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[1] Abundant evidence has shown that ULF wave activity measured at geosynchronous
orbit is well correlated with solar wind parameters, such as the solar wind velocity and
dynamic pressure. However, many of the past studies were based on magnetic field
measurements near the equatorial plane and thus could not unambiguously describe ULF
waves, as magnetic field oscillations in the fundamental toroidal mode have a node at the
magnetic equator. In this study, we use, for the first time, simultaneous electric and
magnetic field measurements by Time History of Events and Macroscale Interactions
during Substorms satellites throughout the inner magnetosphere to statistically examine the
correlation between ULF wave activity in the inner magnetosphere and the solar wind
parameters: velocity, dynamic pressure, and variation in dynamic pressure. On the basis
of electric field observations from August 2007 to May 2009, we found that, among the
three parameters, the solar wind velocity has the strongest correlation with the daily
averaged Pc4 and 5 wave magnitude in 4 ∼ 9 RE. For example, the correlation coefficient
of dEr (the square root of the integrated power spectral density of the radial component
of the electric field) in the Pc5 frequency range with the solar wind dynamic pressure
is 0.35; with the dynamic pressure variation, it is 0.42; and with the solar wind velocity,
it is 0.55. However, using only magnetic field observations, the variation in dynamic
pressure is best correlated, with correlation coefficients of dBr (the square root of the
integrated power spectral density of the radial component of the magnetic field) with the
dynamic pressure being 0.59, with the dynamic pressure variation being 0.63 and with
the solar wind velocity being 0.53. We suggest that this difference arises because toroidal
and poloidal mode pulsations are not detected with the same effectiveness in the electric
field and the magnetic field near the magnetic equator and/or because of the presence
of broadband ULF noise. We further suggest that either directly measured or flow‐derived
electric field measurements are better suited in the study of the relationship between
wave power of fundamental field line resonance (i.e., in Pc5 frequency range) and solar
wind conditions.

Citation: Liu, W., T. E. Sarris, X. Li, R. Ergun, V. Angelopoulos, J. Bonnell, and K. H. Glassmeier (2010), Solar wind influence
on Pc4 and Pc5 ULF wave activity in the inner magnetosphere, J. Geophys. Res., 115, A12201, doi:10.1029/2010JA015299.

1. Introduction

[2] Ultralow frequency (ULF) waves are oscillations in
the Earth’s magnetic field in the frequency band from
∼1 mHz to ∼1 Hz. There are two primary modes of oscillation
[Southwood and Hughes, 1983; Glassmeier et al., 1999;
Klimushkin et al., 2004]: the toroidal mode, which is a dis-
placement of the magnetic field in the azimuthal direction,
creating an azimuthal magnetic perturbation, and the poloidal
mode, which is a radial displacement with radial magnetic
perturbations. The electric field has the corresponding oscil-
lations in the radial (azimuthal) direction for the toroidal
(poloidal) mode. Both theoretical analysis [e.g., Dungey,
1954; Hughes, 1994] and observations [e.g., Singer and
Kivelson, 1979; Liu et al., 2009] have shown that funda-
mental toroidal mode ULF waves have a node (and thus
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minimum amplitude) at the magnetic equator for the mag-
netic field and an antinode (maximum amplitude) for the
electric field. It is thus suggested that magnetic field ob-
servations alone cannot fully characterize all features of the
ULF pulsations and that electric field measurements are
required to provide an unambiguous picture of ULF activity
in the inner magnetosphere at equatorial latitudes [e.g., Liu
et al., 2009].
[3] One motivation for studying ULF waves is to analyze

their role in the acceleration of energetic (∼MeV) electrons
in the radiation belt, whose drift period is comparable to
the period of Pc4‐5 ULF waves. For example, Rostoker et
al. [1998] observed a strong similarity in the time series
of the intensity of Pc5 waves on the ground and the flux
of energetic electrons measured at a geosynchronous sat-
ellite. Similarly, several other observations [e.g., Mathie
and Mann, 2000; Kozyreva et al., 2007; Zong et al., 2007]
and theoretical analyses [e.g., Elkington et al., 1999; Fei et
al., 2006; Ukhorskiy et al., 2005, 2006] confirmed the
relation among ULF waves, the solar wind, and energetic
electrons.
[4] The solar wind is the main external source of ULF

waves in the inner magnetosphere, through either the Kelvin‐
Helmholtz instability (KHI) [Southwood, 1968; Pu and
Kivelson, 1983] or dynamic pressure variations [Kepko and
Spence, 2003]. Depending on the excitation mechanism at
work, the ULF wave power is expected to correlate better
with different solar wind parameters: solar wind velocity in
the first case and solar wind dynamic pressure variation in the
second case. The relationship between solar wind parameters
and ULF wave power has been studied extensively, through
both ground magnetometer measurements and in situ ob-
servations. Most of the ground‐based observations have
suggested that the solar wind velocity is a dominant controlling
parameter [e.g., Engebretson et al., 1998; Vennerstrøm, 1999;
Mathie and Mann, 2000, 2001; Baker et al., 2003], which is
consistent with some of the in situ magnetic field observations
[e.g., Singer et al., 1977]. However, based onmeasurements of
the solar wind byACE and geosynchronousmagnetic field by
GOES 8, Takahashi and Ukhorskiy [2007, 2008] recently
concluded that themajor driver of geosynchronous Pc5waves
is solar wind dynamic pressure variations rather than the KHI
on the magnetopause or the dynamic pressure itself. The
different mechanisms generate ULF waves at different loca-
tions. Many statistical study [e.g., Takahashi and Anderson,
1992; Cao et al., 1994; Hudson et al., 2004; Liu et al.,
2009] have focused on the distribution of ULF waves in the
magnetosphere.
[5] Most of the past works have been done with magnetic

field measurements, whereas electric field observations in
the magnetosphere were used less frequently, due to the lack
of such instrumentation in many magnetospheric missions
and also due to difficulties in measuring electric field with
sufficient sensitivity and accuracy with the standard double‐
probe technique [Mozer, 1973]. Some single‐case studies that
were based on electric field observations include the work by
Singer et al. [1982], Glassmeier et al. [1984], Rae et al.
[2005], and Schäfer et al. [2007]. Furthermore, Junginger
et al. [1984] and Junginger and Baumjohann [1988] have
performed statistical studies of the distribution of ULF waves

that were based on in situ electric field observations. Of
closest relevance to the results presented herein is the work
done by Junginger and Baumjohann [1988], who studied
Pc5 electric field pulsations observed by the electron beam
experiment onboard GEOS 2 and compared their spectral
power and occurrence rate with interplanetary magnetic
field (IMF) and solar wind parameters. To our knowledge,
this is the only attempt to address the correlation between
electric field ULF wave power in the magnetosphere and
solar wind conditions. However, this study was limited to
geosynchronous altitudes, due to the orbit of GEOS 2.
Finally, Sakurai et al. [1999] used Geotail electric and mag-
netic field data to statistically investigate ULF waves close to
the magnetopause.
[6] The Time History of Events and Macroscale Interac-

tions during Substorms (THEMIS) mission [Angelopoulos,
2008], which consists of five microsatellites (termed A
through E) traversing the magnetosphere near the equatorial
plane, provides an ideal tool for characterizing ULF pulsa-
tions with both electric and magnetic field measurements.
Using the THEMIS electric and magnetic field measure-
ments, Sarris et al. [2009a] showed the field line resonances
can be present over a wide radial distance in a case study, and
Liu et al. [2009] provided a statistical analysis of the spatial
distribution of ULF waves in the inner magnetosphere. In this
paper, we examine the correlation between the power of ULF
oscillations and the solar wind parameters using simultaneous
electric and magnetic field measurements and comment on
the observed differences.

2. Data Set

[7] Measurements of the electric and magnetic field are
provided by the electric field instrument [Bonnell et al.,
2008] and the fluxgate magnetometer [Auster et al., 2008]
onboard THEMIS‐D, which has an apogee of ∼15 RE before
October 2007 and ∼12 RE afterward and stays within ±10° of
the magnetic equator for 85% of the time, providing an
excellent opportunity to address the difference in the electric
and magnetic field measurements on ULF waves. For our
analysis, the components of the electric and magnetic field
vectors were projected to a mean‐field‐aligned coordinate
system from the GSE coordinate system, in order to separate
the fluctuations in the two perpendicular directions and the
parallel direction. In this system, Bk is obtained from a 30min
running average of the magnetic field, centered at the data
point being processed. The azimuthal direction, _e� is deter-
mined by _ek ×~re, where

_ek points along the average back-
ground magnetic field direction and~re is the radial position
vector, positive outward. The third unit vector _er, roughly in
the radial direction, is defined so that the vectors (_er,

_e�,
_ek)

complete the orthogonal system.
[8] The magnitude of the oscillations in the radial and

azimuthal directions of the electric (dEr and dE8, respectively)
and in the radial, azimuthal, and parallel directions of the
magnetic field (dBr, dB8, and dBk, respectively) are used in
this paper to represent the level of ULF wave activity. These
are defined as the square root of the integrated power spectral
density of the radial or azimuthal component of the electric
field or the magnetic field over a certain frequency range, set
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here to the Pc4 (7–22 mHz) and Pc5 (2–7 mHz) frequency
ranges,

�Er ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZf2

f1

PSD�Erðf Þd f

vuuut ; �E� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZf2

f1

PSD�E�ðf Þd f

vuuut

�Br ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZf2

f1

PSD�Brðf Þd f

vuuut ; �B� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZf2

f1

PSD�B�ðf Þd f

vuuut ;

�B== ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZf2

f1

PSD�B==ðf Þd f

vuuut :

In this paper, we exclude instances of strong broadband
intensifications in the wave power spectra, usually asso-
ciated with magnetopause crossings, during which the
magnitude of the electric field often rises to greater than
5 mV/m.
[9] For this analysis, solar wind measurements (velocity

and dynamic pressure) are provided by the OMNI 1 min
database. The dynamic pressure variation is calculated based
on the dynamic pressure data. Various definitions of the
solar wind dynamic pressure variation have been used in the
past. In this paper, we will first use the definition suggested
by Takahashi and Ukhorskiy [2008], which is defined as the
square root of the integral of the power spectra density over
the Pc5 frequency band,

�Psw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZf2

f1

PSD�Pswðf Þd f

vuuut :

Subsequently, we will examine the difference between
the correlation of ULF waves with dPsw and their cor-
relation with another definition suggested by Li et al.
[2001] and Posch et al. [2003], who used the value of
(D(Psw)

2/Dt)2, referred to as DPsw here, to represent the
level of dynamic pressure variation. DPsw reflects the sud-
den changes in dynamic pressure, which is also a suggested
driver of ULF waves in the magnetosphere [e.g., Zong et al.,
2009]. For the definition of dPsw, we focus on wave power in
the Pc5 frequency range, which is suggested to be related to
the direct driving of ULFwaves in the magnetosphere [Kepko
and Spence, 2003].

3. Statistical Results

[10] In order to analyze the overall response of ULF wave
activity in the inner magnetosphere to the solar wind, the
daily averaged values of dEr and dE8 over the Pc5 and Pc4
frequency ranges are calculated in the radial distance range
of 4 ∼ 9 RE from August 2007 to May 2009, as shown in
Figures 1a and 1b, respectively. The daily averaged solar
wind velocity, dynamic pressure, and the dynamic pressure
variation dPsw are plotted in Figures 1c, 1d, and 1e, respec-
tively. Further to averaging over an entire day, we also
investigated averaging the solar wind parameters over only
the periods when THEMIS‐D made observations between 4
and ∼9 RE. However, the results in these two cases were very
similar.

[11] From the comparison between the ULF wave mag-
nitude and solar wind parameters in Figure 1, we can see
that during the times when solar wind velocity is higher, the
amplitudes of oscillations, dEr and dE8 are also larger. For
the dynamic pressure, this relation can only be distinguished
during certain times, and the overall correlation is not as
obvious as it is with solar wind velocity. The solar wind
dynamic pressure variation, dPsw, has a high correlation
with the dynamic pressure itself. The correlation coefficient
between Psw and dPsw is calculated to be 0.89. The corre-
lation of ULF wave magnitude with dPsw is weaker than its
correlation with solar wind velocity, as we can visually
distinguish.
[12] From Figure 1, we can also distinguish a local time

(LT) dependence of the wave magnitude. The vertical
dashed lines in Figure 1 mark the times when the apogee of
THEMIS‐D was at 0000, 0600, 1200, and 1800 LT, indi-
cating that the spacecraft spent most of the time around the
corresponding LT. The differences between the different
sectors are visible for both the wave magnitude and its
correlation with the solar wind parameters; this is consistent
with our previous observations presented in the study by Liu
et al. [2009]. In Figure 1 we can see that the magnitude
of electric field oscillations is stronger in the dayside (July–
December 2007 and June–December 2008) than in the
nightside (December 2007 to May 2008 and December 2008
to May 2009); the correlation between wave magnitude and
solar wind velocity is also stronger in the dayside than in the
nightside. In the dusk side (March–June 2008), the wave
activity that is observed in both magnetic field and electric
field observations might be related to the high M waves
generated by the ion drift during magnetic storms [e.g.,
Anderson et al., 1990; Takahashi and Anderson, 1992; Li
et al., 1993].
[13] Subsequently, we calculate the correlation coeffi-

cients between Pc4 and 5 ULF wave magnitude and the
solar wind parameters, as shown in Figure 2. The corre-
lation coefficient measures the strength and the direction
of a linear relationship between two variables, whose
square value is the ratio of the explained variation to the
total variation. For example, a correlation coefficient of
0.7 means that 49% of the total variation in the second
variable can be explained by the variance of the first
variable under a linear assumption. The calculation of the
correlation coefficients confirms that the ULF wave
magnitude has a better correlation with the solar wind
velocity than with the dynamic pressure and the dynamic
pressure variation. For example, the correlation coefficient
of dEr with the solar wind velocity is 0.66 (0.55) for Pc4
(Pc5) waves, higher than the correlation coefficient of dEr

with the dynamic pressure, which is 0.28 (0.35) for Pc4 (Pc5)
waves, and with the dynamic pressure variation, which is
0.42 for Pc5 waves; because of the resolution of the OMNI
database (1 minute), the variation of the dynamic pressure
in the Pc4 range cannot be calculated. The above correla-
tions are all statistically significant with P < 0.0001, where
the P value measures how much evidence there is to reject
the most common explanation for the data set [Schervish,
1996].
[14] The solar wind control of Pc4 and Pc5 waves is

expected to be stronger in the dayside region. To investigate
this dependence, in Figure 3 only, the data between June
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2008 and December 2008 are plotted, at which time the
apogee of the satellite was in the dayside region, between
0600 and 1500 LT. All correlation coefficients calculated
during this time period increase compared to the values cal-
culated with the whole data set. For example, the correlation
coefficient of dEr with the solar wind velocity is 0.82 (0.70) for
Pc4 (Pc5) waves, which is higher than the correlation coef-
ficient of dEr with the dynamic pressure, which is 0.37 (0.52)
for Pc4 (Pc5) waves, and also higher than the correlation
coefficient of dEr with the dynamic pressure variation, which
is 0.60 for Pc5 waves. The statistical significances of these
correlations are at a level of P < 0.0001.

[15] Similarly, the correlations between solar wind para-
meters and the magnetic field wave magnitude, dBr, dB8,
and dBk are investigated. The time evolution of the Pc5 and
Pc4 magnetic field wave magnitude is plotted in Figures 1f
and 1g, respectively, and the correlation coefficients are
plotted in Figure 4. In Figures 1f, 1g, and 4 we can see that
dBr, dB8, and dBk have the highest correlation coefficient
with the dynamic pressure variation. For example, the cor-
relation coefficient of dBr with dPsw is 0.63 for Pc5 waves,
higher than the correlation coefficient of dBr with the veloc-
ity, which is 0.44 (0.53) for Pc4 (Pc5) waves, and also higher
than the correlation coefficient of dBr with the dynamic

Figure 1. (a) Daily averagedwavemagnitude of the electric field in the inner magnetosphere (4–9RE) over
the Pc5 frequency range in the radial (black) and azimuthal (red) directions from August 2007 toMay 2009;
(b) same as Figure 1a but over the Pc4 frequency range; (c) daily averaged OMNI solar wind velocity;
(d) daily averaged OMNI solar wind dynamic pressure; (e) daily averaged OMNI solar wind dynamic pres-
sure variation; (f) daily averaged wave magnitude of the magnetic field over the Pc5 frequency range in the
radial (black), azimuthal (red), and parallel (green) directions; and (g) same as Figure 1e but over Pc4 fre-
quency range. The dash lines mark the time when the apogee of the satellite was at 0000, 0600, 1200, and
1800 LT, respectively.
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pressure, which is 0.54 (0.59) for Pc4 (Pc5) waves. Compared
these results with the results from the electric field, we find
that the correlation coefficient with the solar wind velocity
decreases for the magnetic field, whereas the correlation
coefficient with the dynamic pressure variation increases. The

statistical significances of these correlations are at a level
of P < 0.0001.
[16] We also investigated the radial dependence of the

correlation coefficients, in order to identify regions in the
magnetosphere where the different excitation mechanisms

Figure 2. Scatterplots of ULF wave magnitude versus solar wind parameters: The radial and azimuthal
wave magnitude in electric field over the Pc4 (bottom) and Pc5 (top) frequency ranges are shown as a
function of the solar wind velocity, dynamic pressure, and dynamic pressure variation from August
2007 to May 2009.
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may act preferentially. In Figure 5, we plot the correlation
coefficients for both the solar wind velocity (solid lines) and
the dynamic pressure variation (dashed lines) with the Pc5
wave magnitude in the dayside, binned at different radial
distances from 4 RE to 9 RE, every 0.5 RE. Instead of using

daily averages of the solar wind parameters, here we use 1 h
averages, centered at the corresponding ULF wave observa-
tions. It can be seen that in the region between 7 and 8.5 RE,
the correlation coefficients of both the solar wind velocity
and the dynamic pressure variation with the Pc5 wave mag-

Figure 3. Scatterplots of ULF wave magnitude versus solar wind parameters: The radial and azimuthal
wave magnitude in electric field over the (bottom) Pc4 and (top) Pc5 frequency ranges are shown as a
function of the solar wind velocity, dynamic pressure, and dynamic pressure variation in the dayside, from
June 2008 to December 2008.
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nitude are fairly similar (∼0.55). Further in, for the solar wind
dynamic pressure variation, the correlation coefficient de-
creases between 6 and 7 RE (minimum: ∼0.26) and recovers
inside of 6 RE, whereas for the solar wind velocity, the cor-

relation coefficient remains at the same level, until it de-
creases inside of 5.5 RE.

4. Discussion

[17] It is well known that the fundamental and other odd
harmonics of toroidal ULF waves have a node at the
magnetic equator. This makes it difficult for equatorial
spacecraft to detect the fundamental toroidal mode of ULF
pulsations with only magnetic field measurements [e.g.,
Dungey, 1954; Hughes, 1994; Singer and Kivelson, 1979].
This was demonstrated by Sakurai et al. [1999], who,
based on simultaneous electric and magnetic field mea-
surements by Geotail satellite, showed that Pc5 wave
activity in the magnetosphere flanks could often be identi-
fied only in electric field measurements, whereas there was
no indication of activity in the magnetic field. As a clearer
demonstration of this effect, in a recent paper by Liu et al.
[2009], a case study of a field line resonance event was
presented, where the signatures of the fundamental mode
were more evident in electric field observations throughout
an outbound orbit of THEMIS‐D from the plasmapause to
the magnetopause, mostly in the Er component, suggesting
the presence of waves with a toroidal mode of oscillation;
on the other hand, in magnetic field measurements, the
fundamental mode was not observed continuously and was
not as evident (see Figure 2a in that paper). This was
interpreted as an indication that the spacecraft was orbiting
close to a node of the magnetic field line. It was thus shown
that magnetic field observations alone cannot fully char-
acterize all features of the ULF pulsations and that electric
fieldmeasurements, either directlymeasured or flow‐derived,
are required to provide an unambiguous picture of ULF
wave activity in the inner magnetosphere.
[18] In this paper we use both electric and magnetic field

measurements to identify correlations with the solar wind
parameters, and we compare the corresponding correlation
coefficients. The wave magnitude in the electric field is
found to be strongly correlated with the solar wind velocity,
whereas the wave magnitude in the magnetic field is not as
well correlated. We suggest that the difference in these
correlations is due to the THEMIS positioning with respect
to the magnetic field lines: The orbit of THEMIS‐D satellite
is close to the magnetic equator and stays within ±10° of the
magnetic equator for 85% of the time, which leads to a
different efficiency of the two instruments to detect funda-
mental mode toroidal ULF waves.
[19] Many studies based on both ground magnetometer

and in situ observations have shown that the ULF wave
power in the inner magnetosphere correlates well with the
solar wind (see the references in the introduction session).
However, as shown above, there are significant differences in
the correlations depending on the use of electric or magnetic
field measurements: Our analysis based only on THEMIS
magnetic field measurements found that the magnitude of
ULF waves has a stronger correlation with the variation in
solar wind dynamic pressure dPsw than with the solar wind
velocity or the dynamic pressure. However, when including
electric field measurements in the analysis, we reach different
conclusions, suggesting that the ULF wave magnitude is
actually better correlated with solar wind velocity. On the
basis of the discussion in the previous paragraphs, we suggest

Figure 4. Scatterplots of ULF wave magnitude versus solar
wind parameters: The radial, azimuthal, and parallel wave
magnitude in magnetic field over the (bottom) Pc4 and
(top) Pc5 frequency ranges are shown as a function of the
solar wind velocity, dynamic pressure, and dynamic pres-
sure variation from August 2007 to May 2009.
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that the electric field data are better suited in the study of such
relationships. Junginger and Baumjohann [1988] studied Pc5
electric field pulsations observed by the electron beam
experiment onboard GEOS 2 at geosynchronous orbit and
compared the measured spectral power and occurrence rate
with the IMF and solar wind parameters. They found no clear
correlation between the orientation and magnitude of the
IMF and pulsation amplitude and occurrence rate. How-
ever, they found that significant correlations exist between
the spectral power of the pulsations and the solar wind bulk
velocity, which is consistent with our study.
[20] A possible additional explanation for the difference

between electric and magnetic field observations is the broad-
band ULF noise: On the basis of Active Magnetospheric
Particle Tracer Explorers/CCE magnetic field measurements
near the geomagnetic equator, Anderson and Engebretson
[1995] found that broadband ULF noise is often present
in the dayside magnetosphere. Consequently, the signal‐to‐
noise ratio of narrowband fundamental mode ULF wave
power could be considerably larger for the electric field than
for the magnetic field. It is quite possible that this broadband
noise is not causally related to enhanced solar wind velocity
but that it is instead related to variations in dynamic pressure.
This suggests that, in the dayside magnetosphere and at low
latitudes, where magnetic field fluctuations have a node in
the fundamental toroidal mode, this broadband noise may
dominate themagnetic signal andmay cause the correlation to
be better with the variability in solar wind dynamic pressure
than with solar wind velocity.
[21] By performing an analysis of the radial dependence

of these correlations, we found that the correlation coeffi-

cient between Pc5 wave magnitude and solar wind dynamic
pressure variation is larger beyond 7 RE, decreases rapidly
between 6 and 7 RE and recovers inside of 6 RE. This is
possibly due to the existence of a turning point for cavity
mode pulsations in the plasmatrough region, as discussed
in, for example, Kivelson and Southwood [1986], Zhu and
Kivelson [1988], Waters et al. [2000], Klimushkin et al.
[2004], and Schäfer et al. [2007]. Fast mode waves are
expected to reflect at this turning point, which according
to theory is located in the region between 6 and 7 RE for
Pc5 waves [Waters et al., 2000, Figure 3], possibly causing
the rapid decrease in the correlation coefficient of ULF
wave magnitude with the solar wind dynamic pressure that
is observed between 6 and 7 RE in Figure 5. At the same
time, some energy could tunnel through this turning point,
possibly causing the recovery of the correlation coefficient
inside of 6 RE.
[22] In the statistical analysis presented above, we per-

formed the same correlations separately for the radial and
azimuthal components of the electric and the magnetic field.
However, in the statistical results, the difference is not obvi-
ous between the two components. This is possibly because,
according to simulations [Rankin et al., 2006 and Kabin et
al., 2007] and observations [Sarris et al., 2009a], the field
line resonances often appear in mixed toroidal and poloidal
modes in a compressed magnetic field configuration. It is
also possibly because the waves appear to have circular
polarization in some cases [Sarris et al., 2009b]. Thus, in
the daily averaged value, the differences between the two
transverse components diminish.
[23] To address the correlation between ULF wave mag-

nitude and the solar wind dynamic pressure variation, we
investigated the difference between two different definitions
of dynamic pressure variation,DPsw and dPsw. In the analysis
performed, DPsw was calculated based on the 1 min OMNI
solar wind parameters averaged over a 5min window andwas
normalized by division by its 2 year averaged value. The tests
with different average windows (5 min, half hour, and 1 h)
show that, even though the value of DPsw depends on the
length of the window, its trend is actually independent of
the average window and so is the correlation coefficient.
[24] The relations between ULF wave magnitude and

DPsw as well as dPsw are shown in Table 1. The correlation
coefficients of ULF wave magnitude withDPsw are found to
be lower compared to the correlation coefficients of ULF
wave magnitude with dPsw. This suggests that, although
sudden impulses in the solar wind dynamic pressure can, in
some instances, generate strong ULF waves in the magneto-
sphere [e.g., Zong et al., 2009], periodic fluctuations in the
dynamic pressure are generally more effective in generating
ULF waves by continuously supplying the energy for the
oscillations [e.g., Kepko and Spence, 2003].

Figure 5. Correlation coefficients between the Pc5 electric
field wave magnitude and the solar wind parameters, veloc-
ity (solid), and dynamic pressure variation (dashed) as a
function of the radial distance from June to December of
2008. The black and red lines are for radial and azimuthal
components, respectively. The statistical significances of
the correlations in this figure are at a level of p < 0.0001.

Table 1. Correlation Coefficients Between Pc5 Wave Magnitude
in Radial and Azimuthal Electric Field Components and the Two
Definitions of Solar Wind Dynamic Pressure Variationa

dPsw DPsw

Er 0.60 0.22
E8 0.53 0.16

adPsw and DPsw are defined in section 2.
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[25] It has been known that the flux of ∼MeV electrons at
geosynchronous orbit is highly correlated with the solar
wind velocity [e.g., Paulikas and Blake, 1976; Li et al.,
2001; Li, 2004]. One of the explanations for this correla-
tion is that ULF waves driven by the KHI on the magneto-
pause are responsible for the acceleration of the radiation
belt electron [e.g., Rostoker et al., 1998; Mathie and Mann,
2000]. In Figure 6 we reinforce this relation with our data
set by plotting the daily averaged solar wind velocity, Pc5
wave magnitude, and GOES 11 >2 MeV electron flux from
June to December in 2008. It can be seen that most of the
increases in the ∼MeV electron flux at geostationary orbit are
associated with the increases in Pc5 wave magnitude and
solar wind velocity, with a delay of 1 ∼ 2 days. The database
and the results of this paper provide a good baseline for
further investigating the relation between ULF waves and
energetic electron flux.

5. Conclusions

[26] In this paper we examine the relationship between the
intensity of Pc4 and 5 ULF pulsations in the inner magne-
tosphere and the solar wind parameters, based, for the first
time, on simultaneous in situ electric and magnetic field
measurements. We find that the Pc4 and 5 wave magnitude of
the electric field in the inner magnetosphere is better corre-
lated with the solar wind velocity. In contrast, magnetic field
measurements show that the dynamic pressure variation has
the strongest correlation with ULF wave magnitude. We
attribute this effect to a decreased ability of equatorially
orbiting spacecraft to detect toroidal mode waves only with
magnetic field instruments, and we suggest that electric field
measurements near the magnetic equator are optimal in the
investigation of Pc4 and Pc5 ULF waves.

[27] This study provides evidence to support that the solar
wind velocity is the dominant factor in the generation of
Pc4 and 5 waves in the inner magnetosphere over a range of
L shells, including geosynchronous orbit, which agrees with
most of the ground‐based measurements and with earlier
satellite‐based electric field measurements. The disagree-
ment between the in situ electric and magnetic field mea-
surements presented in this study and also in previous
studies suggests that the observation of Pc4 and 5 waves
based on only equatorial magnetic field measurements
might be misleading in some cases because of the limited
capability of magnetic field instruments in measuring
fundamental toroidal mode oscillations. It should be noted
here that this limitation only applies to in situ equatorial
magnetic field measurements but not to ground magne-
tometer measurements.
[28] By investigating the radial profile of the correlation

coefficient between Pc5 ULF wave magnitude and solar
wind parameters, we found that for the solar wind dynamic
pressure variation, the correlation coefficient starts to decrease
between 6 and ∼7 RE and recovers inside of 6 RE, whereas
for the solar wind velocity, the correlation coefficient
remains at the same level beyond 5.5 RE and decrease inside
of 5.5 RE. This is probably because of the existence of the
cavity mode turning point in the plasmatrough region for
Pc5 ULF waves.
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GOES electron flux data available. This work was also supported by grants
from the National Natural Science Foundation of China (40621003 and
40728005). The work by TES was also supported by DPQ ETAA‐1927.

Figure 6. The daily averaged value of the solar wind velocity, the Pc5 wave magnitude in electric field
and the >2 MeV electron flux at geosynchronous orbit, from top to bottom.
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