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[1] We investigate a strong poloidal ultralow frequency
wave event in the noon sector observed by THEMIS and
LANL satellites on 29 May 2007. From 07:00 to 10:00 UT,
the five THEMIS satellites that were lined up in similar
outbound orbits consecutively observed narrow‐band
poloidal pulsations from 10 to 4 mHz. The wave activity
covered a broad region from 09:00 to 13:30 LT azimuthally
and 5 to 9.5 RE radially. The radial extent and power of the
wave decreased with time from 07:00 to 08:30 UT,
suggesting a decay process with a time scale of hours.
In the region outside the plasmapause, the wave power
was observed to decrease then increase from 08:00 to
09:00 UT with a rapid temporal variation. The decrease in
wave power, which suggests fast decay (within one hour),
might be related to the evolution of the plasmasphere.
The subsequent increase could possibly be related to a
regeneration process by a surface wave at the plasmapause.
We suggest that a coupling between the surface wave and
the resonance of the field line around the plasmapause takes
place when the density inside the plasmapause is twice the
density outside the plasmapause. Citation: Liu, W., T. E.
Sarris, X. Li, Q.‐G. Zong, R. Ergun, V. Angelopoulos, and
K. H. Glassmeier (2011), Spatial structure and temporal evolu-
tion of a dayside poloidal ULF wave event, Geophys. Res.
Lett., 38, L19104, doi:10.1029/2011GL049476.

1. Introduction

[2] Ultralow frequency (ULF) waves, oscillations com-
monly observed in the Earth’s magnetosphere with fre-
quencies from roughly 1 mHz to 1 Hz, are classified into
several groups based on frequency. Their Pc4 and Pc5 bands
(2 to 22 mHz) can have significant influence on energetic
particles with similar drift frequency in the magnetosphere
[e.g., Elkington et al., 1999; Li et al., 2001, 2005].

[3] After decades of ULF wave studies, many generation
mechanisms for these waves have been suggested. The solar
wind is believed to be the main external source, through
either the Kelvin‐Helmholtz instability (KHI) [Southwood,
1968; Pu and Kivelson, 1983] or variations in solar wind
dynamic pressure, including periodic variations [Kepko and
Spence, 2003] and sudden impulses [Zong et al., 2007,
2009; Zhang et al., 2010; Sarris et al., 2010]. Waves in the
same frequency band can also be generated in the foreshock
region through cyclotron resonance of ions reflected at the
bow shock when the angle between the interplanetary
magnetic field (IMF) orientation and the Sun‐Earth line
(IMF cone angle) is small. Those waves can be propagated
to the magnetopause, driving ULF waves in the magneto-
sphere [Takahashi et al., 1984]. Internal sources during
periods of enhanced geomagnetic activity, including drift‐
bounce resonance of partial ring current ions [Southwood
and Kivelson, 1982] and bursty bulk flows during sub-
storms [Kepko et al., 2001; Cao et al., 2008, 2010], have
also been suggested. In general, external sources are
believed to generate ULF waves in a broader region with a
lower mode number, whereas internal sources are thought to
generate ULF waves locally with a higher mode number.
[4] With single‐spacecraft measurements, it is difficult to

distinguish between spatial and temporal effects. With the
benefit of small separations between the four satellites of the
CLUSTER mission, investigations have been performed to
separate spatial from temporal characteristics of magneto-
spheric poloidal waves [e.g., Schäfer et al., 2007, 2008].
They found observational evidence of poloidal waves with
high azimuthal wave number, as predicted theoretically by
Klimushkin et al. [2004] and others. The THEMIS mission
[Angelopoulos, 2008], five identical satellites (TH‐A
through TH‐E) launched into near equatorial orbits on
17 February 2007, provides multi‐point observations with
larger separations. As shown by Sarris et al. [2009, 2010]
and Liu et al. [2009, 2010], THEMIS satellites are ideal
for studying the large‐scale ULF‐wave phenomena. In this
paper, we present a unique ULF event observed on 29 May
2007, the spatial and temporal variations of which are dis-
tinguished using multi‐point magnetic field measurements
from the THEMIS FGM [Auster et al., 2008] and LANL
SOPA instruments.

2. Observations

[5] On 29 May 2007 the five THEMIS satellites were in
coast phase (travelling in the same orbit) in the following
order: TH‐B, TH‐D, TH‐C, TH‐E, TH‐A, with an apogee
of 14.7 RE and a perigee of 1.1 RE, as shown in Figure 1. In
Figures 2a–2c, we plot the overviews of the wavelet power
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spectra of the three magnetic field components in the Mean
Field Aligned (MFA) coordinate system (Br: radial, B’:
azimuthal and B//: parallel) observed by the leading probe
TH‐B (see Figures S1–S5 in the auxiliary material for all
five satellites).1 TH‐B observed increases in narrow‐band
wave power at∼10mHz in all threemagnetic field components
at 5.23 RE around 06:40 UT, perhaps related to plasmapause
crossing. After this, narrow‐band wave activity is observed
until ∼10:00 UT. The wave power in the radial component is
stronger than in the other two components (peak power of
∼9 × 103 (nT)2/mHz), suggesting that the fluctuation is
poloidal. The frequency of the narrow‐band fluctuation
decreases from 10 to 4 mHz as TH‐B moves outward. Its
crossing of the magnetopause at ∼12:10 UT is identified by a
broad‐band wave power increase in all three components.
[6] Energetic particle measurements from the SOPA

instrument of LANL‐02 are investigated during this event.
The wavelet power spectra of the flux of 50‐75 keV electron
is plotted in Figure 2d (see Figure S6 in the auxiliary
material for other channels). The narrow‐band peaks at
around 8 mHz in the spectra suggest that the particle fluxes
are modulated by the magnetic field oscillations observed by
the THEMIS satellites. The modulations start at 04:30 UT,
weaken after 08:30 UT, and disappear around 09:00 UT,
covering a wide local time range from 09:00 to 13:30 LT.
[7] The solar wind velocity, dynamic pressure, IMF

components in GSE coordinates and IMF cone angle
obtained from the OMNI database are shown in Figures 2e–
2h. The solar wind was relatively quiet during this time. Its
velocity decreased slowly from ∼440 to ∼410 km/s, and no
large interplanetary shock was observed.

[8] This poloidal fluctuation was observed consecutively
by all five THEMIS satellites in the order given above
during their outbound passes. Figure 3a shows the wave
power spectra of the magnetic field radial component
observed by all satellites. The white, red, and green vertical
lines indicate times at which the satellites cross 5 RE, 6.6 RE,
and 9 RE, respectively. These five spectra demonstrate many
similarities, such as similar frequency characteristics and
discrete increases (localized peaks) in power. These peaks
do not seem to occur at the same time, suggesting that the
discreteness is a spatial effect. The last panel of Figure 3a
shows the low‐energy (1–130 eV) proton density mea-
sured by the LANL‐2002 satellite. The peaks at around
08:30 UT in this panel suggest satellite motion into the high‐
density plasmaspheric plasma. The blue vertical line indi-
cates the time at which LANL‐2002 crossed the THEMIS
trajectories. The high‐density plasma observed by LANL‐
2002 is within about 5 degrees (azimuthally) of the THEMIS
trajectories.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL049476.

Figure 1. The X‐Y view of the locations of the THEMIS
and LANL‐2002 satellites at 07:56 UT on 29 May 2007
in the GSE coordinate system.

Figure 2. Wavelet power spectra of the (a) radial, (b) azi-
muthal and (c) parallel magnetic field components of TH‐B
in the MFA coordinate system and (d) LANL‐2002 50–
75 keV electron flux on 29 May 2007 are plotted in
the top four panels, respectively. OMNI parameters,
including the (e) solar wind velocity, (f) dynamic pres-
sure, (g) IMF components in GSE, (h) IMF cone angle
and (i) frequency predicted by Takahashi et al. [1984]
are plotted in the bottom panels, respectively.
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[9] In Figure 3b the wave power spectra are plotted with
time shifted so as to align the satellite crossings of 5 RE

(white lines). The time shifts are 0, 42, 79, 98 and 138
minutes for probes TH‐B, TH‐D, TH‐C, TH‐E and TH‐A
respectively. Thus, the vertical comparison of the five
panels in Figure 3b provides information on the temporal
evolution of the wave power at one location. This config-

uration is ideal for separating temporal from spatial effects.
For example, it can be observed that both the extent and the
strength of the wave activity decrease with time for the first
four panels, suggesting a ‘slow’ decay process with a time
scale of hours.
[10] In the region outside 5 RE, wave power shows tem-

poral evolution. As seen in Figure 3b, it is stronger as

Figure 3. (a) Wave power spectra of the radial magnetic field component for five THEMIS probes on 29 May 2007 are
plotted in the top five panels for TH‐B, D, C, E and A, respectively; the low energy (1–130 eV) proton density and space-
craft potential of LANL‐2002 are plotted in the bottom two panels, (b) Time shifted wave power spectra aligned at white
lines (the time when each probe crosses 5 RE) plotted in the same sequence as Figure 3a.

Figure 4. From top to bottom: time series of Br of TH‐A and TH‐E, band‐pass filtered signals of Br of TH‐A and TH‐E,
time delay and phase difference of the two signals around 09:00 UT, solid lines for TH‐A and dashed lines for TH‐E. The
vertical lines in this figure indicate the negative peaks of each period identified from the band‐pass filtered signals.

LIU ET AL.: POLOIDAL ULF WAVE L19104L19104

3 of 6



observed at TH‐B and TH‐D, weaker at TH‐C, and almost
disappears at TH‐E, suggesting a ‘fast’ decay process on a
time scale of less than one hour. Strong wave activity is
observed again when TH‐A moves into the same region
about 30 minutes later, however. Comparing power spectra
from TH‐E and TH‐A (the last two panels), we can see that
within 30 minutes, the wave amplitude increases from less
than 1 nT observed by TH‐E to ∼6 nT observed by TH‐A,
indicating wave regeneration in the region outside the
plasmapause during this time period.
[11] To analyze this wave’s generation mechanism, we plot

the time series of Br from TH‐A (solid) and TH‐E (dashed) at
around 09:00 UT in the first panels of Figure 4. The second
panel shows the band‐pass filtered signals of Br from TH‐A
and TH‐E in the 5 to 10 mHz frequency range. The vertical
lines mark the negative peaks of each period identified from
those signals. The time difference between each pair of ver-
tical lines, shown by the triangles, is calculated and plotted in
the third panel. The phase difference, calculated based on the
time differences and the periods, is shown in the last panel.
The latter decreases from 90 to 0 degrees in the first five
periods and remains at around 0 degrees for the following
seven periods until the wave power decays at TH‐E.

3. Discussion

[12] In this event, the passage of the five THEMIS probes
through the same region (i.e., on similar orbits) with some
time lag enables us to identify two decay processes with
different time scales: a slower decay process, with a time‐
scale on the order of a couple hours, and a faster decay on
the order of a few tens of minutes. Regarding the slower
decay process, the observations shown in Figure 3b indicate
that wave activity decays from 07:00 to 08:30 UT, with the
total power in the ULF range decreasing with time as
observed by the four leading probes, indicating that there is
no significant energy input during this time. During this
time, the outer boundary of wave activity moves inside,
which might be related to the erosion of the dayside mag-
netosphere due to dayside reconnection under southward
IMF condition, as shown in Figure 2.
[13] In addition to the slow decay of overall wave activity,

there is also fast decay process in the region outside the
plasmapause at around 08:30 UT as observed by TH‐C and
TH‐E satellites (Figures 3a and 3b). Unfortunately, there is
no measurement of plasmaspheric (low‐energy, below
several eVs) plasma density from the THEMIS satellites
during this time to associate the observed waves with the
density‐dependent Alfvén velocity. However, as shown in
Figure 3a, the LANL‐2002 satellite was close to the THEMIS
satellites and provided low energy proton density measure-
ments. The two proton‐density peaks between 08:20 and
08:40 UT suggest that high‐density plasmaspheric plasma
was coming into this region. This high‐density plasma pop-
ulation could change the local Alfvén velocity and in turn
change the local resonance frequency, leading to the rapid
decay of wave activity observed by TH‐E. We notice that the
decaying wave power observed by TH‐C and TH‐E are prior
to the LANL density spikes, which is probably because that
THEMIS probes are ∼1.5 RE inside the geosynchronous orbit
at that time.
[14] As discussed in the introduction, there are numerous

mechanisms for generation of ULF waves in the inner

magnetosphere. Different mechanisms excite waves in dif-
ferent regions [Glassmeier and Stellmacher, 2000]. In this
event, the ULF wave activity was observed across a wide
range of radial distances (5–9.5 RE) and local time (09:00 to
13:30 LT). Electric field measurements are available from
TH‐C during this time, which can be used to calculate
Poynting flux. The calculated Poynting flux is mainly along
the field line with a small inward radial component, sug-
gesting that it is mainly standing wave. The broad spatial
coverage suggests that this poloidal event could possibly be
excited by external sources; we do not have enough obser-
vations to determine the generation mechanism, however. It
could be related to the time period with small IMF cone angle
before 04:30 UT, as shown in Figure 1b: when the IMF cone
angle is small, waves in the ULF frequency range can be
generated in the foreshock region by cyclotron resonance of
ions reflected at the bow shock [e.g., Takahashi et al., 1984].
These waves can propagate into the magnetosheath and fur-
ther generate ULF waves in the dayside magnetosphere.
Based on the relation proposed by Takahashi et al. [1984], we
estimate the frequency of waves generated by this mecha-
nism, as plotted in the last panel of Figure 2. We find that
before ∼8:30 UT, the frequency is around a value of 8 mHz,
which is consistent with the frequency observed by THEMIS
and LANL spacecraft.
[15] A second observation that is enabled by the particular

orbital configuration of THEMIS during this time, is the
re‐generation of ULF wave activity outside of the plasma-
pause around 09:00 UT: As shown in Figure 4, wave
activity starts to grow at the location of TH‐A at 08:54 UT,
indicated by the first dashed vertical line, while TH‐E
observes lower wave activity with amplitudes less than 1 nT.
In the first four periods, the phase difference between the
two signals decreases with time. From the fifth period, the
two signals oscillate with a small phase difference around 0
which remains relatively constant for the next eight periods.
Several similar fine signatures can be found between the two
time series during these eight periods, as shown in the first
panel of Figure 4. These measurements suggest a causal
relationship between the two signals. The fluctuations at
TH‐E are perhaps modulated by those inside at TH‐A. The
amplitude observed by TH‐E is smaller than that of TH‐A,
which also argues in favour of outward propagation.
Observations also suggest that this wave activity does not
affect TH‐C’s location, about 2 RE outward from TH‐A.
The characteristics of this ULF wave activity can be
summarized as follows: it seems to be excited around the
plasmapause, propagates outward, and is confined radially
within 2 RE.
[16] This new wave activity does not seem to be generated

by external sources because the solar wind parameters do
not change much from 08:30 to 09:00 UT, as shown in
Figure 2. We also exclude the possibility of drift‐bounce
resonance because geomagnetic activity is low and there is
not any particular particle population in terms of energy
acting differently from other energies as suggested by
THEMIS/SST data (not shown here).
[17] Based on the theoretical calculation [e.g., Lanzerotti

et al., 1973; Chen and Hasegawa, 1974], the eigen‐period
of a surface wave at the plasmapause is Ts ∼

ffiffiffi
2

p
l/Va1, where

l is the field line length and Va1 is the Alfvén velocity inside
the plasmapause. The field line resonance period outside the
plasmapause is TFLR = 2

R
ds
Vaz

∼2l/Va2, where Va2 is the
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Alfvén velocity outside the plasmapause. The magnetic
field strength and field line length do not change sharply
across the plasmapause. So if Va1/Va2 ∼

ffiffiffi
2

p
/2 or n1/n2 = 2,

the surface wave period is close to the local field line res-
onance period, where n1 and n2 are the densities inside and
outside the plasmapause. Under this condition, the surface
waves can couple with the field‐line resonance and can thus
be amplified. We can estimate the values of n1/n2 of the
event in this paper based on LANL low‐energy proton
measurements shown in the last panel of Figure 3a. The
double peaks around 08:30 UT give us an estimation of n2
of ∼25/cc, whereas the background suggests n1∼12/cc, so
n1/n2∼2.1. These values satisfy the above condition. Fur-
thermore, from the observation, the ULF wave is localized
within 2 RE radially, which is consistent with the idea that
the surface wave should be damped quickly outside the
plasmapause. Based on the above facts, we suggest that a
surface wave could possibly be the source of the newly
generated ULF wave.
[18] Surface waves can be excited at the plasmapause

by an impulse which has a frequency spectrum that
covers the surface wave eigenfrequency. The impulse
could be attributed to external sources, disturbances in
ionosphere, or, most likely in this case, motions of the
plasmapause. Surface waves decay exponentially away
from the plasmapause [Lanzerotti et al., 1973] and their
effects are thus negligible if the coupling condition is not
satisfied. However, if the condition is satisfied, which is
possible only in the region outside the plasmapause, the
field lines are disturbed in the normal direction of the
plasmapause. Thus, if the normal direction of the plasma-
pause is close to the radial direction, then mostly poloidal
waves are expected to be generated, whereas toroidal waves
could be generated in cases where the plasmapause is more
perturbed.

4. Conclusions

[19] A poloidal ULF wave event with broad spatial cov-
erage is observed by THEMIS and LANL spacecraft. The
configuration of THEMIS probes enables us to investigate
temporal and spatial effects in this event. We demonstrate
the impact of the plasmapause on ULF waves. The evolution
of the plasmasphere could lead to a fast decay of wave
power outside the plasmapause. We also demonstrate that it
is possible that surface waves can generate poloidal waves
in the region outside the plasmapause, as the resonant
condition is met in this case. The newly generated waves
have a relatively large amplitude (6 nT in this event), and
thus have a potential impact on radiation particle transport
and acceleration.
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