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[1] We present a statistical analysis of Pc3–4 pulsations during 2005 at two polar cap
stations (Terra Nova Bay and Dome C, Antarctica) and, for comparison, at a low‐latitude
station (L’Aquila). The analysis technique allows to discriminate the signal component
from the background noise in the power spectrum and to determine the frequency of such
ULF signal, commonly associated to the upstream wave source. The comparison of data
makes evident that the characteristics of the ULF pulsations are different at low and
high latitudes, and significant differences emerge also between the two polar cap stations.
At Dome C the ULF signals are observed during the whole day, while at Terra Nova Bay
and at L’Aquila the signals are mainly observed in the dayside sector. The different
cone angle dependence at L’Aquila and Dome C, the steeper slope in the frequency
dependence on the interplanetary magnetic field strength at Dome C with respect to
L’Aquila and Terra Nova Bay and the time dependence of the coherence between
pulsations at the Antarctic stations suggest that at low‐latitude waves are transmitted to the
ground from a region close to the subsolar bow shock, while near the geomagnetic pole
waves are mainly transmitted through the magnetotail lobes. At Terra Nova Bay, where the
local field lines approach the cusp around noon and are stretched into the magnetotail
around midnight, the transmission path seems to be time dependent, with daytime and
nighttime pulsations penetrating through the subsolar point and via the magnetotail lobes,
respectively.
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1. Introduction

[2] During January 2005 a new magnetic facility for the
continuous measurements of ULF variations of the geo-
magnetic field was installed in Antarctica, at the Italian/
French base of “Concordia,” (at Dome C, DMC), close to
the geomagnetic pole. A similar instrumentation operates
since 1985 at the Italian Base of “Mario Zucchelli” (at Terra
Nova Bay, TNB), also in Antarctica, at somewhat lower
latitude. The availability of simultaneous measurements at
the two stations during a long time period may allow to
identify the spatial and temporal characteristics of ULF
fluctuations at different polar latitudes [Francia et al.,
2009].
[3] ULF geomagnetic field measurements at very high

latitudes are important to better understand the generation and
transmission mechanisms of ULF waves, which represent an
important aspect of the solar wind (SW)‐magnetosphere
interaction. There, indeed, local field lines reach magneto-
spheric boundary regions, such as the magnetopause and the
cusp, or are directly connected to the interplanetary mag-
netic field (IMF).

[4] In the mid‐frequency range (∼10–100 mHz, Pc3–4),
ULF fluctuations are mainly associated to the transmission
into the magnetosphere of interplanetary upstream waves
generated through ion cyclotron instability by SW protons
reflected off the bow shock, along the IMF lines connected to
the quasi‐parallel shock [Yumoto, 1986]; given the average
spiral orientation of the IMF lines, the waves are preferen-
tially expected in the morning side of the magnetosphere.
Their frequency is expected to be proportional to the IMF
strength (BIMF); observations, indeed, show a linear rela-
tionship (f(mHz) ∼ 6 BIMF(nT)) [Troitskaya and Bolshakova,
1988]. More precise formulations predict that the upstream
wave frequency depends also on the cone angle (the angle
�xB between the IMF orientation and the radial direction); in
particular, for waves generated near the nose of the bow
shock, Takahashi et al. [1984] obtained theoretically the
following relationship: f(mHz) ∼ 7.6 BIMF(nT) cos

2 �xB. The
Kelvin‐Helmholtz instability might play a role in the
amplification of such waves, as they are convected and
transmitted through the magnetopause [Engebretson et al.,
1986]. In the magnetosphere, they can couple to field line
resonances (FLRs) at low latitudes and midlatitudes and to
higher harmonics of the fundamental one at high latitudes,
due to the latitudinal dependence of the field line length
[Menk et al., 2000; Howard and Menk, 2005].
[5] The mechanism for the entry of upstream wave energy

into the magnetosphere is still debated. Small values of �xB
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have been shown to provide favorable conditions for a better
transmission of waves into the magnetosphere [Greenstadt
et al., 1980; Russell et al., 1983]; in particular, the cone
angle control seems to be more effective at low latitudes,
consistently with a direct transmission of waves from the
subsolar bow shock [Russell et al., 1983]. On the other
hand, the role played at cusp latitudes by �xB has been the
subject of some controversy; indeed, while Wolfe et al.
[1987] and Yumoto et al. [1987] found a poor correlation
between the Pc3–4 power and �xB, Engebretson et al.
[1986] showed that the occurrence of narrow‐band events
was strongly related to the radial IMF component, and
suggested an indirect process involving particle and current
modulation at the near‐cusp ionosphere [Engebretson et al.,
1991]. Recently, on the basis of their results on the occur-
rence of Pc3 activity in the polar cap, Chugunova et al.
[2004, 2006] proposed an additional propagation path of
upstream waves to the ground via the magnetotail lobes. De
Lauretis et al. [2005], analyzing data from a one week
campaign at DMC, showed that upstream waves can be a
source of Pc3 pulsations also in the deep polar cap; indeed,
they found a linear relationship between the frequency of the
ground signals and the IMF strength, with a slope close to
the classical value of ∼6 mHz/nT. On the other hand, the
formula derived by Takahashi et al. [1984] provided a
slope of ∼4 mHz/nT. This disagreement disappeared when
releasing the assumption [Takahashi et al., 1984] that the
upstream waves responsible for the Pc3 pulsations are
generated at the bow shock nose (which is the condition
required for explaining the wave transmission at low latitudes
[Russell et al., 1983]), and assuming that waves are gener-
ated where the IMF is parallel to the bow shock normal.
Consequently, the pulsation characteristics appeared con-
sistent with a wave propagation into the magnetosphere not
only through the subsolar point but also through the flanks
of the magnetopause. Similar conclusions were also drawn
by Francia et al. [2009] and Villante et al. [2009] on the basis
of the results of a polarization analysis of Pc3–4 signals at
TNB and DMC during 2005–2007.
[6] To better investigate the upstream wave entry mech-

anism, we compared ULF geomagnetic measurements at
DMC and TNB with those conducted at the low‐latitude
station of L’Aquila (AQU) during 2005, the first year of
operation at DMC. By using an analysis technique that
allows to identify pulsation events from the background
noise, we found different characteristics between low and
high latitudes, as well as between the two polar cap stations.
In particular, our results suggest that, while low‐latitude
pulsations are due to waves transmitted into the magneto-
sphere through the subsolar bow shock, near the geomagnetic
pole waves might be transmitted through the magnetotail

lobes. On the other hand at TNB, where the local field lines
approach the cusp around magnetic noon and are stretched
into the magnetotail around magnetic midnight, the trans-
mission path seems to depend on time, with daytime and
nighttime pulsations penetrating, respectively, through the
subsolar point and via the magnetotail lobes.

2. Instrumentation and Data Analysis

[7] In Table 1 we show the geographic and corrected
geomagnetic coordinates, the magnetic and local time of
DMC, TNB and AQU stations. At all stations the instru-
mentation consists of a low‐power, triaxial, high‐sensitivity
induction‐coil magnetometer recording the northward (H),
eastward (D), and vertically downward (Z) components of
the geomagnetic field variations. An automatic acquisition
system collects the data at 1 s, with timing provided by GPS.
The Antarctic magnetometers have similar characteristics,
with an amplitude response linearly increasing, in the range
1–100 mHz, at the rate of ∼2–5 mV/nT/mHz, while the
AQU induction‐coil of ∼5–7 mV/nT/mHz in the same fre-
quency range.
[8] For a comparison with the interplanetary medium

conditions we considered the SW and IMF parameters from
OMNI data at 1 min resolution (combined data from WIND
and ACE spacecrafts) provided by CDAWeb (http://cdaweb.
gsfc.nasa.gov/).
[9] Before performing the spectral analysis, the geomag-

netic data were differenced in order to reduce the typical
red‐noise trend of the spectra, more pronounced at high‐
latitude stations; then, the power spectral density was
computed over 10 min intervals (600 data points at 1s,
frequency resolution of ∼1.67 mHz), by using the Tukey
window at 30% of the data. The resulting spectrum,
smoothed over 9‐frequency intervals, was then converted by
means of the transfer function of the induction magne-
tometer and the frequency response of the difference filter.
We rejected the spectrum when, at any frequency f in the
10–100 mHz range, the power spectral density exceeded
the 99% confidence level.
[10] For the event identification, we adopted the

Ponomarenko et al. [2002] technique to separate the
upstream‐related band‐limited enhancement and power law
background in the spectral domain (see the example in
Figure 1). We evaluated the signal‐to‐noise ratio spectrum
R = S

N = ST�N
N = ST

N −1, where ST is the experimental total
(signal + noise) power spectrum, S is the power spectrum
of the unknown signal, and N is the background noise
(estimated by fitting a linear function to the log(ST)‐log( f )
dependence at the extremes of the 10–100 mHz frequency
range, Figure 1a). The critical point of this technique con-
sists in the fitting of the signal‐to‐noise ratio R with a log-
normal model that estimates amplitude, width and frequency
position of the main peak. As a matter of fact, in the Pc3–4
band the power spectra often reveal, especially at AQU, the
presence of several peaks in the experimental R. Indeed, at
low latitude, in addition to the power peak related to
upstream waves, peaks due to the local field line resonances
are often observed (in particular in the H component
[Hughes and Southwood, 1976]). On the other hand, a
multipeak structure often appears also at high latitude. In
order to take into account that at least three reliable peaks

Table 1. Coordinates of the Recording Stations

Station
Geographic
Coordinates

Corrected
Geomagnetic
Coordinates
(IGRF05)

Magnetic
Local

Time (MLT)
Local

Time (LT)

DMC 75.10 S 123.38 E 88.84 S 55.73 E MLT∼UT‐1 LT∼UT+8
TNB 74.69 S 164.12 E 80.01 S 306.94 E MLT∼UT‐8 LT∼UT+11
AQU 42.38 N 13.32 E 36.33 N 87.37 E MLT∼UT+1 LT∼UT+1
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are typically observed, we modified the Ponomarenko
technique by fitting R with a superposition of three log-
normal models which identify three frequencies (Figure 1b).
Last, the signal S is extracted by multiplying the modeled R
by the noise N (Figure 1a); three frequencies are also
identified in the S spectrum, typically lower than those ones
in the R spectrum [Ponomarenko et al., 2002]. The example
represented in Figure 1a shows that the spectrum estimated
by the model well reproduces the experimental one.

3. Experimental Results

[11] We first examined the possible SW speed (vSW)
influence on the intensification of the signal with respect to
the background noise (R). Figure 2 shows, for a comparison,

the daily averages of vSW and R integrated in the 10–100mHz
frequency band (horizontal component, H+D) at AQU,
DMC and TNB over 2005. The SW is characterized by the
occurrence of recurrent high‐speed streams, as expected
when approaching the solar activity minimum [Gosling et al.,
1976]. At AQU, R in general follows the vSW variations (the
correlation coefficient is r = 0.55 ± 0.08); in particular, R
approaches zero for vSW lower than ∼350 km/s. Also the
other stations, despite the large data gaps, reveal some
correspondence between the two parameters (r = 0.50 ± 0.15
and r = 0.40 ± 0.10 at TNB and DMC, respectively).
[12] The MLT‐frequency dependence of the yearly avera-

ges of the 10 min‐estimates of R (horizontal component) at
DMC, TNB and AQU is presented in Figure 3, in a color
scale. It clearly emerges that R reaches highest values (>1)

Figure 1. An example of experimental and modeled spectra. (a) The experimental spectrum, the back-
ground noise, the three model signals and the reconstructed spectrum. (b) The experimental signal‐to‐
noise ratio R, the three lognormal models, and the reconstructed R.
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in the 20–60 mHz frequency band at all stations, but with a
different MLT dependence. At AQU, R > 1 occur in the
daytime, with maximum values between 08 and 12 MLT, as
expected given the typical spiral orientation of the IMF,
consistently with previous results at low latitudes [Vellante
et al., 1989, and references therein]. At TNB, the signal
overcomes the noise in the morning and afternoon, with
highest values between 16 and 18 MLT; at DMC, R is very
high (>1.2) throughout the entire day, except between 15
and 19 MLT. It is worth noting that at TNB the time interval
16–18 MLT corresponds to 11–13 LT, while at DMC the
time interval 15–19 MLT corresponds to 00–04 LT; this
feature suggests a possible role of the local ionospheric
conditions in enhancing and reducing the signal amplitude,
in the sunlight and in the dark hemisphere, respectively.
[13] Figure 3 also shows that at AQU, from the late

morning up to the afternoon, high R values occur also in the

70–80 mHz frequency band, with a decrease of the peak
frequency in the afternoon. Given their frequency, such
signals may be interpreted in terms of resonant oscillations
of the local field line [Vellante et al., 1989; Vellante et al.,
2009]; in this sense, the frequency decrease is likely due to
the diurnal increase of the ionospheric mass density, which
maximizes in the postnoon hours [Vellante et al., 2009].
[14] We examined the relationship between the occur-

rence of pulsation events and interplanetary conditions by
examining the D component, less affected by resonance
phenomena at AQU, in order to make a direct comparison
among the stations. The selected events were characterized
by R > 3 at the main peak frequency in each 10‐min
interval, corresponding to a noise <25% of the total signal.
Figure 4 shows, in a color scale, the percentage of the Pc3
events as a function of the SW speed and cone angle at AQU
(left panel) and DMC (right panel); the small number of

Figure 2. (top to bottom) Daily averages of the SW speed and of the signal‐to‐noise ratio R integrated in
the 10–100 mHz frequency band (horizontal component, H+D), at AQU, DMC, and TNB.
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events at TNB did not allow to examine such a dependence.
The propagation time from WIND to the subsolar bow
shock along the radial direction (∼1 hr) has been taken into
account. As can be seen, at AQU the percentage of events
increases with the increasing SW speed and decreasing cone
angle, reaching significant values (>30%) for vSW higher
than 600 km/s and �xB smaller than 30°. On the other hand,
at DMC such percentage is greater than 30% independently
on �xB and vSW, for �xB between 0°–50°; for greater values
of the cone angle such percentage persists high (>30%) for
increasing SW speed (even for �xB ∼ 80° when vSW exceeds
∼600 km/s).
[15] Pulsations generated by upstream waves exhibit a

frequency dependence on the IMF strength. In order to
investigate such relationship at low and high latitude, we
compare the frequencies of the selected Pc3–4 events with
the corresponding IMF strength. In the following we show
the results obtained for the D component. Since our method
of analysis provides three frequencies for each 10‐min

spectrum S, we identified the more appropriate one by a
variational procedure. Namely, for each value ak in the
range 0 to 15 mHz/nT (with a stepsize of 0.1 mHz/nT), we
computed the corresponding upstream wave frequency fk =
akBIMF and selected, among the three frequencies identified
in each 10‐min spectrum, the one (fsel) closest to fk; then, by
a correlation and linear regression analysis between the
selected fsel and the corresponding BIMF, we determined the
correlation coefficient rk and the slope afit,k. Figure 5a
shows the distribution of rk as a function of ak at the
three stations: as can be seen, rk is characterized by a well
defined peak (rmax) around ak ∼ 5 mHz/nT at AQU and
TNB and around ∼5.5 mHz/nT at DMC. The scatterplots of
fsel versus BIMF for the ak associated to rmax and the linear
regressions corresponding to afit,max are shown in Figure 5b;
the corresponding parameters are listed in Table 2. The
correlation coefficient is highly significant at all stations,
above the 99% confidence level. The dependence on BIMF is
somewhat more steep at DMC (afit,max = 5.5 mHz/nT) with

Figure 3. The MLT‐frequency dependence of the signal‐to‐noise ratio R for the horizontal component
(H+D) of the geomagnetic field at DMC, TNB, and AQU.
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Figure 5. (a) The distribution of rk as a function of ak at AQU, DMC, and TNB. (b) The dependence of
fsel on BIMF for ak associated to rmax at the three stations. The solid lines are the linear regressions cor-
responding to the value afit,max.

Figure 4. The percentage of the Pc3 events as a function of the SW speed and cone angle at (left) AQU
and (right) DMC.
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respect to TNB (afit,max = 5.1 mHz/nT) and AQU (afit,max =
4.9 mHz/nT). At AQU the slope is close to the one provided
by the Takahashi et al. [1984] formula, when using the �xB
value more frequently occurring during the pulsation events
(∼37°); such agreement is consistent with a low‐latitude
transmission of waves originated in the subsolar bow shock
[Russell et al., 1983]. On the other hand, the observed dis-
crepancy between the slopes at the Antarctic stations might
be due to the different data sets; in this sense, it is interesting
to note that, performing the analysis over hourly intervals,
we found at TNB a clear MLT dependence of afit,max

with values higher than 5 mHz/nT between 16 and 04 MLT
(00–12 UT) and lower values between 06 and 12 MLT (14–
20 UT), while at DMC afit,max is almost independent on time.
Considering only simultaneous events at DMC and TNB,

we obtained the same slope of ∼6 mHz/nT at both stations
(Table 2); a percentage of ∼60% of the simultaneous events
is observed between 02 and 12 UT, with occurrence peaks
around 03 and 11 UT. In order to check if such results can
be related to the variable configuration of the field lines
through the day, we show in Figure 6 the magnetospheric
field lines with footprints at DMC and TNB, as obtained by
the Tsyganenko model T96 [Tsyganenko, 1995, 1996], at
different UT [see also Pilipenko et al., 2008]. It emerges that
at TNB, in the time interval 02–12 UT (18–04 MLT) the
field line is stretched in the magnetotail as at DMC, while
around 20 UT (12 MLT) it extends initially in the sunward
direction and then tailward; it suggests that, between 02 and
12 UT, waves propagating earthward along the field lines
via the tail lobes, can be observed at both stations.
[16] Last, we found interesting to conduct a study of the

coherence g between the signals simultaneously observed at
TNB and DMC. For this scope, the 10‐min estimates of the
coherence have been averaged in overlapping 1‐h intervals,
with a step of 10 min. In Figure 7 we show the UT‐frequency
dependence of the coherence between homologous compo-
nents in the two top panels, and between the cross‐
components (H and D) in the third and fourth panels. As
can be seen, the coherence between the H (and to a lesser
degree D) components shows higher values between 03 and

Figure 6. The magnetospheric field lines with footprints at DMC (red lines) and TNB (black lines) as
obtained by the Tsyganenko model T96 in (top) the GSM horizontal X‐Y plane and (bottom) vertical X‐Z
plane during different UT intervals.

Table 2. The fsel − BIMF Slopes and Correlation Coefficients at the
Three Stations

Station

All Events Simultaneous Events

afit,max rmax afit,max rmax

DMC 5.5 ± 0.05 (mHz/nT) 0.81 5.9 ± 0.3 (mHz/nT) 0.72
TNB 5.1 ± 0.1 (mHz/nT) 0.77 6.1 ± 0.3 (mHz/nT) 0.70
AQU 4.9 ± 0.1 (mHz/nT) 0.79
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09 UT in the 10–50 mHz frequency range, while that one
between cross‐components, in particular between D at DMC
and H at TNB, reaches higher values between 08 and 12 UT.
In order to determine the confidence level, we computed the
cumulative distribution function of the coherence between
two independent series of random numbers, as obtained
using the same analysis method. We found a probability
lower than ∼10% for coherence higher than 0.35, at fre-
quencies around 30 mHz. So, pulsations in the 10–50 mHz
frequency range at TNB and DMC seems to be coherent
(g > 0.35) during the time interval 05–11 UT, at least with a
∼90% confidence level. It is interesting to note that the
average distance between the field lines with the footprints
at the two stations (Figure 7, bottom) attains minimum
values, within 1–5 Earth radii in the magnetosphere,
between 05 and 11 UT, with the TNB field line approaching
the DMC one in the magnetotail around 08 UT, in corre-
spondence to the TNB magnetic midnight (Figure 6); as a
consequence, it is reasonable to expect that fluctuations

from a common source propagate along the two field lines to
the ground. Last, it is worth noting that the coherent fluc-
tuations are observed before ∼08 UT in the H components
and after ∼08 UT in the cross‐components, in particular D at
DMC and H at TNB.

4. Summary and Discussion

[17] A statistical analysis of Pc3–4 pulsations observed
during 2005 at two different Antarctic latitudes and, for
comparison, at a low‐latitude station allows to examine the
characteristics of such signals commonly associated to the
upstream wave source.
[18] Our results show a clear dependence of the signal

frequency on the IMF strength at all stations, indicating
upstream waves as the dominant source. There are, how-
ever, significant differences among the signals observed at
three stations; in our opinion, the different characteristics

Figure 7. The UT‐frequency dependence of the coherence between homologous components in the two
top panels and between the cross‐components (H and D) in the third and fourth panels. In the bottom
panel the minimum distance between the magnetospheric field lines with the footprints at DMC and
TNB, within 1–5 Earth radii (computed on the basis of the Tsyganenko model T96).
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might be related to different source regions and transmission
paths of the upstream waves.
[19] At AQU, the slope in the relationship between the

pulsation frequency and the IMF strength, the strong
dependence of the pulsation occurrence on the cone angle
and the MLT distribution of the signal enhancements, all
suggest that Pc3–4 pulsations are related to upstream waves
transmitted to the ground from a region close to the subsolar
bow shock. The analysis also shows a significant control of
the pulsation occurrence by the SW speed, which can be
explained in terms of an enhanced transmission or amplifi-
cation of upstreamwaves by the Kelvin‐Helmholtz instability
[Engebretson et al., 1986]; however, other mechanisms can
be invoked to explain the SW speed dependence, for example
an increasing efficiency of the ion cyclotron instability
mechanism for producing upstream waves with increasing
SW speeds [Kovner et al., 1976].
[20] On the other hand at DMC, the weaker dependence of

the event occurrence on the cone angle (in agreement with
Russell et al. [1983]) and the steeper slope in the frequency‐
BIMF relationship might be interpreted on the basis of the
conclusions by De Lauretis et al. [2005], i.e., not requiring a
wave transmission through the subsolar point. The signifi-
cant signal through the whole day and the local field line
always stretched in the magnetotail suggest that upstream
wave transmission might occur through the magnetotail
lobes. A minor dependence of the event occurrence on the
SW speed is found as compared to AQU observations,
probably indicating that the role of the SW speed in the
wave transmission through the magnetotail lobes is less
important.
[21] At TNB the results (the MLT dependence of the

signal‐to‐noise ratio, the slope in the relationship between
the pulsation frequency and BIMF, and the connections with
DMC observations) might be indicative of different trans-
mission paths at different MLTs. As a matter of fact, we
found the same slope (∼6 mHz/nT) using simultaneous
events at TNB and DMC; they occur mostly in the time
sector characterized by coherent pulsations at TNB and
DMC, i.e., between 02 and 12 UT, when both the field lines
are stretched into the magnetotail. So, we tentatively suggest
that, when TNB field line is far from the nose of the bow
shock, waves penetrating through the magnetotail lobes are
observed at the two polar stations, at the foot point of open,
tailward field lines; the propagation to the ground might be
due to a mode conversion from fast compressional modes into
Alfvenwaves in the magnetotail [Pilipenko and Engebretson,
2002]. Conversely, when TNB field line is close to the cusp,
the observed signals are probably due to the ULF turbulence
in the cusp region, related to upstream wave penetration
[Engebretson et al., 1991]; accordingly, the signal‐to‐noise
ratio reduces to a lower level at noon.
[22] On the other hand at TNB, on the basis of the results

by Francia et al. [2009], the high signal‐to‐noise ratio
observed in the morning and afternoon might be tentatively
interpreted in terms of signatures of higher harmonics of
FLRs occurring at lower latitudes. Accordingly, Howard
and Menk [2005] showed that, between 70°–76°CGM lati-
tudes, significant percentages of the observed Pc3–4 events
were higher harmonics of fundamental Pc5 FLRs; they did
not find evidence for localized modulated electron precipi-
tation and rather suggested that upstream waves, entering

near the subsolar region, propagate earthward and couple to
field guided Alfven modes generating FLR harmonics at
latitudes where frequencies match standing oscillations.
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