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Abstract. We conduct a statistical analysis of the coherence
and phase difference of low frequency geomagnetic fluctuations between two Antarctic stations, Mario Zucchelli Station (geographic coordinates: 74.7◦ S, 164.1◦ E; corrected
geomagnetic coordinates: 80.0◦ S, 307.7◦ E) and Scott Base
(geographic coordinates: 77.8◦ S 166.8◦ E; corrected geomagnetic coordinates: 80.0◦ S 326.5◦ E), both located in the
polar cap. Due to the relative position of the stations, whose
displacement is essentially along a geomagnetic parallel, the
phase difference analysis allows to determine the direction
of azimuthal propagation of geomagnetic fluctuations. The
results show that coherent fluctuations are essentially detectable around local geomagnetic midnight and, in a minor extent, around noon; moreover, the phase difference reverses in the night time hours, indicating a propagation direction away from midnight, and also around local geomagnetic
noon, indicating a propagation direction away from the subsolar point. The nigh time phase reversal is more clear for
southward interplanetary magnetic field conditions, suggesting a relation with substorm activity.
The introduction, in this analysis, of the Interplanetary
Magnetic Field conditions, gave interesting results, indicating a relation with substorm activity during nighttime hours.
We also conducted a study of three individual pulsation
events in order to find a correspondence with the statistical behaviour. In particular, a peculiar event, characterized
by quiet magnetospheric and northward interplanetary magnetic field conditions, shows a clear example of waves propagating away from the local geomagnetic noon; two more
events, occurring during southward interplanetary magnetic
field conditions, in one case even during a moderate storm,
show waves propagating away from the local geomagnetic
midnight.
Keywords. Magnetospheric physics (MHD wave and instabilities; Polar cap phenomena; Solar wind-magnetosphere interactions)
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Introduction

The study of geomagnetic field variations in Antarctica is
particularly important in that local field lines reach magnetospheric boundary regions, such as the magnetopause and the
polar cusp, where several phenomena which generate magnetospheric ULF waves take place (Arnoldy et al., 1988 and
references therein). Moreover, these local field lines can directly connect to the interplanetary magnetic field (IMF), giving rise to a direct access of solar wind particles in the magnetosphere and to phenomena related to magnetic energy release and particle acceleration (Gonzalez et al., 1999; Lui,
2001; Phan et al., 2005).
Due to the difficulty in deploying and managing instruments in polar regions, up to a few years ago the geomagnetic
data sets at extreme latitudes were scarce and fragmentary;
in the last years however, there has been a common effort
in establishing new stations in Antarctica; a few of Antarctic observatories are even part of the INTERMAGNET programme, so their data are easily available to the whole scientific community.
The Italian geomagnetic observatory Mario Zucchelli Station (TNB, formerly Terra Nova Bay; the base name was
changed in 2004) is operating since the austral summer 198687 (Meloni et al., 1997). The availability of long series of
data allowed us to conduct several studies to characterize
the ULF pulsation activity and its relation with solar wind
(SW) parameters (review by Villante et al., 2000). In particular, for pulsations in the Pc5 frequency range, we found that
the power level maximizes around local geomagnetic noon,
when the station is closer to the polar cusp (see also Ballatore
et al., 1998), and that the fluctuation power is well related
to the SW speed (Santarelli et al., 2003), indicating a wave
source related to the Kelvin-Helmholtz instability (KHI) on
the magnetopause (Atkinson and Watanabe 1966). Moreover, in the average daytime spectra, it was clear the presence
of power enhancements at discrete frequencies, of the order
of few mHz (Villante et al., 1997), which can be interpreted
in terms of global magnetospheric cavity/waveguide modes
(Ziesolleck and McDiarmid, 1995, and references therein).
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Table
1. Geographic coordinates, IGRF02 corrected geomagnetic coordinates and times in UT of the geomagnetic local noon for the two

stations.


Station

Geographic
latitude

Geographic
longitude

Corr. Geom.
latitude

Corr. Geom.
longitude

MLT noon
(UT)

TNB
SBA

74.7◦ S
77.8◦ S

164.1◦ E
166.8◦ E

80.0◦ S
79.9◦ S

306.9◦ E
326.3◦ E

20:11
19:01





(SBA), which are located at the same geomagnetic latitude
with 1-h difference in magnetic local time MLT (see Table 1
and Fig. 1). In this sense, the presence of a time delay (detectable as a phase difference for pulsation events) between
the observations at the two stations, indicates a propagation
along the azimuthal direction. The two stations are usually
situated in the polar cap, at the footprint of open geomagnetic
field lines, but around local geomagnetic noon they approach,
or even reach under particular geomagnetic conditions (Zhou
et al., 2000), the polar cusp.
2

Fig. 1. Location of the two Antarctic bases TNB and SBA. The
and the corrected geomagnetic coordinate systems are
indicated, as dashed and solid lines, respectively.
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Interesting information on Pc5 pulsations have been obtained
also from a statistical study of the diurnal pattern of their polarization sense (Lepidi et al., 1999); the result are in agreement with a scenario of waves propagating away from the
noon and midnight sector and with local field line resonance
phenomena occurring at lower latitudes (Samson, 1972). A
comparison between ULF waves observed at different high
latitude stations in Antarctica has shown that cap pulsations
are decoupled from the activity observed at auroral latitudes,
while coherent fluctuations can be observed within the polar cap, expecially in association with night time phenomena
(Lepidi et al., 2003, Yagova et al., 2002, 2004).

15

The results achieved so far suggested us to further investigate the Pc5 pulsation characteristics focusing on their propagation direction, which can give information on the generation region and mechanism. For this purpose, we statistically
analyzed the pulsations simultaneously detected at the two
Antarctic geomagnetic observatories TNB and Scott Base
Ann. Geophys., 25, 2405–2412, 2007

Experimental results

Variations in the Earth’s magnetic field were measured in
both observatories by means of three-axis fluxgate magnetometers. The field variations are measured along three directions oriented respectively with reference to the local magnetic meridian: the horizontal magnetic field intensity Hcomponent (south-north), the orthogonal-component D in the
horizontal plane (west-east, then D is an intensive element,
expressed consequently in nT, and not the angular element
declination) and the vertical intensity Z-component (consequently positive increase inward).
For this analysis we used 1 min values of the H horizontal geomagnetic field component at the two stations; TNB
data are obtained averaging original 1-s measurements, with
a resolution of 0.1 nT; SBA data, provided by the INTERMAGNET CD-ROMs, have a resolution of 0.1 nT and an
original sampling rate of 0.2 Hz, according to the INTERMAGNET standard. We used the data recorded during the
years 2001–2002; the data coverage in this period is of about
18 months, approximately fairly distributed in the three different Lloyd seasons (the time periods June–September 2001
and November–December 2002 are missing).
IMF data from ACE spacecraft, in their hourly averages,
have been downloaded from OMNI database. For the comparison with geomagnetic observations, interplanetary data
have been delayed by 1 h to take into account the average
SW transit time from spacecraft position (at ∼235 Re along
the Sun-Earth direction) to Earth.
We analyzed the low frequency (0.5–5 mHz, corresponding to periods ∼3–30 min) geomagnetic field fluctuations
measured at TNB and SBA geomagnetic observatories. This
study focuses on the coherence and phase difference between
www.ann-geophys.net/25/2405/2007/
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Fig. 3. Daily distribution of the average coherence for Bz<−1 nT
Bz>1 nT, where Bz is the north-south component of the IMF.
Pink and violet arrows indicate local geomagnetic noon at TNB and
SBA, respectively.

Figure 3and

Fig. 2. Daily distribution of the average coherence between flucat TNB and SBA for: (a) the whole 2-years interval, (b)
local summer, (c) equinoxes, (d) local winter. Pink and violet arrows in all the plots indicate local geomagnetic noon at TNB and
SBA, respectively.

Figure
2
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the fluctuations at the two stations. The analysis is conducted
computing the coherence and phase difference for each 2-h
interval (averaging four 30-min sub-intervals) with a stepsize of 1 h, using the matlab processing tools, based on cross
spectral density analysis. We defined the phase difference 17as
the difference between the signal phase at SBA and that at
TNB, so its sign is positive or negative respectively for SBA
or TNB observing the signal in advance.
In Fig. 2a the dynamic plot of the daily distribution of the
average coherence between fluctuations at the two stations is
reported. It is evident that the occurrence of coherent fluctuations is higher in the time period 00:00–12:00 UT, which
corresponds in magnetic local time to the night time sector
(16:00–04:00 MLT at TNB and 17:00–05:00 MLT at SBA);
in this time sector the two stations are typically located well
within the polar cap, far from the cusp. The average coherence also maximizes in the hours just before local geomagnetic noon (indicated in the plot by the arrows). We
can note that the coherence generally decreases for increasing frequency, and this decrease is more steep in the daytime
with respect to the night time sector. In the magnetic local
morning, around 14:00 UT, the coherence is very low, even
at the lowest frequencies.
We investigated the seasonal dependence of the average
coherence, considering separately the three Lloyd seasons
(Lloyd, 1861): local summer (January, February, November, December), equinoxes (March, April, September, Octwww.ann-geophys.net/25/2405/2007/

tober) and local winter (May, June, July, August); the results
(Fig. 2b,c,d) show that the coherence is slightly lower during
local summer, especially in the dayside sector, although its
daily distribution is similar in the three seasons.
In order to study the possible influence of the external IMF
conditions on the coherence, we conducted a separate analysis considering only time periods in which the north-south
component of the IMF (Bz) is definitely positive or negative,
i.e. for closed or open magnetospheric conditions, respectively (Fig. 3). The results show that the occurrence of coherent fluctuations is higher, during the whole day, when the
IMF is southward, i.e. for open magnetospheric conditions.
In particular, for Bz<−1 nT, in the night time sector the average coherence exceeds 0.6 for frequencies up to ∼2 mHz,
and even for higher frequencies it is around 0.5; this result
could be related to the occurrence of global magnetospheric
phenomena such as geomagnetic storms or substorms. During closed magnetospheric conditions, the values of the coherence are definitely lower, reaching 0.6 only for the lowest frequencies (<1 mHz); however, the daily pattern of the
coherence is very similar, with the night time and the noon
maximum. This result suggests that during closed magnetospheric conditions geomagnetic fluctuations at such high
latitude can be mainly interpreted in terms of local phenomena, characteristic of the auroral oval or polar cusp region,
which have a shorter characteristic length scale (Yagova et
al., 2002).
It is interesting to note that the sharp minimum at all frequencies around 14:00 UT (corresponding to ∼06:00 MLT)
is always present, independently on IMF conditions.
We also conducted an analysis of the phase difference between fluctuations at TNB and SBA; this analysis has been
restricted only to coherent fluctuations, i.e. we considered
only two-hour intervals in which the coherence exceeds 0.6.
Since the two stations are located at the same geomagnetic latitude and the displacement is essentially along the
geomagnetic parallel, the phase difference between coherent fluctuations indicates an azimuthal propagation: in our
Ann. Geophys., 25, 2405–2412, 2007
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Fig. 5. Daily distribution of the average phase difference between
two stations for Bz<−1 nT and Bz>1 nT. Pink and violet arrows indicate local geomagnetic noon at TNB and SBA, respectively.

Figure 5the

Fig. 4. Daily distribution of the average phase difference between
two stations for: (a) the whole 2-years interval, (b) local summer, (c) equinoxes, (d) local winter; the phase difference is positive
(negative) for SBA (TNB) leading, i.e. for geomagnetic fluctuations
propagating westward (eastward). Pink and violet arrows indicate
local geomagnetic noon at TNB and SBA, respectively.

Figure the
4
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analysis the phase difference positive (negative) for SBA
(TNB) leading, i.e. for geomagnetic fluctuations propagating
westward (eastward).
19
In Fig. 4a we show the dynamic plot of the daily distribution of the average phase difference between the two
stations. It can be seen that during the day the phase difference shows, depending on frequency, four sign reversals:
∼06:00 UT, 14:00 UT, 19:00 UT and 22:00 UT. In particular around local geomagnetic noon, for f <∼2.5 mHz, it
reverses from positive to negative, indicating a longitudinal
propagation away from the subsolar point. Conversely, the
reversal around 06:00 UT, more evident for higher frequencies, indicates a longitudinal propagation away from midnight. This last reversal, around midnight, is clearly present
in all seasons (Fig. 4b, c, d); conversely, the reversal around
noon is less clear during local summer.
Also for the phase difference, we conducted a separate
analysis considering only time periods in which Bz is definitely positive or negative, i.e. for closed or open magnetospheric conditions, respectively (Fig. 5). The results indicate that for closed (Bz>1 nT) magnetospheric conditions
the diurnal pattern is more confused (possibly due also to the
lower statistical significance), but the reversal around local
geomagnetic noon is more evident and extends to frequencies up to ∼3 mHz; conversely, for open (B<−1 nT) magnetospheric conditions the reversal at noon is less clear and
Ann. Geophys., 25, 2405–2412, 2007

disappears for f >2 mHz, while the reversal just before midnight more clearly emerges, in the whole frequency range.
Finally we selected three single events, one around local
geomagnetic noon and the other ones just before midnight,
characterized by coherent fluctuations between the two stations and with a clear phase difference reversal. For each of
the selected events we show in Figs. 6, 7 and 8 the 1–5 mHz
filtered data and the power spectra at TNB and SBA, together
with the coherence and phase difference between the two stations. The power spectra were calculated with the maximum
entropy method at order 15 of the prediction error filter over
60-min intervals with a step size of 30 min; the coherence
and phase difference were calculated with the same computational tools used for the statistical analysis, but decreasing
the step size to 30 min in order to have an higher time resolution.
The first event occurs on 2 February 2001 in the time interval 15:00–23:00 UT (i.e. in the dayside sector), and is characterized by very quiet magnetospheric conditions (Kp<=1+),
low SW speed (Vsw<400 km/s) and northward IMF. From
Fig. 6 it is evident that, at both stations, there is a sustained
wave activity between 16:00 and 22:00 UT, i.e. in the local noon sector, and that the fluctuations are quite similar
at the two stations. Moreover, before 19:00 UT the fluctuation amplitude is greater at SBA, while after 20:00 UT
it is greater at TNB, indicating an increasing amplitude approaching local geomagnetic noon. It can also be seen that
around 17:00 UT (i.e. before local geomagnetic noon) SBA
is leading with respect to TNB, while around 21:00 UT (after noon) TNB is leading with respect to SBA. All these features emerge also from the spectral, coherence and phase difference analysis (lower plots in Fig. 6): the power spectra
at the two stations show several simultaneous enhancements
most of which, at f <∼2 mHz, are also highly coherent between the two stations: note in particular the wave packets
around 17:00–18:30 UT and 20:00–22:00 UT. Moreover, as
shown in the lowest plot, the phase difference very clearly reverses from positive to negative around 19:00 UT, indicating
an azimuthal propagation away from noon.
www.ann-geophys.net/25/2405/2007/
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Fig. 6. Analysis of the event occurring between 15:00 and 23:00 UT
on 2 February 2001. From top: variations of the geomagnetic field
H component at the two stations, filtered in the 1–5 mHz frequency
Figure
range;6power spectra at TNB and SBA; coherence and phase difference between the two stations. MLT noon at SBA and TNB is at
19:00 and 20:00 UT, respectively.
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Fig. 7. The same of Fig. 6, for the event occurring between 02:00
and 08:00 UT on 1 January 2001. MLT midnight at SBA and TNB
Figure 7
is at 07:00 and 08:00 UT, respectively.

07:00 UT it is harder to see, probably due to the higher wave
frequency.
The third event occurs on 10 October 2001 between
The second event occurs on 1 January 2001 between
00:00–12:00
UT (i.e. in the nightside sector), in a time inter02:00–08:00 UT (i.e. in the nightside sector, just before
val characterized by fluctuating SW conditions, around stanlocal magnetic midnight), in a time interval characterized
dard values of the plasma parameters, and southward IMF
20 by very quiet magnetospheric conditions (Kp<=1), low
SW speed (Vsw<300 km/s) and southward IMF conditions 21 (Bz∼−4 nT) and corresponding to disturbed magnetospheric
(3<=Kp<=4) and moderate storm (Dst∼−70, Gonzalez et
(Bz∼−2 nT). As shown in Fig. 7, the waves have a smaller
al., 1994) conditions.
amplitude and a more irregular appearance with respect to
the previous event. The wave packets around 03:00 UT
As shown in Fig. 8, at both stations there is a sustained
and 07:00 UT are characterized at the two stations by siwave activity, in particular around 01:00–03:00 UT (corremultaneous power enhancements at the same frequencies
sponding to MLT late evening) and 07:00–11:00 UT (around
(f ∼1.5 mHz and f >∼3 mHz, respectively) and by high coand after MLT midnight). In both cases, the wave packets
herence; the phase difference corresponding to the two wave
at the two stations show simultaneous power enhancements
packets is opposite, indicating that SBA is leading with reat the same frequencies and with high coherence; the phase
spect to TNB in the wave packet occurring before local geodifference is opposite, indicating that SBA is leading with remagnetic midnight, while TNB is leading around midnight.
spect to TNB in the late MLT evening, while TNB is leading
For the wave packet around 03:00 UT this feature is evident,
after midnight. In both cases this feature can be seen, as a
as a time shift, also from the filtered data; conversely, around
time shift, also in the filtered data.
www.ann-geophys.net/25/2405/2007/
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Fig. 8. The same of Fig. 6, for the event occurring between 00:00
and 12:00 UT on 10 October 2002. MLT midnight at SBA and TNB
is at 07:00 and 08:00 UT, respectively.

Figure 8

3
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Summary and discussion

In this paper we statistically analyze the coherence and phase
difference between low frequency geomagnetic fluctuations
at two Antarctic cap latitude stations, situated at the same geomagnetic latitude, with 1-h longitudinal displacement. The
analysis is based on data recorded during two years, 2001–
2002.
We found that coherent fluctuations are mostly detected in
the hours around local geomagnetic midnight and, in a minor
extend, noon. Also Yagova et al. (2002) reported the occurrence of coherent ULF waves (1–6 mHz) within the polar cap
in the night time sector; these waves have been interpreted
in terms of the dynamics of the magnetotail (Ershkovich
and Nusinov, 1972; Chen and Kivelson, 1991; Sarafopoulos, 1995). We also found that, both around midnight and
noon, the coherence is higher during southward IMF conditions, i.e. fluctuations with larger spatial scale within the
polar cap mostly occur during open magnetospheric condiAnn. Geophys., 25, 2405–2412, 2007

tions; conversely, during closed magnetospheric conditions
the coherence is generally lower, indicating a shorter length
scale of the observed phenomena.
For coherent fluctuations, we also conducted a phase difference analysis; the presence of a phase difference, due to a
time delay between the phenomena observed at the two longitudinally displaced sites, indicates an azimuthal propagation; the sign of the phase difference indicates the propagation direction.
The average phase difference for coherent fluctuations reverses in the night time hours, just before local geomagnetic
midnight, indicating a propagation direction away from midnight; this reversal is more clear for open magnetospheric
conditions, suggesting a relation with substorm activity. Also
Weatherwax et al. (1997) have observed at 80◦ S ULF geomagnetic oscillations (in the Pc5 range) superposed on riometer absorption events with an azimuthal motion directed
westward premidnight and eastward postmidnight and point
out that their observations can be explained in terms of
substorm-related phenomena. Relevant research on these
high latitude phenomena related to substorm activity has
been conducted several years ago in the northern hemisphere
(see for example Kangas et al., 1976; Olson, 1986 and the
review by Heacock and Hunsucker, 1981). Our results show
that for open magnetospheric conditions the geomagnetic
phenomena propagating away from the midnight region are
detectable on the ground as the dominant feature during the
major part of the day, with the only exclusion of the local
geomagnetic noon sector: indeed, the propagation direction
is westward from the early afternoon until just before midnight; then around midnight it reverses and is steadily eastward not only in the postmidnight sector but also during the
local morning, until around 09:00 MLT.
The phase difference for the lowest frequencies (f <2–
3 mHz) fluctuations also reverses around local geomagnetic
noon, indicating a propagation direction away from the subsolar point, as expected for a generation mechanism such as
the KHI on the magnetopause. A previous statistical study
of the polarization pattern of low frequency pulsations at
TNB (Lepidi et al., 1999), has shown a polarization reversal
around local geomagnetic noon, and also this result has been
interpreted in terms of waves propagating away from the subsolar point. The phase difference reversal around noon for
low frequency fluctuations is much more clear for closed
magnetospheric conditions: indeed, in this case, the propagation direction is steadily directed away from the subsolar
point during the whole dayside sector, approximately 09:00–
18:00 MLT. This finding is consistent with the results obtained by Miura (1995), who found from a two-dimensional
model that the KHI is more likely to occur under northward
IMF conditions.
We also investigated the seasonal dependence of the coherence and phase difference; the results show that the main
difference emerges during local summer in the hours around
local geomagnetic noon: the coherence is definitely lower
www.ann-geophys.net/25/2405/2007/
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and the phase reversal is less clear. This result can be interpreted taking into account the seasonal dependence of the
dayside cusp average latitude (it occurs at higher latitude in
the summer hemisphere), related to the change of the dipole
tilt angle during the year (Newell and Meng, 1989; Zhou et
al., 1999; Russell, 2000). In this sense, during summer the
two stations in the daytime sector approach the cusp region,
where local phenomena typically occur (Engebretson, 1995;
Lanzerotti, 1999). Also Yagova et al. (2004) found a low
spatial coherence for long period pulsations observed near
the cusp projection, while the coherence is higher within the
polar cap.
We also found interesting to conduct a study of individual
pulsation events in order to find a correspondence with the
general, statistical behaviour, in particular focusing on events
for which it clearly emerges a reversal of the propagation
direction. We have shown, as an example, three fluctuation
events, one occurring around local geomagnetic noon and the
other two around midnight.
The dayside event occurs during quiet magnetospheric
and northward IMF conditions; conversely, both the nightside events occur during southward IMF conditions, one of
them also during a moderate storm. These clear examples of
waves propagating away from the local geomagnetic noon
and midnight and are in agreement with the statistical result that the dayside and nightside phase reversals are associated with closed and open magnetospheric conditions, respectively. The nighttime events, in particular the one occurring during the geomagnetic storm, provide experimental
evidence that coherent fluctuations around midnight can be
related to storm or substorm phenomena.
Each of the three examples we analyze show quite unusual
cases of coherent wave packets occurring within a few hours,
extending from before to after the MLT noon (or midnight)
phase reversal. More frequently, within one day, we observe
just single coherent wave packets, whose phase difference
agrees with the statistical results in the corresponding time
period, but do not have the necessary temporal length to undergo a phase reversal. The scarcity of long duration, coherent fluctuation events is not surprising, in that our stations
are located at the latitude (80◦ S) where the amplitude and
occurrence of Pc5-6 pulsations is minimum (Yagova et al.,
2002); in this sense, also Baker et al. (2003) remark the absence of Pc5 pulsations within the polar cap. The event occurring before midnight is characterized by a definitely lower
fluctuation amplitude with respect to the one around noon; in
this sense we remind that around 80◦ S latitude the fluctuation power level maximizes around local geomagnetic noon,
when the station approaches the polar cusp (Ballatore et al.,
1998; Santarelli et al., 2003). Our results show that, although
at 80◦ S there is not the power peak around midnight which
is observed at cusp latitudes (Francia et al., 2005), the propagation direction of low frequency pulsations indicates the
presence, around midnight, of substorm-related phenomena
(Kangas et al., 1976; Olson, 1986); these nightime pulsations
www.ann-geophys.net/25/2405/2007/
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consist of short duration wave packets, while long duration
trains can be sometimes detected in the daytime sector.
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