverse the bow shock, magnetosheath
and magnetopause without significant changes to their
spectrum. However, observations suggest that narrowband
wave activity is rarely observed within the magnetosheath,
but rather broadband wave signatures of both a compres-
sional and transverse nature [Engebretson et al., 1991b; Lin
et al., 1991a, 1991b]. Engebretson et al. [2000] found no
significant influence on the IMF clock angle in conjugate
measurements of Pc3 wave power. They concluded from this
that the Pc3 power generated upstream of the bow shock was
convected through the magnetosheath as a spatial structure to
the subsolar magnetopause, rather than propagating as a
wave. Such wave activity may still gain access to the mag-
netosphere, and drive broadband or narrowband wave activ-
ity there, acting as a conduit between the upstream wave
source and the magnetospheric response.
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[4] The exact mechanism through which Pc3 band power
subsequently gains entry into the magnetosphere from the
magnetosheath has received considerable attention, yet
remains an open area of research. Early investigations from
low latitudes suggested that the Pc3 wave power entered the
magnetosphere via a wave coupling mechanism. At low
latitudes Pc3 power may arise due to coupling to Field line
Resonances (FLRs [Southwood, 1974]), where the resonant
field line frequencies are appropriate for the Pc3 frequency
range [Yumoto et al., 1984, 1985]. At high latitudes, how-
ever, the fundamental resonant frequencies are lower, raising
the question of how significant Pc3 power with an upstream
origin reaches the high-latitude region where resonant field
lines are not available.
[5] Engebretson et al. [1991a] investigated the distribu-

tion of AMPTE CCE (Active Magnetospheric Particle
Tracer Explorers/Charge Composition Explorer) satellite
measurements of Pc3 band power in magnetic local time and
magnetic latitude, and also noted a similar modulation of the
Pc3 pulsation power and precipitating magnetosheath/
boundary layer electrons, proposing that the modulated
electron fluxes provided an efficient conduit for wave power
into the magnetosphere, via modulation of the ionospheric
conductivity, in the so-called ionospheric transistor model.
Engebretson et al. [1994a] used optical data to demonstrate
that the particles involved were in fact trapped energetic
particles (>5 keV) originating on closed outer magneto-
spheric field lines. In this model, as described subsequently
by Engebretson et al. [2006], the peak wave power observed
on the ground would map to outer magnetospheric field
lines, reaching near the equatorward cusp boundary, but not
within the cusp proper. The modulation of the ionospheric
currents proposed in this model was demonstrated to result
in large enough current systems to cause the observed
magnetic perturbations by Engebretson et al. [1994b]. A

number of subsequent studies [e.g., Engebretson et al.,
2000, and references therein] have argued that the spatial
distribution of wave power on the ground is more consistent
with such an entry mechanism, rather than one which
involves a direct propagation of compressional wave power
through the dayside magnetopause, and a subsequent prop-
agation of this wave power throughout the magnetosphere
with coupling to field-guided Alfvén modes.Matsuoka et al.
[2002] used Geotail spacecraft data and data from ground
magnetometers and coherent radars to suggest a close rela-
tionship between the Pc3 wave power and the cusp location,
consistent with the ideas of Engebretson et al. [2000]
although they also invoked the model of Pilipenko et al.
[1999], which suggests a waveguide in the exterior cusp in
order to explain the latitudinal profile of the wave power.
[6] By contrast, Howard and Menk [2005] more recently

provided a detailed spectral analysis of a subset of Pc3-4
wave events which had a large spatial coherence length,
observed in ground magnetometer array data. While Howard
and Menk [2005] concluded that their maximum amplitude
was close to the projected footprint of a modeled magneto-
pause, broadly consistent with the studies above, their
interpretation was that fast mode waves entering the mag-
netosphere near the subsolar point were coupled to field-
guided Alfvén modes, which could subsequently form
standing oscillations more in line with the suggestions of
Yumoto et al. [1984, 1985]. Howard and Menk [2005] con-
sidered a number of candidate mechanisms. A direct prop-
agation of the fast mode from the subsolar point to the high
latitude regions is one candidate. A fast mode which couples
to field-guided modes in the outer magnetosphere might also
drive those field lines to resonance at higher harmonics,
although Pilipenko and Engebretson [2002] considered this
to be unlikely. Coupling of the upstream wave source to
cavity modes [e.g., Kivelson et al., 1984] might also provide
increased high latitude powers. Howard and Menk [2005]
concluded that a direct propagation of the fast mode would
not provide the observed high latitude peak, and found no
evidence of the node/antinode structure expected for a cavity
mode. They found some evidence of the driving of high
latitude field line resonances at high harmonics for a
minority of events, but concluded that wave entry at the
subsolar point as a compressional wave, with subsequent
weak coupling to field-guided Alfvén waves, was the most
likely mechanism. Their study was, however, restricted to
events with a large spatial coherence length, which may not
be typical of the overall wave power in the Pc3 frequency
band, nor did their events show any clear signs of the fre-
quency dependence on the IMF magnitude expected for
upstream-generated events [Takahashi et al., 1984].
[7] The scenario of Howard and Menk [2005] is consistent

with two recent case studies. Clausen et al. [2008] detected
Pc3 wave power interpreted as having an upstream source
over a wide range of ground locations and presented evi-
dence for mode coupling to Alfvén waves within the mag-
netosphere. Clausen et al. [2009] observed the upstream Pc3
wave power directly in the solar wind. Field lines driven at
their natural frequencies within the magnetosphere were
simultaneously observed by the Cluster satellites, and wave
power was also observed on the ground by magnetometers.
In both these cases the evidence for mode coupling to Alfvén
waves was noted fairly deep in the magnetosphere at L � 5.

Figure 1. The field of view of the Hankasalmi, Finland
SuperDARN radar. Channel A of the radar employed a full
16-beam scan, and is outlined in black. Channel B was
restricted to beam 9, and is outlined in green. The locations
of the three induction coil magnetometers on Svalbard
(NAL, LYR, and HOR) are also marked.
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Figure 2. (a) Color-coded velocity data from Channel A of the Hankasalmi radar at 10:16 UT on
February 21, 2008, in magnetic local time-magnetic latitude coordinates. Potential contours derived
from velocity data from the full SuperDARN array are also illustrated. (b) Color-coded spectral width data
in the same format as Figure 2a. (c) A DMSP spectrogram from 10:10 UT to 10:22 UT on February 21,
2008. The spacecraft track is shown in Figures 2a and 2b, where blue indicates regions of the track equa-
torward of the poleward boundary of energetic electron precipitation indicative of closed field lines, and
green indicates regions poleward of this.
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[8] Here we approach the subject of the wave entry
mechanism through a statistical comparison of the Pc3 wave
power in the cusp region with direct observations of the
location of the overlying cusp, provided through the spectral
width boundary of HF coherent radar data, in order to
investigate the validity of the various mechanisms proposed
above.

2. Instrumentation

[9] The location of the cusp in this study was monitored
by spectral width data [Ponomarenko et al., 2007] from the
SuperDARN radar at Hankasalmi, Finland. Full details of
SuperDARN are given by Greenwald et al. [1995] and
Chisham et al. [2007]. Figure 1 presents the field of view of
the radar scan mode used in this study. Hankasalmi is a
Stereo SuperDARN radar [Lester et al., 2004], sounding two
radar channels simultaneously. Here channel A of the radar

employed a full 16-beam scan of 45 km range gates, starting
at a range of 180 km, and is outlined in black. Channel B
was restricted to a single beam, beam 9, pointing northward
again with 45 km range gates. This beam is outlined in green
in Figure 1. The integration time of the radar was 3 s,
yielding a full radar scan from Channel A every minute,
and single beam data with 3 s time resolution on Channel B.
The range-finding algorithm used here includes the correc-
tions for one and a half hop ionospheric backscatter as dis-
cussed by Yeoman et al. [2001], Chisham et al. [2008] and
Yeoman et al. [2008].
[10] Data are also presented from three induction coil mag-

netometers (Ny Ålesund, NAL, 76.3° Corrected Geomagnetic
(CGM) latitude; Longyearbyen, LYR, 75.3° CGM latitude
and Hornsund, HOR, 74.2° CGM latitude, see Figure 1).
These instruments, the Augsburg College–University of
New Hampshire magnetometer array, were deployed in a
closely spaced array on Svalbard during September 2006

Figure 3. Radar and induction coil magnetometer data from 06:00 to 14:00 UT on February 21,
2008. (a) Color-coded velocity data from Channel B of the Hankasalmi radar as a function of magnetic
latitude. The magnetic latitudes of the induction coil magnetometers at NAL, LYR and HOR are indi-
cated with horizontal black lines. (b–d) Dynamic spectra of data from the 3 Svalbard induction coil
magnetometers. (e) Dynamic spectrum of data from the antarctic Halley induction coil magnetometer.
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[Engebretson et al., 2009]. These instruments are similar to
those used for many years at several sites in Antarctica
[Engebretson et al., 2005], and data are also presented from
the instrument there at Halley (HAL, �62° CGM latitude).
Each instrument provides vector samples of dB/dt each 0.1 s
in local geomagnetic coordinates with X northward and Y
eastward. Here X component induction coil data is pre-
processed by reducing the data to 0.5 s sampling, and then
differencing the data in the time domain, as performed by
Engebretson et al. [2000, 2005] to suppress low frequency
wave activity, prior to the Fourier analysis described in
section 3.
[11] Particle precipitation data are included from the SSJ/4

[Hardy et al., 1984] instrument on DMSP F15. The DMSP
satellites are in sun-synchronous polar orbits at an altitude of
840 km, and SSJ/4 points toward zenith, measuring ion and
electron fluxes between 30 eV and 30 keV.

3. Data

[12] The data set investigated here was selected as fol-
lows. Intervals of significant Pc3 wave activity originating
from upstream of the Earth’s bow shock were initially
selected by eye from spectrograms of induction coil
magnetometer data from the three Svalbard magnetometer
stations, during intervals when upstream data from the ACE
spacecraft indicated that the IMF cone angle was conducive
to upstream wave generation. The frequencies observed at
Svalbard were consistent with those predicted from the
upstream conditions, and the intervals chosen were restricted
to intervals with a favorable cone angle. This yielded 30 days

of data containing intervals for further examination from the
�150 days of available 3–station data. Subsequently this list
of events was reduced by applying the criteria that the
SuperDARN Hankasalmi radar was running in the stereo
mode described in section 2, where high time resolution were
available on the Channel B beam overlying the magnetom-
eter instruments, and that sufficient continuity of radar data
was available at cusp latitudes to use the spectral width of the
ionospheric backscatter as a proxy for the cusp position
[Baker et al., 1995; Villain et al., 2002; Chisham and
Freeman, 2003]. Application of these criteria produced
14 individual days for subsequent analysis, where the
number of hours of useful data in a day varied from 2 to
8 hours in duration.
[13] A magnetic local time-magnetic latitude snapshot of

line-of-sight (l-o-s) Doppler velocity and spectral width from
the Hankasalmi SuperDARN radar at 10:16 UT during a
typical day, February 21, 2008, is included in Figures 2a and
2b, respectively. Here magnetic latitude is marked by dotted
circles, starting at 80°, magnetic local time is marked in
1-hour increments by radial dotted lines and local noon is at
the top of the figure. In Figure 2a, antisunward velocities are
observed in the noon high latitude ionosphere in the vicinity
of the convection throat as identified by the global flow
streamlines provided by the full SuperDARN array through
the map potential technique [Ruohoniemi and Greenwald,
1996, 2005], and such observations are typical of HF radar
data in the cusp region [e.g., McWilliams et al., 2001].
Figure 2b reveals this area to be characterized by the high
spectral widths typical of this region [Baker et al., 1995].
Figure 2c presents a DMSP F15 spectrogram from 10:10 UT

Figure 4. (a) Latitude-time-spectral width plot of data from beam 9 of the Hankasalmi SuperDARN
radar from 06:00 to 14:00 UT on February 21, 2008. The magnetic latitudes of the induction coil magnet-
ometers at NAL, LYR and HOR are indicated with horizontal black lines, and the spectral width boundary
determined from the radar data, used here as a proxy for the cusp location, is indicated by a black curve
(see text for details). (b) The time dependence of the spectral power in the 20–40 mHz frequency band
derived from the induction coil magnetometers at NAL, LYR and HOR.
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to 10:22 UT. Two regions of energetic electron precipita-
tion can be seen in the spectrogram, between 10:12:30–
10:13:30 UT and 10:18:00–10:21:00 UT. Between these
regions only low energy electrons, and some dispersed ion
signatures are seen, as expected from the open field lines of
the cusp and mantle regions [Newell and Meng, 1992]. The
spacecraft track is shown in Figures 2a and 2b, where blue
indicates regions of the track equatorward of the poleward
boundary of the energetic electron precipitation indicative of
closed field lines, and green indicates regions poleward of
this. A good correspondence is seen between the latitudes
bounded by the region of the satellite track colored green and
the region of antisunward velocities and high spectral widths
measured by the HF radar. Thus it can be demonstrated that
the DMSP data provides an identification of the latitude of the
cusp region which is consistent with that from the HF radars.
[14] Figure 3 presents the temporal development of the

radar and magnetometer data between 06:00 UT and

14:00 UT on February 21, 2008. Figure 3a again presents
the l-o-s Doppler velocity from the Hankasalmi SuperDARN
radar, now as a function of time and magnetic latitude. Pulsed
antisunward flows are observed throughout the interval,
again typical of HF radar data in the cusp region [McWilliams
et al., 2001]. The location of the cusp scatter can be seen to
evolve throughout the interval, being predominantly pole-
ward of the locations of the three magnetometer stations
(marked on the figure with horizontal lines) at the beginning
of the interval, but migrating to equatorward of the magnet-
ometers by the end of the interval. Figures 3b–3d present
dynamic spectrograms of data from the three Svalbard mag-
netometers. In each case the 2 Hz sampled data from the
magnetometers is subjected to an FFT analysis over a 20 min
window, with a 5 min slip used in plotting the spectrograms.
Significant spectral power is observed throughout most of the
time interval under analysis, with the strongest powers being
observed between 08:00 and 10:00 UT, centered between 20
and 40 mHz. The data from Halley, Antarctica in Figure 3e
will be discussed later.
[15] The data are analyzed further in Figure 4. Figure 4a

again shows a magnetic latitude-time plot of data from the
Hankasalmi SuperDARN radar, but now spectral width is
displayed. The HF radar spectral width boundary is routinely
used as a proxy for the location of the cusp, as the data
characteristically changes from low widths equatorward of
the cusp on closed magnetic field lines to high spectral
widths poleward of the cusp on open field lines [e.g., Baker
et al., 1995; Villain et al., 2002; Chisham and Freeman,
2003]. Here we use a simple technique to locate this
boundary between narrow and wide spectra, by determining
the first latitude at which a spectrum with a width which
exceeds 200 m s�1 is observed in the 3 s sampled Channel B
data from Hankasalmi, and averaging this latitude over
5 min. The spectral width boundary determined by this
technique is shown as a black line in Figure 4a, and can be
visually seen to reasonably accurately follow the spectral
width boundary, and thus allows a convenient automatic
procedure for determining the latitudinal separation of the
magnetometer stations (marked with horizontal black lines)
from the cusp location. Figure 4b shows a time series of
spectral power for each of the Svalbard magnetometer sta-
tions, derived from a summation of the spectral powers
shown in Figure 3 between 20 and 40 mHz. Previously
Engebretson et al. [2000] averaged wave power between
15–50 mHz, but the narrower band used here effectively
covers the main wave activity in all the events under study. It
can be seen that the spectral powers from the highest latitude
station, NAL, are almost always lower than those at the
lower latitudes. During the first half of the interval, when the
cusp is at its highest latitudes, the spectral power at LYR is
generally higher than that at the lowest station, HOR. In the
second half of the interval, when the cusp moves equator-
ward, the power at HOR generally exceeds that at LYR, both
when HOR is poleward and equatorward of the inferred cusp
position.
[16] These dependencies of spectral power on the relative

separations of the magnetometer stations and the cusp during
this interval are explored further in Figure 5. Figure 5a pre-
sents a scatterplot of the spectral powers displayed in
Figure 4b against the latitudinal separation of the magne-
tometer station and the cusp latitude proxy derived from

Figure 5. (a) A scatterplot of the NAL, LYR and HOR
magnetometer spectral power as displayed in Figure 4b
against the latitudinal separation of the magnetometer station
from the spectral width cusp proxy indicated in Figure 4a.
(b) As for Figure 5a but now plotting the magnetometer
spectral power normalized by the concurrent spectral power
measured by HAL.
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Figure 4a. Here positive values indicate magnetometer
positions poleward of the cusp and negative values indicate
magnetometer locations equatorward of the cusp. Data from
each magnetometer station are color-coded as indicated in
the figure legend. The spectral powers can be seen to be well
ordered by the separation of the magnetometer station from
the cusp, and from this interval the peak spectral power is
recorded when the magnetometer stations are �2° equator-
ward of the cusp latitude, although for this data interval
coverage is limited for magnetometer–cusp separations fur-
ther equatorward than this.
[17] Clearly any temporal variability of the wave power in

the upstream wave generation region will also affect the
wave power as registered on the ground magnetometers. In
order to compensate for this variability, the wave power as
measured far from the cusp region, at Halley, Antarctica, has
also been measured, as shown in Figure 3e. These data,
processed identically to the Svalbard magnetometer data,
have been employed to normalize the Svalbard wave power
for the effects of a variable upstream source, by computing
the ratio of the wave power in the vicinity of the cusp, as
measured at NAL, LYR, and HOR, to that as measured
deeper in the magnetosphere at HAL. A scatterplot of this
spectral power ratio is presented in Figure 5b. The spectral
power ratio ranges from the cusp region power being an
order of magnitude higher than the lower latitude power near
the peak power region �2° equatorward of the cusp, to the
lower latitude power being almost 2 orders of magnitude
greater than the cusp stations once those stations lie 4°
poleward of the cusp location. For this interval the scatter-
plots of cusp region spectral power versus the distance to the
cusp and spectral power ratio versus the distance to the cusp
have a very similar form, implying that the variability of the
upstream source was less important than the location of the

magnetometer relative to the cusp in determining the mea-
sured spectral power in this case.
[18] A second interval of data from 06:00 UT to 08:00 UT

on October 7, 2006 is presented in Figure 6, in the same
format as Figure 4. In this case a shorter interval of contin-
uous radar data are available, and as a result the cusp loca-
tion is less variable. The wave power from NAL is again the
weakest of the three Svalbard magnetometer stations. Wave
power from LYR is highest at the beginning and the end of
the interval, when the cusp latitude is highest, but wave
power from the lowest latitude station at HOR dominates in
the center of the interval, when the cusp latitude is at its
lowest. A scatterplot of wave power (Figure 7a, in the same
format as Figure 5a) shows less variability of wave power, as
the range of latitude separations is more limited, but suggests
a peak wave power in this case in the region �3–4° equa-
torward of cusp. In Figure 7b the spectral power ratios show
a similar clustering to the spectral powers, with in this case
similar powers being observed near to the cusp and deeper in
the magnetosphere at HAL.
[19] In Figure 8 the data from the full set of 14 days

observations are combined together in a similar format to
Figures 5a and 7a, providing a total of 1364 data points for
comparison. In Figure 8a the data from each day of obser-
vation are color-coded in order to highlight the variability
within and between the days of observation. These obser-
vations were taken in September and October 2006 and
February and March 2008. Over the 14 days of observations,
a range of separations from the magnetometer locations to
the cusp location of between �5° latitude equatorward and
�5° latitude poleward of the cusp were recorded. During the
14 days the variability of the cusp–magnetometer latitude
separation in each individual day was between 2° and 8°
latitude. Five of the 14 days showed a range of cusp–

Figure 6. Radar and magnetometer data from 06:00 to 08:00 UT on October 27, 2006. The format is
identical to that of Figure 4.
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magnetometer latitude separations of 6° or more, with a
further 7 days showing 4° or more. The separation of the
latitude of maximum Pc3 power from the cusp latitude on
a particular day varied between 4° equatorward of the cusp
to 0.5° poleward on one occasion. Half of the days had
sufficient variability of the cusp location to individually show
a clear trend in Pc3 power with separation from the cusp.
While a great deal of scatter is apparent in Figure 8a, a clear
overall peak in spectral power is observed close to 2° equa-
torward of the cusp location. Figure 8b presents the same
data, but with the color-coding removed for clarity, and the
mean spectral power in 1° latitude bins overplotted, together
with the standard errors on the mean powers. 1° latitude bins
are chosen as, although magnetometer data responds to a
region integrated over approximately the E region height,
somewhat greater than 1°, the overhead currents will provide
the strongest signatures, and clear variations in power are
observed between the Svalbard magnetometers at separations

of�1°. In spite of the scatter in the plot, the mean powers can
be seen to be well ordered by their proximity to the cusp.
Figure 9 presents a similar analysis for the spectral power
ratio. The peak power at 2° equatorward of the cusp location
is retained in this figure, and the spread of the data remains
similar to that shown in Figure 8.

4. Discussion

[20] Data from 14 intervals of induction coil magnetome-
ter measurements from a closely spaced array on Svalbard
have been combined with data from the Hankasalmi
SuperDARN radar to investigate the dependence of Pc3 wave
power in the ground based magnetometer data, originating
from upstream of the bow shock, on the proximity of the
magnetometers to the cusp region. Wave power has been
quantified by summing the spectral power in the magne-
tometer data between 20 and 40 mHz, using both the spectral
power measured in the vicinity of the cusp, and the ratio of
spectral powers in the cusp region to that measured deeper in
the magnetosphere at HAL. The latitudinal separation of the
magnetometers from the cusp region was monitored by the
location of the spectral width boundary in the ionospheric
backscatter from the Hankasalmi radar, which has been
shown here to be an effective diagnostic of the cusp location
for use with the the Augsburg College–University of New
Hampshire magnetometer array on Svalbard. Pc3 ULF wave
activity has been demonstrated to be modulated as the open-
closed field line boundary, as predicted from the Hankasalmi
radar data, migrates across the magnetometer array. Both
radar and magnetometer measurements have been processed
at a cadence of 5 min, leading to a total of 1364 data points
being available for comparison.
[21] Two intervals have been examined in detail. Figure 4

presented the cusp location and integrated Pc3 spectral
power from one of the longer intervals of data on February
21, 2008. This extended interval allows the variability of the
Pc3 spectral power to be examined as the cusp latitude
changes significantly. From 06:30 UT to 10:00 UT the cusp
remained significantly poleward of the magnetometer sta-
tions, and the spectral power from the highest latitude
magnetometer at NAL is consistently lower than that recor-
ded at the two lower latitude stations, indicating that on this
day the latitude of the peak spectral power was significantly
displaced equatorward of the cusp position. Early in the
interval LYR records higher powers than the lower latitude
HOR station, indicating that the equatorward displacement
of the maximum Pc3 spectral power location from the cusp
is modest. By 11:00 UT it was the HOR station which
recorded the highest spectral powers, indicating that as the
cusp location moved equatorward, the location of the peak
Pc3 spectral power migrated equatorward in concert with the
cusp location, but now to latitudes equatorward of all three
magnetometer stations. By the end of the interval, when the
cusp itself had migrated equatorward of the magnetometer
stations, the spectral power was clearly ordered, decreasing
with latitude, indicating a drop off in Pc3 spectral power as
the poleward latitude separation of the magnetometers from
the cusp increased.
[22] The scatterplot of integrated Pc3 spectral power versus

separation from the cusp presented in Figure 5 confirms this
behavior, showing a strong ordering of the Pc3 spectral

Figure 7. (a) A scatterplot of the NAL, LYR and HOR
magnetometer spectral power as displayed in Figure 6b
against the latitudinal separation of the magnetometer station
from the spectral width cusp proxy indicated in Figure 6a.
(b) As for Figure 7a but now plotting the magnetometer
spectral power normalized by the concurrent spectral power
measured by HAL.
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power with cusp separation, with the displacement of the
spectral power peak from the cusp being�2° equatorward. A
consistent pattern is displayed for each of the Svalbard
magnetometers. Very similar behavior was observed in the
spectral powers from the Svalbard stations when presented as
a spectral power and a spectral power ratio normalized by the
spectral power recorded at the lower latitude station at Hal-
ley, indicating that any temporal variability of the upstream
source was not a strong or significant influence on the lati-
tudinal dependence of spectral power shown in Figure 5a.
[23] A similar picture emerges from the second interval on

October 7, 2006 examined in Figure 6. This shorter interval
has less variability in the cusp location, which remains
poleward of all three magnetometer stations throughout.
However, the data from the Hankasalmi radar clearly indi-
cate that the cusp latitude was at its lowest during the central
hour of the interval. The highest latitude station at NAL

recorded the lowest integrated Pc3 spectral powers
throughout, again indicating that the location of the peak
power was displaced equatorward of the cusp. Pc3 power at
the middle latitude station at LYR dominated at the begin-
ning and the end of the interval when the cusp latitude was
highest, whereas the lowest latitude station at HOR was
strongest in the middle of the interval when the cusp was at
its lowest latitude. The scatterplot for this interval (Figure 7)
showed much less variability in the recorded spectral power,
as might be expected for a more constant cusp position, and
in this case there is some evidence for the peak spectral
power lying some 4° equatorward of the cusp position.
Again the data from the three Svalbard stations are consis-
tent, and a similar picture emerges from the spectral power
and spectral power ratio analysis.
[24] The full data ensemble were presented in Figure 8.

When combined together the 14 days data present a much

Figure 8. A scatterplot of the NAL, LYR and HOR magnetometer spectral power for each station against
the latitudinal separation of the magnetometer station from the cusp, as displayed in Figures 5 and 7, but
now for the full ensemble of 14 days data. In Figure 8a the data are color-coded according to the day on
which the observations were taken, in order to highlight the trends during and between days. In Figure 8b
the color-coding is removed, and the mean power and standard error on the mean power in 1° latitude bins
is overplotted on the raw data.

Figure 9. A scatterplot of the NAL, LYR and HOR magnetometer spectral power, normalized by the
concurrent spectral power measured by HAL, for each station against the latitudinal separation of the mag-
netometer station from the cusp, in the same format as Figure 8.
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more scattered picture than when examined individually.
The color-coding by day of observation in Figure 8a reveals
that while individual days are well ordered by the location
relative to the cusp, there are significant differences in power
level between the various days of observations, with, for
example the observations color-coded blue showing greatly
reduced Pc3 wave power compared to the day color coded
green. This is perhaps unsurprising, as differing intensities
of the upstream wave source and differing efficiencies of
wave propagation through the magnetosheath and magne-
tosphere to the cusp footprint region are to be expected on
different days, with different magnetospheric conditions. In

spite of this spread in the data, when the mean Pc3 spectral
power is calculated in 1° latitude bins in Figure 8b, a clear
trend for maximum power at�2° latitude equatorward of the
cusp location remains, in spite of the actual spectral power
recorded at this location varying by � three orders of mag-
nitude between individual observations taken in this region.
The standard deviation of the distribution at the peak �2°
equatorward of the cusp is large at �10�5 arbitrary units
compared to the mean of � 6 � 10�6. However the standard
error on the mean powers plotted in Figure 8b remain of
modest size at � 7 � 10�7. A linear fit to the mean powers
poleward and equatorward of the peak give power gradients
corresponding to an order of magnitude power decrease in
3.3° latitude poleward of the maximum and 2.2° latitude
equatorward of the maximum.
[25] The full data ensemble in terms of spectral power

ratios between the Svalbard stations and the lower latitude
station at Halley were presented in Figure 9. This figure
presents a very similar picture to Figure 8. Again there is a
large spread in the data from day to day, with spectral power
ratios ranging from 10�2 to 102, but a clear tendency for the
peak spectral power ratio to be recorded in a region �2°
equatorward of the cusp location remains. A linear fit to the
mean powers ratios poleward and equatorward of the peak
give power ratio gradients corresponding to an order of
magnitude power ratio decrease in 3.2° latitude poleward of
the maximum and between 2.6 and 5.6° latitude equatorward
of the maximum, depending on whether or not the lowest
latitude mean datapoint is used in the fit. At the lowest
latitudes the data are sparse and a linear fit is probably not
appropriate for the spectral power ratio data. Thus we con-
clude there is no detectable difference in the latitudinal
gradients for the spectral power and spectral power ratio
results in the current analysis.
[26] Figure 9 shows that the Pc3 spectral power is typi-

cally amplified by a factor of �10 in the region of maximum
power equatorward of the cusp when compared to the lower
latitude data from Halley at L = 4.6. The standard deviation
of the distribution at the peak�2° equatorward of the cusp is
�20, with the standard error on the mean of�1. The spectral
power in the high latitude region falls off away from the
location of the peak spectral power such that it typically
equals that at Halley (a spectral power ratio of 1) at �3°
poleward of the spectral power peak, and again between 2.6°
and 5.6° equatorward of the spectral power peak. Hence
spectral power at the cusp latitude itself is broadly the same
as that observed in the inner magnetosphere. At times the
spectral power far from the cusp at HAL may exceed that at
the cusp by up to an order of magnitude, indicating that
wave entry to the inner magnetosphere may be stronger than
that to the cusp region. During the intervals examined here
the high latitude (northern hemisphere) stations are pre-
dominantly under winter conditions, whereas the lower lat-
itude (southern hemisphere) station is under summer
conditions. The seasonal variation of, for example, iono-
spheric conductivity will likely have an effect on the mea-
sured Pc3 powers and hence the spectral power ratios, and
this will be investigated in future studies.
[27] It is interesting to estimate the location within the

equatorial plane magnetosphere which corresponds to the
region of maximum Pc3 spectral power on the ground.
To do this Figure 10 presents a field line trace using the

Figure 10. A Tsyganenko 96 field line trace of the last
closed field line (dotted line), and the field line
corresponding to the latitude of the peak Pc3 spectral power
observations in the vicinity of the cusp (solid line). (a) GSE
XZ plane and (b) GSE XY plane. A model magnetopause is
indicated in blue in each panel.
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Tsyganenko 96 (T96 [Tsyganenko, 1995]) geomagnetic
field model, driven by upstream parameters appropriate for
the interval of February 21, 2008, (which was presented in
Figures 3–5) at 10:00 UT. This interval is typical for the
intervals under investigation here. Figure 10a shows the GSE
XZ plane and Figure 10b shows the GSE XY plane, and a
model magnetopause [Shue et al., 1997] is indicated in each
panel for reference. The dotted line represents a field line
which reaches the magnetopause. The solid line represents a
field line emanating from a location 2° equatorward of this,
typical of the region of maximum Pc3 wave power for the
data examined here. The peak Pc3 wave power can be seen to
correspond to a location �1 Earth radius (RE) inside the
magnetopause.
[28] The location of the Pc3 spectral power maximum

presented here, some 2° equatorward of the cusp location,
and 1 RE inside the equatorial magnetopause, argues against
the mechanism involving a waveguide in the exterior cusp
presented by Pilipenko et al. [1999]. As outlined in section 1
and by Howard and Menk [2005], the direct propagation of a
fast mode wave and a cavity mode mechanism also appear
not to match these or previous observations. However, the
location of the observed peak wave power does map to closed
field lines in the outer magnetosphere close to the equator-
ward boundary of the cusp, as proposed in the ionospheric
transistor mechanism originally introduced by Engebretson
et al. [1991a], and further reviewed by Engebretson et al.
[2006].
[29] Comparing the latitude profile of Pc3 power here with

that investigated by Howard and Menk [2005], the Svalbard
stations used here lie at the latitudes which typically mea-
sured the maximum Pc3 power in that study, whereas HAL
lies toward the lower end of their latitude range, where
typically much lower Pc3 powers were recorded. The
observations presented here are also consistent with the
profiles presented in Figure 10 of Howard and Menk [2005]
for a partially coupled fast mode, where the fast mode cou-
ples to a field guided Alfvén mode, which transmits the
wave energy to the ionosphere as a traveling wave, rather
than a strongly coupled FLR which would result in a clear
standing wave on a field line. According to this study such a
scenario could also lead to a peak in Pc3 power 2–3° equa-
torward of a modeled magnetopause footprint, although the
well-defined region of enhanced Pc3 power appears more
consistent with the ionospheric transistor mechanism. Here
we have supplemented the studies described by Engebretson
et al. [2006] and that of Howard and Menk [2005] by pro-
viding an improved experimental measurement of the cusp
location. We have also included all Pc3 power, rather than
restrict the study to events with a large spatial coherence
length as in the work of Howard and Menk [2005], albeit
with a limited data set of 14 days.
[30] The spread of the measured Pc3 wave power in the

cusp region presented in Figure 8 is very similar to that in
the Pc3 wave power normalized by the wave power at
Halley in Figure 9. Thus it appears that the spatial structure
of the wave power deeper within the magnetosphere, pre-
sumably arising due the wave power effectively entering
the inner magnetosphere where it can couple to Alfvén
modes as described by Howard and Menk [2005], and
Clausen et al. [2008, 2009], seems to be as important in
contributing to the spread in the distribution of the wave

power as the temporal variability in the upstream wave
source, and indeed imposes a similar magnitude of control
over the wave power as the proximity to the cusp. While
the Pc3 wave power is known to penetrate into the low
latitude region, as described by Yumoto et al. [1984, 1985],
where the local field line resonant frequencies match the
Pc3 wave source, this suggests that significant wave cou-
pling can also occur at the mid geomagnetic latitudes
occupied by HAL, a region which lies equatorward of the
main Pc3 power peak recorded by Engebretson et al.
[1991a], Howard and Menk [2005] and also recorded in
this study. Clausen et al. [2008] demonstrated that the time
of arrival of wave activity over a wide range of ground
magnetometer stations was consistent with the propagation
of the wave power from the subsolar magnetopause, and
also presented evidence of the coupling of this wave power
to local field line resonances at mid latitudes. This was
confirmed by Cluster observations in the work of Clausen
et al. [2009]. The proximity of a midlatitude station such
as HAL to such a coupling region would clearly have a
significant influence on the normalized Pc3 power such as
is displayed in Figure 9.

5. Conclusions

[31] Induction coil magnetometer measurements from
a closely spaced array on Svalbard have been combined
with measurements of the location of the cusp derived from
the spectral width boundary data from the Hankasalmi
SuperDARN radar to investigate the dependence of Pc3 wave
power in the ground based magnetometer data, originating
from upstream of the bow shock, on the proximity of the
magnetometers to the cusp region. The data have revealed
that a robust maximum of Pc3 spectral power exists centered
on a region 2° equatorward of the cusp location. Taken with
previous studies of the spatial distribution of Pc3 power the
experimental evidence of high wave powers near the cusp
argues against the direct entry of fast mode wave power to
the magnetosphere or a cavity mode mechanism. The equa-
torward displacement of the Pc3 power peak also argues
against wave transmission through a waveguide in the
exterior cusp or through modulation of the cusp currents.
The cusp region data are consistent with the ionospheric
transistor model of Engebretson et al. [1991a]. A partially
coupled fast mode, where the fast mode couples to a field
guided Alfvén mode, which transmits the wave energy to the
ionosphere as a traveling wave also offers a possible alter-
native mechanism for producing the data, and probably
contributes strongly to the scatter of data observed in
Figure 9, strongly influencing the global distribution of Pc3
power. However the ionospheric transistor mechanism
appears to provide a robust explanation for the well-defined
region of enhanced Pc3 power in the cusp region.
[32] The spatial structure of the wave power within the

magnetosphere, presumably arising due the wave power
effectively entering the inner magnetosphere where it can
couple to Alfvén modes as described by Howard and Menk
[2005], seems to be as important in contributing to the
spread in the distribution of the wave power as the temporal
variability in the upstream wave source.
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